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SUMMARY

Halogenated flame retardants (HFRS) have been widely used for many years in order to
prevent fires. They are present in a wide range of materials, such as furniture, textiles,
electronic equipment, paints, and so on. Thus, they are continuously entering the
environment since its demand is increasing every year, and they have become
contaminants of concern to the scientific community. Besides, even if some of the most
commonly used HFRs have been banned recently, other alternative FRs have appeared
to replace them. On one hand, available information regarding “classical” HFRs, such
as PBDEs and in less extent HBCD, is relative abundant since studies reporting its
presence and behavior in the environment have critically increased in the last decade.
On the other hand, information regarding the occurrence, behavior and effects of
alternative HFRs such as dechlorane plus and related compounds is still scarce even

though they have been used since the early 70s.
Consequently, the objectives of this thesis were mainly 5:

1. Development of analytical methodologies capable of determining these
compounds with proper selectivity and sensitivity, especially for emerging
HFRs.

2. Application of these methodologies in environmental samples, studying the
presence of HFRs and the differences in contamination profiles.

3. Application of the developed methodologies in several biota samples
corresponding to different trophic levels and diets (terrestrial or aquatic),
determining the bioaccumulation and biomagnification capacities of HFRs

4. Comparison between concentrations of classical and alternative HFRs,
evaluating possible trends indicating the shift from one family to another.

5. Evaluation of the toxicological effects of alternative FRs and comparison with

the effects of classical FRs.

The development of a new methodology for the analysis of halogenated norbornenes,
selective and sensitive enough for the detection of these compounds in areas far away
from their production sources, was the first challenge of this thesis. When this thesis
started most of studies focused on DP only, and this compound was included in already
developed methodologies. Conversely, developed methodology was specifically
adjusted to obtain the maximum selectivity and sensitivity for the analysis of HNs
alone. This was achieved using gas chromatography coupled to tandem mass
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spectrometry working in negative chemical ionization mode (GC-NCI-MS-MS) and
represented the first methodology for the analysis of HNs by GC-MS-MS. The excellent
sensitivity of NCI applied to halogenated compounds was combined with the great
selectivity of the MS-MS. Similarly, the other methodology optimized during this thesis
improved the existent methodology available in the laboratory for the analysis of
PBDEs and other emerging BFRs. While the previous technique was GC-NCI-MS, the
new methodology consisted in a GC-EI-MS-MS analysis, representing a great
improvement in terms of selectivity while maintaining a good sensitivity. In short, two
sensitive and selective methodologies were developed for the analysis of HFRs in
several environmental (sediment and sludge) and biological (fish, blubber and bird

eggs) matrices. This work can be found in detail in publications #1 and #2.

Sediments from Chile, Colombia and Spain were analyzed using the previously
developed methodologies. PBDEs were found in the 3 study areas, showing an already
proved worldwide presence. On the other hand, it was the first report of HNs in
European sediments. Taking into account that HNs might have been out there for a
while, more studies are needed to properly characterize the contamination of sediments
by HNs in the future. Interestingly, DBDPE concentrations were similar to BDE-209
concentrations both in Colombia and Spain, maybe suggesting a shift between these two
compounds. As expected due to the different industrial activity, the highest
concentrations were found in Spain. Moreover, sludge from various wastewater
treatment plants (WWTPs) from Spain was analyzed as well. It represented the first
report of Dec 603 in sludge worldwide and showed that DP dominates the HN profile in
sludge. Furthermore, DBDPE concentrations were in the same order that BDE-209
concentrations, as observed also in sediments. This work is compiled in publications #3
and #4.

Sediment and sludge can act as the first entrance point of HFRs in the trophic chain, or
even re-introduce these contaminants after a long period of time accumulating them.
Thus, after determining its presence in these matrices next logical step was the analysis
of different species belonging to different trophic chains. Firstly, a total of 11 different
species from an aquatic food web from Chile were sampled, divided into 3 categories
(primary, secondary and tertiary consumers) and analyzed. Afterwards, blubber samples
from aquatic top predators (dolphins) were obtained by biopsy sampling through Gulf of

Cédiz and Strait of Gibraltar waters, and additional samples of blubber and brain were
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collected from stranded animals along the Alboran sea coastline. In total, 5 different
species resident in these waters were sampled. Finally, 14 bird species from Dofiana
Natural Space were monitored using their unborn eggs, collected after the ending of
their breeding season. PBDEs, HBCD, emerging BFRs, HNs and HNPs were detected

in almost all species, showing their worldwide presence and bioaccumulation capacity.

As shown in literature for other areas in the world, concentrations found during this
thesis showed a geographical dependent behavior. While PBDEs dominated the
contamination profile in Chile’s biota, contribution of HNs in Spain was closer and even
surpassed PBDEs in some cases. Moreover, all these results showed the presence of
HNs in areas far away from production sources (USA and China) showing that they are
used worldwide, and their bioaccumulation in species with a wide range of diets. In
particular, DP was the main compound in species from Chile, while Dec 602 was the
main compound both in aquatic and terrestrial species from Spain. All these differences

might be due to a greater use of HNs in Europe. Results are showed in articles #5 to #8.

Bioaccumulation and biomagnification capacity of HNs was evaluated and compared to
PBDEs. Dec 602 showed BSAF in the same order than BDE-47, while values for DP
were similar to BDE-209. This is in agreement with the domination of HNs fingerprints
by Dec 602, as BDE-47 usually dominates PBDEs profiles in species with aquatic diets.
Likewise, Dec 602 showed a positive correlation with >N both in birds and dolphins,
suggesting biomagnification capacity either in aquatic or terrestrial food chains. This
was also observed for PBDEs in general and BDE-47 in particular. On the contrary, DP
did not present biomagnification capacity in any case. Overall, it seems that more
attention should be paid to HNs due to their presence in a wide range of species, and to
Dec 602 in particular considering its high concentrations in biota.

Analysis of blubber and brain samples from the same individuals allowed an evaluation
of possible tissue specific accumulation of HFRs in 5 dolphin species. As expected,
concentrations in blubber were higher than in brain, but there were some exceptions:
BDE-153, HBB and TetraBHD levels were higher in brain than in blubber.
Furthermore, ratio between PBDEs and HNs was considerably lower in brain than in
blubber, even though PBDEs levels were still higher. All this shows that blubber might
not be the proper tissue for the environmental monitoring of some compounds like
HBB, barely detected in blubber but consistently detected in brain. Moreover, HNs
seem to have a higher capacity to surpass the BBB than PBDEs.
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Since eggs from 3 bird species (white stork, black kite and flamingo) collected in 1999,
2003, 2011, 2012 and 2013 were available, time trends occurring in these species could
be evaluated. A decrease in the concentrations of PBDEs, specially the components
included in the Penta-BDE mixture, was observed. This is in agreement with the
restrictions over PBDEs in these years. On the contrary, HNs concentrations did not
change during the decade studied. Since the use of HNs in Europe is not restricted yet,
probably this timeframe was not enough to evaluate their time trends properly and a
monitoring during the next years is recommended. This work is described in detail in

publication #9.

Finally, in the last part of this thesis the toxicological effects of Deca-BDE and DP
commercial mixtures were evaluated by in vivo exposures to Mediterranean mussels
(Mytilus galloprovincialis). This work was done in Plymouth University during a
predoctoral stay of 3 months under the supervision of Dr. Jha Awadhesh and Prof.
James Readman. Deca-BDE mixture (which has a >90% of BDE-209) was chosen as it
was the main PBDE mixture used in the recent years, and DP was chosen since it has
been proposed as a BDE-209 substitute. Results showed that both compounds did not
induce physiological alterations, but they did induce genetic alterations. Oxidative DNA
damage and micronucleus induction were observed. Besides, DP caused similar or even

higher damage than BDE-209 at lower concentrations.
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1.1. Retardantes de llama

Los retardantes de llama (FRs, del inglés flame retardants) han sido usados para
disminuir el riesgo de flamabilidad de los materiales desde mucho antes de la llegada de
los compuestos quimicos modernos, ya que los incendios siempre han representado una
fuente importante de dafios materiales y econdmicos, unidos a frecuentes pérdidas de
vidas. Ya en tiempos de los egipcios se utilizaba una mezcla de alumbre para impedir
que la madera ardiera tan facilmente; posteriormente los romanos le afiadirian vinagre
(Alaee et al., 2003).

Hoy en dia se utilizan substancias quimicas, pero el proposito sigue siendo el mismo:
prevenir los incendios. Estas substancias se aplican a materiales muy diversos como
textiles, plasticos, maderas, materiales eléctricos, etc. (Darnerud 2003). Los avances
tecnoldgicos que se han producido en los Gltimos afios han provocado la aparicion de un
gran numero de polimeros con aplicaciones muy diversas y presentes en practicamente
todos los ambitos. Ademas, la gran mayoria de los polimeros utilizados son derivados
del petroleo y, por tanto, inflamables, lo que hace la presencia de los FRs méas necesaria
auan. El uso de polimeros aumento desde las 145.000 hasta las 310.000 toneladas entre
1990 y 2000, suponiendo un aumento del 100% en una década. En consecuencia, la
demanda de FRs también aumenta. En 2000 se estimaba en 1,2 millones de toneladas
mientras que actualmente se prevé un aumento anual del 6%, llegando hasta una
demanda de 2,6 millones de toneladas en 2016 (VVahabi et al., 2015). Existen 4 familias
principales de FRs: inorganicos (representando el 50% de la produccion anual),
organicos halogenados (25%), organofosforados (20%) y basados en nitrégeno (5%)
(Alaee et al., 2003).

Para comprender mejor el mecanismo de actuacion de los FRs conviene fijarse en el
proceso de combustion. Este consta de cuatro etapas: precalentamiento, volatilizacion o
descomposicion, combustion y propagacion. La accion del FR consiste en inhibir una de
estas cuatro etapas para impedir la combustion. Por ejemplo, el 6xido de aluminio se
deshidrata a temperaturas en torno a los 200 °C en una reaccion endotérmica que
disminuye la temperatura del material, confiriendo a este Oxido la capacidad de ser
usado como FR ya que actua en la fase de precalentamiento. Otros FRs actlan en fases
mas avanzadas de la reaccion, siendo por tanto mas efectivos (Troitzch 1900).

Existen dos clases principales de FRs, dependiendo de como se incorporan al polimero.

Por un lado, los FRs de tipo reactivo se incorporan a la propia formulacion del
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polimero, mientras que por otro lado los FRs de tipo aditivo simplemente se incorporan
al polimero. Los compuestos de tipo aditivo tienen més facilidad para pasar al medio
ambiente ya que su union con el polimero no es demasiado fuerte (Hutzinger y Thoma
1987).

El uso de HFRs se ha relacionado con la disminucion del numero de muertes, ya sea
directas 0 a causa de la intoxicacion por el humo, a causa de incendios en el Reino
Unido. Las muertes totales pasaron de 950/afio entre 1985 y 1990 a 750/afio entre 1995
y 1998, mientras que las causadas por la inhalacion de humo pasaron de 600 a 450 en

los mismos periodos (Horrocks y Price 2001).

1.2. Retardantes de llama halogenados

Los retardantes de llama halogenados (HFRs, del inglés Halogenated Flame Retardants)
son compuestos clorados o, principalmente, bromados. Actlan sobre la etapa de
combustion capturando los radicales libres producidos durante la reaccion, evitando la
propagacion de la misma e incluso la aparicion de las llamas. Los halogenos son
especialmente eficaces en ello, aunque no todos los compuestos halogenados pueden
usarse como FRs (Troitzch 1900). Los compuestos fluorados, al ser muy estables,
descomponen a temperaturas demasiado altas para que el fltor se libere a tiempo. Por el
contrario, los compuestos yodados son poco estables y el yodo es liberado demasiado
pronto. Por ello, los compuestos usados como HFRs son principalmente bromados y
clorados. De hecho, la demanda total de retardantes de llama bromados (BFRs, del
inglés brominated flame retardants) en el afio 2000 representd un 36% de la demanda
total de FRs (Alaee y Wenning 2002). Existen diferentes familias de BFRs; algunos
como los Polibromodifenil éteres (PBDEs), el Hexabromociclodecano (HBCD) o el
Tetrabromobisfenol A (TBBPA) han sido usados desde hace afios, mientras que otros
Son Mas recientes y su uso aln no esta tan extendido. Por otro lado, algunos ejemplos de
FRs clorados (CFRs, del inglés chlorinated flame retardants) son el Decloran plus (DP),
Decloran 602 (Dec 602), Decloran 603 (Dec 603) o el Decloran 604 (Dec 604).

La produccién global de HFRs sufrié un aumento considerable entre 2001 y 2008. En el
caso de los BFRs, su produccién paso a ser de unas 200.000 toneladas a 410.000 en
todo el mundo. Asi mismo, el volumen de produccion de CFRs también se dobld,
pasando de 82.000 a 190.000 toneladas (Shaw 2010).
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Existen mas de 175 compuestos diferentes listados como HFRs. A continuacion se

describen algunas caracteristicas de los HFRs incluidos en esta tesis.

1.2.1. PBDEs

La estructura molecular de los PBDEs esta formada por dos anillos de fenilo con uno o
mas atomos de bromo y unidos por un puente de oxigeno. Existen 209 congéneres
diferentes dependiendo del grado de bromacién y de la posicion de los atomos de bromo
en los anillos (Figura 1.1). La nomenclatura que se sigue es la misma que fue
introducida para los diferentes congéneres de los bifenilos policlorados (PCBs, del

inglés Polychlorinated bihpenyls) (Ballschmiter y Zell 1980).

PBDEs

(a]
\- \
Bre— | s
Sa]
s =

BDE- BDE-47 BDE-99 BDE 1()(}

oELEG, Sl S,

BDE-153 BDE-154 BDE-183 BDE-209

Br Br Br Br Br & Br
o] 0 o Br Br Br
o]
Br Br Br Br Br Br gr Br Br
Br Br
Br Br Br Br

Br

Figura 1.1. Estructura de los PBDEs incluidos en esta tesis.

Comercialmente existen en forma de 3 mezclas diferentes: Penta-BDE (24-37% de
tetra-BDEs, 50-60% de penta-BDEs y 4-8% de hexa-BDEs), Octa-BDE (10-12% de
hexa-BDEs, 44% de hepta-BDEs, 31-35% de octa-BDEs y 10-11% de nona-BDEs) y
Deca-BDE (3% de nona-BDEs y 97% de deca-BDE o BDE-209). Las mezclas Penta-
BDE y Octa-BDE han sido prohibidas en la Unién Europea (UE) y Norteamérica,
mientras que actualmente la produccién de Deca-BDE en las mismas zonas deberia
haber cesado, segin el compromiso que asumieron los principales fabricantes para dejar
de producir esta mezcla a finales de 2013 (Hess 2009; Schecter et al., 2010). La
legislacion existente y sus consecuencias son discutidas en profundidad en el apartado
14.
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La mezcla Penta-BDE era producida principalmente en Israel, Japén, EE.UU, UE y
China, mientras que la Octa-BDE era producida también en Israel, EE.UU y Japon,
ademés de en Holanda y Reino Unido. El volumen de produccion anual de la mezcla
Penta-BDE en EE.UU pas6 de 22.000-111.000 toneladas en 2002 a 0 en 2006, mientras
que el volumen de produccion de la mezcla Octa-BDE pasé de 2.000-20.000 toneladas a
0, a causa de la prohibicion de su uso e importacién. En cambio, no existen datos sobre
las zonas de produccidén de la mezcla Deca-BDE excepto en el caso de EE.UU, aunque
es de suponer que se fabricaba en las mismas zonas (Jinhui et al., 2015). El volumen de
produccion de la mezcla Deca-BDE se mantuvo constante entre 2002 y 2006 (111.000-
222.000 toneladas) (Klosterhaus et al., 2012). En 1999 se document6 que Norteamérica
consumia el 50% de la produccion global de PBDEs, concretamente el 97.5% de Penta-
BDE, 36% de Octa-BDE y 44% de Deca-BDE, mientras que Asia absorbia el 53% de la
produccion global de Octa-BDE y 42% de Deca-BDE. El resto de la demanda era para
Europa con el 3% de Penta-BDE, 12% de Octa-BDE y 14% de Deca-BDE (Hale et al.,
2003). En 2003 Asia acaparé el 40% de la demanda global, constituida en un 83% por
Deca-BDE (Lee y Kim 2015).

Los materiales plasticos pueden contener hasta un 15% en peso de PBDEs, aunque
normalmente el porcentaje oscila entre el 2 y 6%. En cambio, en otros polimeros como
el poliuretano el contenido de PBDEs puede llegar hasta el 30% (Linares et al., 2015).
Maés concretamente, la mezcla Penta-BDE es usada principalmente en materiales
compuestos de poliuretano como colchones, muebles, etc., mientras que la mezcla Octa-
BDE se usa en materiales de plastico mas duros como cubiertas de ordenadores y
monitores. La mezcla Deca-BDE es la que ha tenido un uso mas extendido y
prolongado, representando méas del 80% de la produccién total de PBDEs (Besis and
Samara 2012). Se usa en plasticos como el poliestireno de alto impacto, equipamiento
electronico, recubrimientos de cables eléctricos, textiles y mobiliario. Ademas es
aplicada también en vehiculos, barcos y en el sector de la construccion (Costa y
Giordano 2011; Guerra et al., 2012a; Miller et al., 2014)

1.2.2. HBCD

La reacciodn industrial mediante la cual se produce el HBCD es una adicion de bromo al
cis-trans-trans-1,5,9-ciclododecatrieno, que da lugar a una mezcla de 16 esteroisémeros,
seis pares de enantibmeros y cuatro mesoformas (Heeb et al., 2007). La mezcla

comercial contiene los isdbmeros a-, - y y-HBCD en una proporcion del 10-13%, 1-
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10% y 75-89%, respectivamente (Figura 1.2), aunque se han indicado también los
isomeros 6- y e-HBCD en proporciones en torno al 0,5% (Heeb et al., 2007). Los
diferentes esteroisomeros presentan diferentes propiedades fisicoquimicas como
polaridad o solubilidad en agua, atribuidas a las diferencias estructurales entre ellos. Por
ejemplo, los isdbmeros a-, B- y y-HBCD presentan solubilidades muy diferentes, siendo
éstas de 49, 15 y 2 ug/L, respectivamente (Tomy et al., 2004). Estas diferencias se
trasladan también al medio ambiente, donde los diferentes isomeros tienen diferentes

velocidades de absorcion bioldgica y metabdlica (Dirtu et al., 2013).

Bf Br: Br
Ha +P )y

Figura 1.2. Estructuras de los principales isémeros y enantiomeros del HBCD.

El HBCD es utilizado principalmente en poliestireno, textiles y material electronico
doméstico (Covaci et al., 2006). EI HBCD fue considerado una alternativa potencial a
los PBDEs cuando estos empezaron a llamar la atencion de los organismos
medioambientales (Al-Odaini et al., 2015). Pese a llevar en el mercado desde la década
de los 80, no fue hasta principios de siglo cuando su produccion se incrementd
considerablemente. En 2001 la demanda global era de unas 16.700 toneladas, en 2002 y
2003 la demanda fue de 21.500 y 22.000 toneladas respectivamente (Onogbosele y
Scrimshaw 2014). En EE.UU su produccién entre 2002 y 2006 fue de 111.000-222.000

toneladas por afo (Klosterhaus et al., 2012).

1.2.3. BFRs alternativos
La industria esta en constante movimiento y, por necesidad, siempre un paso por delante

de la legalidad vigente. Por ello, ya existen numerosos compuestos bromados
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propuestos 0 ya usados como alternativas a los BFRs clasicos, ademas de los HNs.
Algunos ejemplos son el hexabromobenceno (HBB, del inglés Hexabormobenzene), el
pentabromoetil benceno (PBEB, del inglés pentabromoethyl benzene), el
decabromodifenil etano (DBDPE, del inglés decabromodifenil ethane), los tres
incluidos en esta tesis, y otros como el 1,2-bis(2,4,6-tribromofenoxi)etano (BTBPE), el
2-etilhexil-2,3,4,5-tetrabromobenzoato (TBB), el bis(2-etilhexil)-3,4,5,6-tetrabromo-
ftalato (TBPH) o el hexaclorociclopentadienildibromo-ciclooctano (HCDBCO). No
existe mucha informacién sobre su volumen de produccion o usos aunque algunos ya
han sido hallados en regiones remotas como la Antartida, probando que ya estan siendo
utilizados y empiezan a entrar en el medio ambiente. Al tener estructuras similares a
otros BFRs (Figura 1.3) se cree que podrian presentar simulares propiedades toxicas y
comportamiento, aunque los estudios sobre ello son todavia escasos (Covaci et al.,
2011; de Wit et al., 2010).

CH3 Br
Br Br Br
Br Br Br Br o
Br
Br | i,
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Br Br
Br

Br Br
HBB PBEB DBDPE

Figura 1.3. Estructuras de los 3 BFRs emergentes incluidos en esta tesis.

El DBDPE se estd utilizando actualmente como substituto del BDE-209, aunque el
elevado coste del producto limita su uso (Eljarrat et al., 2005). De todos modos, la
prevision es que se convierta en uno de los BFRs mas utilizados en la industria
termoplastica (Konstantinov et al., 2006) por varios motivos. Primero, no produce
furanos o dioxinas polibromadas tras exposicion a la luz solar, al contrario que el BDE-
209 (Kierkegaard et al., 2004). Segundo, su biodisponibilidad parece ser menor que la
del BDE-209, basandose en su elevado LogK, que ha sido estimado en 11 (Chen et al.,
2013). De momento ya se usa comercialmente en distintos materiales como el
poliestireno de alto impacto, algodén o poliéster (Kierkegaard et al., 2004). No se
produce en Europa, pero se importa en grandes cantidades (unas 2500 toneladas en
2001) y en 2006 ya era el segundo BFR aditivo mas usado en China (Arias 2001; Xiao
2006). Ademas, en Japdn la substitucion de la mezcla Deca-BDE por el DBDPE ya
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parece evidente pese a no estar impuesta en Asia (Watanabe 2010). Sus nombres
comerciales son SAYTEX 8010 o Milebrome 8010.

El PBEB es un FR de tipo aditivo usado principalmente en textiles, adhesivos y
recubrimientos eléctricos. Su pico mas alto de produccion fue en la década de los 70,
especialmente en EE.UU donde se comercializaba bajo el nombre de FR-105 (Hoh et
al., 2005). Debido a que no se encuentra legislado se cree que su uso ha aumentado en
los ultimos afios debido a las restricciones legales de otros FRs como los PBDEs,
aunque esta clasificado como un compuesto quimico de bajo volumen de produccion en
la UE (Covaci et al., 2011). Es un compuesto persistente en el medio ambiente y con
capacidad de bioacumulacion (Covaci et al., 2011).

La producciéon del HBB tiene lugar principalmente en Japon y China a través de la
Nippoh Chemical Corporation y la Shou Guang Longfa Chemical Corporation
respectivamente y bajo el nombre de FR-B, mientras que no hay datos de su produccion
en la UE (Watanabe and Sakai 2003). EI hecho de que se haya encontrado en diferentes
muestras ambientales de Europa como sedimentos o peces demuestra que también tiene
la capacidad de pasar desde los productos que lo contienen a diferentes compartimentos
ambientales (Cruz et al., 2015).

1.2.4. Decloran plus y compuestos relacionados

El DP (C1gH12Cl12), junto con sus analogos Dec 602 (C14H4Cl1,0), 603 (C17HgCl12) y
604 (Ci3H4BrsHig) son un grupo de norbornenos halogenados (HNs) que han sido
fabricados durante mas de 40 afios por Hooper Chemicals and Plastics Corp., productora
actualmente conocida como Oxychem ubicada en el rio Niagara (Nueva York, EE.UU.)
(Figura 1.4). Maés recientemente se ha identificado otro punto de produccién del DP en
China (Anpon Electrochemical Co.), siendo estas fabricas las dos fuentes de origen que
se conocen del DP y sus compuestos analogos (Sverko et al., 2011; Xian et al., 2011).
Estos compuestos surgieron como alternativa al Mirex cuando su uso como FR fue
prohibido en 1976 (EE.UU) al demostrarse su gran toxicidad y capacidad de
bioacumulacion. Mas adelante, en 2001, seria incluido en la llamada “docena sucia” por
la Convencion de Estocolmo de Contaminantes Organicos Persistentes, prohibiéndose

asi su produccion y uso también en Europa.
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Figura 1.4. Estructuras de los diferentes norbornenos halogenados.

El DP presenta dos esteroisomeros y proviene de una reaccion Diels-Alder donde 2
moles de hexaclorociclopentadieno (HCCPD) reaccionan con 1 mol de 1,5
ciclooctadieno. En las mezclas comerciales la proporcién entre el sin-DP y anti-DP es
de aproximadamente 1:3 (Xian et al., 2011) y no puede estar presente en materiales
plasticos en una cantidad superior al 35% en peso basico (Ren et al., 2008). Existen 3
mezclas comerciales del DP (DP-25, DP-35 y DP-515) pero solo difieren en el tamafio
de particula ya que la proporcion de los dos isdbmeros no varia significativamente
(Gauthier y Letcher 2009). En la Union Europea estd considerado un producto quimico
de bajo volumen de produccion. Sin embargo, la Agencia de Proteccion Ambiental
(EPA) de los EEUU lo cataloga como un compuesto quimico de alto volumen de
produccidn ya que se generan entre 500 y 5000 toneladas al afio (HPV). Entre 2002 y
2006 su produccion anual en EE.UU se mantuvo 2.000-20.000 (Klosterhaus et al.,
2012). Su ventaja en comparacion con los BFRs es su mayor estabilidad térmica y su
menor densidad y coste (Feo et al., 2012). Se encuentra presente especialmente en
recubrimientos de cables, plasticos y conexiones en ordenadores y televisiones,
presencia que podria incrementarse en un futuro cercano ya que la Comision Europea lo
ha propuesto como una alternativa a la mezcla Deca-BDE (Sverko et al., 2011).

Por otro lado, el Dec 602, Dec 603 y Dec 604 son compuestos generados por el mismo
tipo de reaccién de Diels-Alder que el DP, pero con un precursor distinto que reacciona
con el HCCPD. En el caso del Dec 602 nuevamente 2 moles de HCCPD reaccionan con
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1 mol de furano. En la formacion del Dec 603 intervienen 2 moles de HCCPD que
reaccionan con 1 mol de biciclo[2.2.1]hepta-2,5-dieno. Por dltimo, y a diferencia de los
anteriores, 1 mol de HCCPD reacciona con 1 mol de tetrabromoetenilbenceno para
generar el Dec 604. Cabe sefalar que el Dec 602 es el Unico que presenta un atomo de
oxigeno en su estructura y que el Dec 604 presenta dos halogenos diferentes, cloro y
bromo, aunque es el que menor grado de halogenacion presenta de los 3. Estos
compuestos también fueron patentados por Oxychem en los afios 60 y 70 con la
intencion de mejorar las formulaciones de los polimeros para hacerlos menos
inflamables. Basicamente son usados en los casos en los que el DP no puede ser usado
en algunos materiales ya que no alcanza a cumplir los requisitos legales (Krackeler y
Biddell 1976). Por ejemplo, esta documentado el uso del Dec 602 en un 18% en peso en
el Nylon-6 reforzado con fibra de vidrio, mientras que el Dec 604 se encuentra entre un
10-30% en peso en la silicona Molykote AS-810, usada en aplicaciones
electromecanicas y como impureza en una forma comercial del Mirex (Shen et al.,
2011b). Ademas, el uso conjunto de estos dos compuestos esta patentado para aislantes
de cables. No obstante, existe mucha menos informacion sobre el uso del Dec 603, pese
a estar patentado también su uso como FR por OxyChem. Si esta descrita su presencia
como impureza en productos comerciales del Aldrin y Dieldrin, dos insecticidas usados
en grandes cantidades en los afilos 70 pero que se encuentran actualmente prohibidos
(Shen et al., 2011a).

1.3. Propiedades fisicoquimicas

En la tabla 1.1 se muestran algunas de las propiedades fisicoquimicas de los HFRs
incluidos en esta tesis. Se trata, como se puede ver, de moléculas muy hidrofobicas
(logKow entre 5,07 y 11,2) y de elevado peso molecular (pesos entre 407 y 971 g/mol).
El HBCD representa un caso interesante ya que las propiedades estimadas utilizando la
mezcla comercial no son para nada extrapolables a los isdbmeros individuales. Por
ejemplo, la solubilidad de la mezcla comercial es de 65 ug/L, mientras que la de los
isdbmeros por separado no llega ni mucho menos a ese valor. Seria interesante disponer
de estos datos también para el DP o las mezclas comerciales de PBDEs, pero ningln

estudio ha comparado ambos casos.
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Tabla 1.1. Propiedades fisicoquimicas de los HFRs incluidos en esta tesis.
Vm  Solubilidad

Compuesto CAS Pm (cm?) (ng/L) logKow
BDE-28 41318-75-6 407 209 334 5,98
BDE-47 5436-43-1 486 224 94,7 6,02
BDE-99 32534-81-9 565 241 38,9 6,81

BDE-100 189084-64-8 565 241 54,1 6,86
BDE-153 68631-49-2 644 257 16,7 7,39
BDE-154 207122-15-4 644 257 0,87 7,39
BDE-183 207122-16-5 722 273 15 7,14
BDE-209 1163-19-5 959 322 0,14 9,97
HBB 87-82-1 546 187 3 6,07
PBEB 85-22-3 496 203 210 6,76
DBDPE 84852-53-9 971 344 0,095 11,2
a-HBCD 3194-55-6 642 299 48,8 5,07
B-HBCD 3194-55-6 642 299 14,7 5,12
vy-HBCD 3194-55-6 642 299 2,1 5,47
Dec 602 31107-44-5 614 300 0,0175 8,38
Dec 603 13560-92-4 638 324 0,0245* 8,24
Dec 604 34571-16-9 693 283 0,0375* 9,04
syn-DP 13560-89-9 654 358 249 9,51
anti-DP 13560-89-9 654 358 249 9,51

Pm: Peso molecular. Vm: VVolumen molar. *: ng/L

1.4. Legislacion

En este apartado se revisa la legislacion existente sobre estos compuestos, que se
encuentra ademas resumida en la Figura 1.5. Los PBDEs ya se encuentran prohibidos en
su totalidad, las restricciones sobre el HBCD se han incrementado en los Gltimos afios y,

de momento, sobre los HNs y BFRs alternativos no pesa ninguna legislacion firme.

PBDEs

Existen numerosas prohibiciones y restricciones sobre los PBDEs, especialmente
centradas en las mezclas Penta-BDE y Octa-BDE. En Norteamérica fueron incluidas en
el acta de proteccion medioambiental canadiense de 1999 y su produccién fue cesada
voluntariamente a principios de siglo; Canada se anticipd asi a las restricciones que
posteriormente se aplicaron en 2006 y 2008 que establecieron la prohibicion de fabricar
0 importar cualquier mezcla de PBDEs en Canada (Miller et al., 2014). De la misma
manera, la EPA también establecio fuertes restricciones sobre estas mezclas en Estados

Unidos en 2006, obligando a todas las compafiias a avisar con 90 dias de antelacion a
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cualquier importacion o produccion de estas mezclas (Sutton et al., 2014). Ademas,
todos los productores se comprometieron a detener la produccion de la mezcla Deca-
BDE a finales de 2013 (Ma et al., 2013).
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Figura 1.5. Cronologia de la legislacion existente sobre los HFRs incluidos en esta tesis.

En cuanto a Europa, los PBDEs se incluyeron en la restriccion de substancias peligrosas
(RoHS, del inglés Restrictions of Hazardous Substances) bajo la directiva 2002/95/CE.
Posteriormente, la directiva 2003/11/EC prohibid la venta de las mezclas Penta-BDE y
Octa-BDE en concentraciones superiores al 0,1% en masa. Ademas, desde julio de 2006
los equipamientos electrénicos fabricados en Europa no pueden contener PBDES bajo
ninguna circunstancia, segun la directiva 2002/95/EC. Asimismo, la mezcla Deca-BDE
fue prohibida en julio de 2008 por el tribunal europeo de justicia (2008/C 116/02),
revocando asi la excepcién que se le habia aplicado al Deca-BDE en la directiva
2005/717/EC. Los PBDEs cumplen los criterios establecidos en la Convencion de
Estocolmo para ser considerados POPs y por lo tanto fueron incluidos finalmente en
2012. Hasta la fecha, los PBDES solo estan regulados en Norteamérica y Europa (de Wit
et al., 2010; Hoydal et al., 2015; Mufoz-Arnanz et al., 2011a), por lo que otras zonas
como China o los paises emergentes de América del Sur podrian seguir siendo
potenciales focos de produccién de estos compuestos (Zheng et al., 2015). Ademas, el

hecho de regularlos no implica una reduccion total en las emisiones de estos
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compuestos ya que los materiales fabricados previamente si los contienen y por tanto es
de esperar que la entrada de PBDEs en el medio ambiente prosiga, aunque cada vez en

menor medida.

HBCD

Pese a que las restricciones sobre el HBCD no son comparables a las que pesan sobre
los PBDEs, hay que comentar que en los ultimos afios se han tomado algunas medidas.
Fue incluido en la lista de substancias prioritarias por la EPA en agosto de 2010 y en la
lista de substancias de alta prioridad (SVHC, del inglés Substances of very High
Concern) por la agencia europea de substancias y mezclas quimicas en octubre de 2008
(decisién ED/67/2008). Posteriormente, en febrero de 2011, fue incluido en el anexo
XIV del registro, evaluacion, autorizacion y restriccion de substancias quimicas de la
UE (REACH, del inglés Registration, Evaluation, Authorisation and Restriction of
Chemicals). Por ultimo, fue incluido en el Anexo A del convenio de Estocolmo en
Mayo de 2013, quedando regulada su eliminacidn excepto en el poliestireno usado en
edificios. A diferencia del caso de los PBDEs, fue un pais asiatico (Japon) el primero en
prohibir especificamente la produccion e importacion de HBCD, siendo ésta efectiva en
mayo de 2014. En cambio, en la UE su uso esta permitido en las excepciones citadas
anteriormente hasta la llamada “sunset date” (21 de Agosto de 2015) e incluso pasada
esta fecha su uso podria ser autorizado por la UE siguiendo criterios excepcionales (Al-
Odaini et al., 2015; Andersen et al., 2015; Jorundsdottir et al., 2013; Koch et al., 2015).

HNs

Por el contrario, pese a que el DP ha sido propuesto como una alternativa a la mezcla
Deca-BDE no existen muchas restricciones sobre las diversas aplicaciones de los
decloranos. De momento el DP ha sido incluido en la lista de substancias domésticas de
Canada quedando regulado su uso en materiales plasticos, donde su contenido no puede
exceder el 35% del peso basico del material (Ren et al., 2008). Asi mismo el Dec 602 y
el Dec 604 se incluyen en la lista de substancias no domésticas de Canada y en el
sistema de informacion de substancias quimicas europeo. Estas listas sélo establecen

recomendaciones de uso y no restricciones propiamente dichas (Sverko et al., 2011).
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1.5. Compuestos halogenados naturales

Junto al gran numero de contaminantes halogenados antropogénicos presentes en el
medio ambiente se encuentran también los compuestos naturales halogenados (HNPs,
del inglés halogenated natural products). Estos compuestos se originan casi
exclusivamente en el medio marino debido a la gran abundancia de sales de cloro y
bromo, asi como de los propios atomos de Cl, y Br,. En la actualidad se encuentran
identificados mas de 5000 HNPs, contando también los que contienen flior o yodo
(Gribble 1998; Gribble 2000; Gribble 2010; Vetter 2006). Microorganismos en
simbiosis con esponjas 0 pequefios bivalvos, cianobacterias, algas o0 gusanos son
considerados los principales productores de HNPs en el medio marino. Debido a que un
estudio en profundidad de la presencia de HNPs en el medio ambiente no era el objetivo
de esta tesis, se seleccionaron una serie de compuestos cuya presencia se estudio en las
diferentes muestras marinas de las que se disponia. La presencia de estos compuestos y
las concentraciones encontradas nos permiten poner en contexto la importancia de los
niveles de HFRs encontrados en las mismas muestras, evaluando su contribucion y
posibles efectos en un medio que cuenta ya con una elevada presencia “de base” de
compuestos organicos halogenados. Estos compuestos son los PBDEs metoxilados
(MeO-PBDEsS), el (1R,2S,4R,5R,1'E)-2-bromo-1-bromometil-1,4-dicloro-5-(2'-
cloroetenil)-5-metilciclohexano (MHC-1), el 2,7-dibromo-4a-bromometil-1,1-dimetil-
2,3,4,4a,9,9a-hexahidro-1H-xanteno (TriBHD) y 2,5,7-dibromo-4a-bromometil-1,1-
dimetil-2,3,4,4a,9,9a-hexahidro-1H-xanteno  (TetraBHD), y por dltimo el
2,3,3’,4,4’ 5,5 -heptacloro-1’-metil-1,2’-bipirrol ~ (Q1) y otros metil-bipirroles
polihalogenados (PMBPs, del inglés polybromomethyl bipyrroles) con la misma
estructura que el Q1 pero con un patron de halogenacién diferente que consiste en la
substitucion de &tomos de Cl por d&tomos de Br: BrCI-MBP (Q1 —CI +Br), Br,Cls-MBP,
etc., hasta el Br;-MBP (Figura 1. 6).
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Figura 1.6. Estructuras de los diferentes HNPs incluidos en esta tesis.
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La informacion sobre estos compuestos es bastante limitada comparada con la
disponible sobre los contaminantes antropogénicos. Recientemente algunos HNPs como
el Q1 han sido detectados en humanos, demostrandose asi su capacidad de desplazarse a
lo largo de la cadena trofica (Vetter et al., 2000). Ademas del Q1, otros HNPs como los
MeO-PBDEs 0 MHC-1 se han encontrado en mamiferos en la cima de la cadena trofica
como 0sos polares o delfines (Hoh et al., 2012; Shaul et al., 2015; Vetter et al., 2008).
Es interesante ver como se encuentran en otros organismos ademas de sus productores y
queda probada su capacidad de bioacumulacion y relativa persistencia. En general se
desconoce por queé los organismos marinos producen compuestos halogenados. Algunos
compuestos especificos han demostrado tener propiedades beneficiosas para las
esponjas, actuando como repelentes de depredadores o favoreciendo la regeneracion de
partes dafiadas. En cambio, se cree que otras familias de HNPs como las incluidas en
esta tesis podrian presentar las mismas propiedades que compuestos antropogenicos
como los PBDEs o PCBs, presentando similares capacidades de persistencia y
bioacumulacion 'y potenciales efectos toxicoldgicos debido a sus estructuras
moleculares, similares a otros compuestos halogenados (Gaul et al., 2011; Gribble
2000; Gribble 2010; Vetter 2006; Vetter et al., 2009). De hecho, el descubrimiento de
los HNPs cred gran controversia en su momento ya que invalidaba una de las
caracteristicas de los POPs: que no se podian encontrar compuestos analogos en el
medio ambiente. Hoy en dia los HNPs estan reconocidos como contaminantes del
medio marino y productos de consumo humano procedentes del mismo (Vetter 2006).

Los MeO-PBDEs son un caso interesante ya que su estructura es muy similar a la de los
PBDEs y durante un tiempo se dudo de su origen natural. No obstante, diversos estudios
documentaron evidencia de su origen natural mediante el andlisis de is6topos de

carbono (Malmvarn et al., 2005).

1.6. Presencia y comportamiento en el medio ambiente

En este apartado se pretende hacer una revision de los niveles de HFRs y HNPs en la
literatura mostrando su presencia en matrices ambientales y bidticas, asi como una
evaluacion de su comportamiento en el medio ambiente. En algunos casos como el de
los PBDEs la literatura existente es muy amplia, por lo que dichos niveles han sido
revisados por distintos autores (Alaee et al., 2003; Besis y Samara 2012; Betts 2010;
Covaci et al., 2003; Covaci et al., 2007; Chen y Hale 2010; Chen et al., 2012b; Hale et
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al., 2006; Law et al., 2006b; Law et al., 2008; Ma et al., 2012; Mikula y Svobodov
2006; Vonderheide 2009; Wang y Li 2010; Wiseman et al., 2011; Yogui y Sericano
2009). En consecuencia, s6lo se han incluido estudios recientes no incluidos en dichas
revisiones, correspondientes a los afios 2013, 2014 y 2015. Por otro lado se ha realizado
una recopilacion en mas detalle para los HNs y BFRs alternativos dado que el nimero
de estudios publicados es mucho menor y mas reciente.

Al comparar niveles documentados por diferentes estudios hay que tener en cuenta que
factores muy diversos pueden provocar diferencias substanciales en los resultados.
Algunos, como la proximidad a zonas de produccion o ambientes urbanos, se discuten
mas adelante. En lineas generales, por ejemplo en las depuradoras es importante tener
en cuenta factores como el nivel de tratamiento de la depuradora, el caudal de entrada,
técnicas usadas, poblacion a la que se da servicio o carga industrial de la zona, que
pueden afectar drasticamente a los niveles determinados (Zeng et al., 2014a). Por otro
lado, la comparacion de concentraciones entre muestras de biota siempre debe llevarse a
cabo teniendo en cuenta que incluso dos especies de peces o delfines podran tener
metabolismos o dietas muy diferentes que tendran una influencia directa en los niveles

de contaminacion que presentaran (Weijs et al., 2015).

1.6.1. Entrada al medio ambiente

Ademas de la migracién de los HFRs desde los materiales que los contienen a diferentes
compartimentos ambientales durante la vida util de los mismos, los HFRs pueden entrar
al medio ambiente siguiendo otras vias que, a primera vista, parecen mas evitables. A
continuacion se detallan algunas posibles rutas de entrada (o reentrada) al medio

ambiente.

Zonas de produccion y zonas de elevada carga industrial

La produccion de los PBDEs, y en menor medida del HBCD, se halla bastante
extendida, ya que las compariias que los fabrican son varias y distribuidas por diferentes
paises. En cambio, las fuentes de produccién de los decloranos estan mas localizadas ya
que hasta la fecha solo se conocen dos (figura 1.7). Pese a que, debido al aumento de los
estudios sobre estos compuestos, actualmente se dispone de mas informacion sobre su
presencia global, al inicio de esta tesis (2011) la informacidn sobre decloranos era

escasa y la mayoria de estudios estaban centrados en las zonas de produccién. Los
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niveles encontrados eran relativamente altos y claramente atribuibles a la cercania con

las fuentes de emision.
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Figura 1.7. Zonas de produccion conocidas de los decloranos.

e-Waste

El término e-waste, que es una abreviacion de “electronic waste” (en castellano,
“residuos electronicos”), se usa para definir a todo el material electrénico (ordenadores
y material asociado, televisiones, etc) que ha sido retirado de su uso. La cantidad de e-
waste generada es enorme: para el periodo entre 1997 y 2004 se estimé que globalmente
mas de 500 millones de ordenadores quedaron obsoletos. Esto implica que se generaron
unos 4 millones toneladas de e-waste en ese periodo. No existen datos mas recientes,
pero dada la expansion del sector informatico en la Gltima década es de esperar que esta
cantidad se haya mantenido, como poco. Teniendo en cuenta que los HFRs se aplican en
% en peso, y sabiendo que legalmente los materiales plésticos pueden contener hasta el
30% en peso de PBDEs o DP (ver apartados 1.2.1y 1.2.4), entre 1997 y 2004 hasta 1,2
millones de toneladas de estos compuestos pudieron ser introducidos en el medio
ambiente si consideramos el peor de los casos. Mas concretamente, unos 145 millones
de dispositivos electronicos fueron desechados en la provincia de Guangdon, China.
Esto supondria unas 261.000 toneladas de HFRs como PBDEs o DP solamente en esta
region y afio (Martin et al., 2004).

Todo esto evidencia que, pese a que actualmente hay bastante atencion puesta en las

emisiones de los HFRs durante la produccion y vida util de los polimeros que los
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contienen, se estd subestimando en cierta manera el peligro del e-waste y otros
deshechos que también contienen elevadas cantidades de HFRs como via de reentrada
de los HFRs al medio ambiente. De hecho, no parece casualidad que las
concentraciones mas altas en casi todas las matrices se hayan encontrado en China, ya
que la mayoria del e-waste generado en Europa se envia a paises asiaticos (China e
India principalmente) debido al bajo coste de la mano de obra y las regulaciones menos
estrictas sobre los tratamientos del residuo (Kumari et al., 2014). Ademas, gran parte
del e-waste que se envia a China se declara de manera fraudulenta como material
reciclable y por tanto no pasa ni siquiera los pocos controles que deberia (Schwarzer et
al., 2005).

En la figura 1.8 se muestra una comparativa entre concentraciones medias encontradas
en diferentes especies de aves paseriformes de zonas donde se acumula e-waste en
China, frente a otras encontradas en zonas del mismo pais donde no se hace mencién a
ninguna planta de tratamiento de este tipo de residuos, viéndose claramente las

diferencias entre zonas.
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Figura 1.8. Concentraciones de PBDEs encontradas en diferentes zonas de China.

Vertederos

Todo lo explicado anteriormente no quiere decir que no haya que prestar atencion a
otros productos que contienen HFRs, como por ejemplo todo tipo de mobiliario,
vehiculos, textiles, etc. Estos materiales suelen acabar en vertederos, representando
éstos otra de las principales fuentes de reentrada de los contaminantes en el medio

ambiente (Stubbings y Harrad 2014). Se dispone de informacion fiable sobre el hecho
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de que més del 80% de los deshechos que contenian BFRs (principalmente TBBPA,
PBDEs y HBCD) acabaron en vertederos del Reino Unido y Norteamérica (Alcock et
al., 2003). Solo en el Reino Unido unas 670.000 toneladas de mobiliario y 310.000
toneladas de textiles son desechadas anualmente, segin se estimé mediante datos
recolectados en 2010 y 2011 (Weil y Levchik 2008).

Al contrario que con el e-waste, la problematica que representan los vertederos a causa
de los materiales y productos que van a parar a ellos si que se ha reconocido y regulado.
La directiva europea 1999/31/EC, que se implemento en 2001, clasifico los vertederos
en 3 tipos, segun los deshechos que albergaban (peligrosos, no peligrosos e inertes).
Desde entonces se ha seguido avanzando en pos de un correcto control de los residuos.
Por ejemplo, desde octubre de 2007 la Agencia Ambiental Europea obliga a tratar todos
los residuos destinados a vertederos, para prevenir la emision de contaminantes una vez
alli o incluso durante el transporte de los mismos (Muenhor et al., 2010). Actualmente
es obligatorio que los vertederos tengan una membrana que actle de barrera y separe los
deshechos del suelo. Pese a que es una medida que a priori evita en gran parte la
filtracion de los contaminantes al subsuelo, esta proteccion no es total (Danon-Schaffer
et al., 2013a). Los posibles mecanismos de difusion desde los residuos del vertedero son

principalmente 4 (Stubbings y Harrad 2014):

Emision al aire: La volatilizacion de los HFRs directamente desde los productos es una
de las vias mas rapidas de reentrada al medio ambiente. Se ha visto que las emisiones de
BDE-47 aumentaban considerablemente en funcidn de la temperatura, observando un
aumento de hasta 500 veces al cambiar de temperatura ambiente a unos 60 °C. Ademas,
la volatilizacion no esta limitada a los compuestos mas volatiles ya que el BDE-209 o
HBCD, poco volatiles, también han demostrado esta capacidad (Wilford et al., 2003).
Los HFRs también pueden llegar al aire a causa de la combustion de los residuos que,
de hecho, es una practica muy comin y puede darse ademas accidentalmente. En el caso
del HBCD se ha visto que es destruido a unos 805 °C (Takigami et al., 2014).

Filtracion al subsuelo: Aunqgue a priori la solubilidad de los HFRs es bastante baja, la
presencia de substancias himicas puede interaccionar con ellos y aumentar su capacidad
de lixiviacion a causa de ciertas interacciones especificas (Choi et al., 2009; Osako et
al., 2004). Una mayor acidez del medio ha demostrado tener también cierta influencia

(Danon-Schaffer et al., 2013b). A modo de confirmacién, diversos estudios en
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diferentes vertederos o simulaciones han confirmado este mecanismo como una posible
via de entrada (Daso et al., 2013; Oman y Junestedt 2008).

Debrominacion y degradacion: La debrominacion del BDE-209 ha sido méas que
contrastada por numerosos estudios, tanto en biota como en el medio ambiente (Covaci
et al., 2003; Covaci et al., 2007; Ezechias et al., 2014). La debrominacion en biota se
discute méas adelante. En medio ambiente puede darse a causa de procesos de reduccion,
de fotolisis 0 accion microbiana en medio anaerébico (Danon-Schaffer y Mahecha-
Botero 2010).

Abrasion y desgaste: El simple hecho de que los diferentes materiales choquen entre
ellos puede ocasionar su erosion y la liberacion de los contaminantes al medio ambiente.
Del mismo modo, los efectos climatologicos también pueden descomponer el material,

si no se aisla el vertedero con cuidado (Hale 2002).

Reutilizacion de los lodos de depuradora

Los HFRs son detectados en lodos de depuradora de manera frecuente, ya que tienen
unas caracteristicas altamente hidrofébicas y son resistentes a los tratamientos primario,
secundario y terciario aplicados en las depuradoras. A causa de nuevas regulaciones y
protocolos establecidos en el tratamiento de aguas, la cantidad de lodos producida
anualmente ha aumentado en los dltimos afios, creando una nueva problematica
ambiental en relacion a la gestion de dichos lodos. El problema radica en que estos
lodos son también ricos en nutrientes y materia organica, lo que los hace ideales para ser
utilizados como abono. De hecho, en algunos paises como Esparia esa es la aplicacion
predominante. En base a eso, la UE establecié una serie de regulaciones recogidas en la
directiva 86/278/EEC con el objetivo de controlar esta actividad. No obstante, esta
directiva no contempla la posibilidad de que esta aplicacion pueda permitir la reentrada
al medio ambiente de compuestos como los HFRs, que no son eliminados en el proceso
de tratamiento de agua. No obstante, desde hace varios afios se estd preparando un
borrador para una nueva directiva con el proposito de regular la presencia de algunos
contaminantes orgénicos en lodos de depuradora. Una vez de vuelta al medio ambiente
todos estos contaminantes pueden volver a ser bioacumulados por diferentes especies de
animales y plantas, e incluso humanos. Por si fuera poco, los otros 2 mecanismos de

eliminacién del lodo no suponen una alternativa mucho mejor, ya que o son incinerados
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o llevados a vertederos (De la Torre et al., 2011; Konstantinov et al., 2006; Wang et al.,
2007). Los lodos incinerados pueden generar la formacion de dioxinas y furanos
bromados (Magdziarz y Werle 2014), mientras que la problemética de los vertederos ya

ha quedado reflejada en el apartado anterior.

1.6.2. PBDEs

Los PBDEs fueron detectados en el medio ambiente por primera vez en 1970 (DeCarlo
1979) pero no fue hasta que se detectaron en leche materna, y en niveles que
aumentaban afo a afio, cuando la comunidad cientifica puso realmente su atencién en
ellos (Norén y Meironyté 2000). A lo largo de los afios se han encontrado en una gran
variedad de matrices y se ha demostrado su ubicuidad global (Tabla 1.2). En el caso de
los PBDEs hay que tener en cuenta que pese a que los congéneres normalmente
detectados son 8 (los mayoritarios en las mezclas comerciales), el nimero de
compuestos estudiados varia de un estudio a otro. EI compuesto méas importante que
suele no ser analizado es el BDE-209 debido a su mayor complejidad.

De todos los compuestos incluidos en esta tesis, los PBDEs son los mas ubicuos ya que
han sido detectados en practicamente todo el globo, desde el circulo polar artico hasta la
Antértida (Moller et al.,, 2012; Moller et al., 2011). Incluso han sido hallados
recientemente en sedimentos de Africa, concretamente en Uganda, aunque en
concentraciones bastante bajas para tratarse de estos compuestos: 0,06-0,2 ng/g dw
(peso seco, del inglés dry weight) (Ssebugere et al., 2014). En Europa se han detectado
recientemente en sedimentos de paises como la Republica Checa o Espafia en
concentraciones comprendidas entre 0,12 y 812 ng/g dw (Cristale et al., 2013;
HlouSkova et al., 2014). En un estudio reciente en EE.UU se identificaron en
concentraciones de hasta 21 ng/g dw, aunque el BDE-209 no se encontraba entre los
compuestos analizados (Nilsen et al., 2014). Del mismo modo, los PBDEs han sido
detectados en muestras de aire de regiones muy dispares. Las concentraciones
encontradas muestran una clara influencia de la region estudiada y los compuestos
incluidos en el analisis. Los valores mas elevados se determinaron en muestras tomadas
en diferentes paises de Europa, con concentraciones de hasta 1 ng/m* (Arellano et al.,
2014). Sorprendentemente los niveles en Uganda son similares a los determinados en
EE.UU, e incluso superiores a los detectados en la costa del Mediterrdneo, con méaximos
de 252, 220 y 19,9 pg/m® respectivamente (Arinaitwe et al., 2014; Mulder et al., 2015;

Peverly et al.,, 2015). Por ultimo, los PBDEs se detectan con frecuencia y en
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concentraciones considerables en lodos de depuradora. En China, concretamente en
Shangai, se detectaron concentraciones de PBDEs entre 31 y 100 ng/g dw (Xiang et al.,
2014a); en un estudio sobre 94 estaciones de depuracion de aguas residuales (EDARS)
de EE.UU los niveles fueron mucho maés altos y variados (0,06-5360 ng/g dw)
evidenciando las grandes diferencias que puede haber entre depuradoras (Venkatesan y
Halden 2014). En Espafia también se han documentado niveles en EDARs repartidas
por todo el pais, con concentraciones de hasta 1200 ng/g dw (Cristale et al., 2013;
Gorga et al., 2013). En todos los estudios donde es analizado, el BDE-209 es el
compuesto mas abundante en matrices ambientales.

La capacidad de bioacumulacién de los PBDEs ha sido sobradamente probada,
especialmente en los congéneres de menor grado de bromacién, como el BDE-47, que
suelen ser los que presentan mayores concentraciones. Se han encontrado en peces de
numerosos rincones del globo, incluso en la Antartida, donde los niveles llegaron hasta
los 74 ng/g lw (peso lipidico, del inglés lipid weight) (Lana et al., 2014). Los niveles
mas altos documentados en los ultimos afios proceden de China, oscilando entre 140-
1295 ng/g lw en carpas y pez cabeza de serpiente (Zeng et al., 2014b). En Espafa las
concentraciones encontradas no superaron los 20 ng/g lw (Pardo et al., 2014). Del
mismo modo, han sido detectados en aves de diferentes regiones del planeta. Los
niveles mas elevados proceden de nuevo de China, donde se hallaron entre 12 y 3700
ng/g lw en diferentes especies de la familia de las paseriformes (Yu et al., 2014). En
Canada, una de las zonas donde existe mas literatura al respecto, recientemente los
niveles variaron entre 8 y 486 ng/g Iw en 3 especies de aves marinas (Miller et al.,
2014). En Europa, un reciente estudio en huevos de baho recogidos entre Bélgica y
Francia reportd niveles de hasta 903 ng/g Iw (Eulaers et al.,, 2014). Asimismo,
recientemente se han publicado las concentraciones de PBDEs mas altas hasta la fecha
(1710-28600 ng/g Iw), que fueron encontradas en delfines varados en la costa Oeste de
EE.UU (Adams et al., 2014).

1.6.3. HBCD

El HBCD se detecto por primera vez en 1989 en peces del mar de Japon (Watanabe y
Tatsukawa 1989) aunque en aquella época su uso era practicamente residual y
totalmente eclipsado por otros BFRs como los PBDEs. De hecho, el siguiente estudio

enfocado al HBCD seria publicado casi 10 afios después (Sellstrom et al., 1998).
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Tabla 1.2. Ejemplos de concentraciones de PBDEs encontradas en diferentes matrices

ambientales y bioldgicas.

Matriz Zona n (+) Promedio (min-max) Referencia
Australia 7 209 35 (0,3 -55) (Drage et al., 2015)
China 52 209 89 (0,23 - 250) (Wang et al., 2015b)
Rep. Checa 16 209 117 (0,12 - 520) (Hlouskova et al., 2014)
Sedimento Uganda 11* 99 0,15 (0,06 - 0,20) (Ssebugere et al., 2014)
(ng/g dw) Méjico  39* 100 0,81 (0,4 1,7) ey o
EE.UU 11* 99 43,9 (nd - 20,9) (Nilsen et al., 2014)
Espafia 8 209 424 (88 — 812) (Cristale et al., 2013)
Mediterraneo 8 47 7,31 (nd - 19,9) (Mulder et al., 2015)
Aire Centroeuropa 14 209 532 (nd — 1015) (Arellano et al., 2014)
(pg/m°) Uganda 9* 47 29,2 (3,27 - 252) (Arinaitwe et al., 2014)
EE.UU 8 47-209 51,5 (11 - 220) (Peverly et al., 2015)
Lodos de China 18 209 47,6 (31-99,5) (Xiang et al., 2014a)
depuradora  EE.UU 40 209 292 (0,06 — 5360) (Ve”"a“;%a&;’ Halden
(ng/g dw) Espafia 8 209 850 (nd — 1220) (Cristale et al., 2013)
Antéartida 7 47 4,88 (0,04 - 73,6) (Lana et al., 2014)
Peces Canada 38 47 2570 (963 - 387) (Houde et al., 2014)
(ng/g w) China 39 47 324 (140 — 1295) (Zeng et al., 2014b)
Espafia 12* 47 3,87 (0,01 -20,1) (Pardo et al., 2014)
Huevos de Antértid}a 7* 47 1,25 (0,88 — 2,51) (Colabuono et al., 2014)
aves Can_ada 4* 47 111 (8,0 — 486) (Miller et al., 2014)
(ng/g 1) China 16 209 320 (12 - 3700) (Yuetal., 2014)
Bélgica 9* 47 (7,46 — 903) (Eulaers et al., 2014)
EE.UU 13* 47 5970 (1710 - 28600) (Adams et al., 2014)
Delfines EE.UU 6 nd 1375 (837 — 2380) (Elisor et al., 2013)
(ng/g Iw) Espafia g* 47 510 (Mendzf'Z%fZ;dez ot
Brasil 39* 47 235 (7,9 — 764) (Leonel et al., 2014)

n: PBDEs analizados. *: BDE-209 no analizado. (+): PBDE mas abundante. nd: No disponible

Desde entonces su presencia ha sido ubicua en todo tipo de matrices, tanto ambientales

como bioldgicas (Law et al., 2006c) a la vez que su uso iba en aumento (ver apartado

1.2.2). En la tabla 1.3 se muestran algunos ejemplos de trabajos publicados

recie

ntemente.

En sedimentos de China y EE.UU se determind en niveles muy parecidos (0,07-0,52 y

0,1-1,6 ng/g dw, respectivamente) y con contribuciones del isémero o de un 20-40%

(Letcher et al., 2015; Zhang et al., 2015). En muestras de aire recogidas en Canada se

encontraron concentraciones de hasta 4,7 pg/m* (Shoeib et al., 2014). Por Gltimo, en
lodos de depuradora de EE.UU se detecté el HBCD entre los 112 y los 140 ng/g dw

(Letcher et al., 2015), unas concentraciones muy superiores a las publicadas en China



Capitulo 1

(0,10-37,2 ng/g dw)(Xiang et al., 2015). En todos estos casos la contribucion del a-
HBCD al valor total nunca super6 el 50%.

Al igual que los PBDEs, la capacidad de bioacumulacién del HBCD ha sido
sobradamente demostrada. En individuos de roncador y pez gato marino muestreados en
China se observaron concentraciones de hasta 161 ng/g lw (Zhang et al., 2015) mientras
que en Espafia estaban entre 4,4 y 18 ng/g lw en las diferentes especies de peces
estudiadas (Eljarrat et al., 2014). Del mismo modo, en 3 especies de aves marinas
estudiadas en Canada se determinaron niveles comprendidos entre los 11 y los 213 ng/g
Iw, valores en el mismo rango que los hallados en buhos de Bélgica (0,38-239 ng/g Iw).
No obstante, el valor medio en Canada fue el triple que el obtenido en este segundo
estudio (Eulaers et al., 2014; Miller et al., 2014). Por ultimo, su presencia también ha
sido estudiada en delfines, siendo identificados en 16 especies residentes en el Pacifico
(cerca de Hawai) en concentraciones de hasta 990 ng/g lw (Bachman et al., 2014),
mientras que en individuos de marsopa comun muestreados en la costa del Reino Unido
las concentraciones llegaron hasta los 19.208 ng/g lw (Law et al., 2012). En todas estos
estudios el isomero a fue el mas abundante, siendo su contribucion del 100% en algunos
casos. Por lo visto en biota el a-HBCD es el isbmero que presenta una mayor capacidad

de bioacumulacion

Tabla 1.3. Ejemplos de niveles del HBCD en diferentes matrices ambientales y

bioldgicas.

Matriz Zona % a-HBCD HBCD Referencia
Sedimento China 40 - 65 (0,07 -0,52) (Zhang et al., 2015)
(ng/g dw) EE.UU 42 0,48 (0,1 -1,6) (Letcher et al., 2015)

Aire . .
Canada n.d 1,39 (nd - 4,69 Shoeib et al., 2014

Lodo de EE.UU 13 126 (112 - 140) (Letcher et al., 2015)
depuradora . .

(ng/g dw) China 20 - 48 4,7 (0,10 -37,2) (Xiang et al., 2015)
Peces China 60 - 100 (10,1 - 161) (Zhang et al., 2015)
(ng/g Iw) Espafia 54 - 81 10,6 (4,44 —18,1) (Eljarrat et al., 2014)
Huevos de aves Canada - 60,5 (11 — 213) (Miller et al., 2014)
(ng/g Iw) Beélgica 80 - 100 20,2 (0,38 — 239) (Eulaers et al., 2014)

Delfines Hawai - 33,9(2,42-990)  (Bachmanetal., 2014)
(ng/g Iw) Reino Unido 63 - 100 2666 (10 — 19208) (Law et al., 2012)

nd: No disponible
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1.6.4. Decloranos

El DP fue detectado por primera vez en 2006, cuando en un estudio en sedimentos
procedentes de la regién de los grandes lagos de Canada se observaron 2 compuestos
desconocidos que resultaron ser el syn- y anti-DP (Hoh et al., 2006). Ya en 2010 se
identificaron el Dec 602, Dec 603 y Dec 604 en sedimentos de la misma zona a partir de
picos desconocidos de espectro similar al DP (Sverko et al., 2010). Muchos estudios
sobre estos compuestos se han llevado a cabo en areas cercanas a las 2 unicas fuentes de
produccion conocidas (Norteamérica y China) donde los niveles son mucho mas altos
que en otras zonas mas alejadas.

En la tabla 1.4 se incluyen algunos ejemplos de los niveles de DP en diferentes matrices
ambientales. En aire los niveles son muy variados a nivel global. Primero de todo cabe
destacar que el DP ha demostrado capacidad de transporte a larga distancia,
encontrandose en zonas muy cercanas al Artico aunque a niveles bajos que no
superaban los 5 pg/g m® (Méller et al., 2011). También se ha determinado en muestras
de aire de los Grandes Lagos en niveles bastante altos (nd — 490 pg/m®). En China, en
una zona cercana a la compafia productora de DP, con concentraciones
extremadamente altas que van desde los 7,7 a los 27 ng/m® siendo las concentraciones
mas altas de DP hasta la fecha (Ren et al., 2008). En Espafia las concentraciones varian
entre 0,8 y 11 pg/m® (De la Torre et al., 2010a).

En sedimentos los niveles existentes hasta la fecha son relativamente bajos comparados
con otros HFRs. En los Grandes Lagos las concentraciones son cercanas a los 100 ng/g
dw, mientras que en otras zonas de Norteamérica las concentraciones de DP no
superaban 1 ng/g dw (Qiu et al., 2007; Shen et al., 2010b; Sverko et al., 2008).
Sorprendentemente, en China los niveles documentados son inferiores a los
norteamericanos (0,6 — 9,27 ng/g dw) (Hong et al., 2010; Ma et al., 2011; Wang et al.,
2010). Ambos isdmeros del DP también estan presentes en diferentes EDARs de China
y Espafia. Los niveles en 31 EDARs distribuidas por todo el territorio espafiol van desde
2,45 hasta 94 ng/g dw (De la Torre et al.,, 2010b) mientras que en China se
determinaron maximos de hasta 298 ng/g dw (Xiang et al., 2014b). Esto demuestra que,
al igual que otros HFRs, el DP no es eliminado en los procesos de depuracion del agua,

por lo menos en su totalidad, quedando retenido en los residuos del proceso.
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Tabla 1.4. Ejemplos de niveles de DP en diferentes matrices ambientales.
Matriz Zona syn-DP anti-DP fanti >DP
Canada*" nr nr 0,65-0,71 nd - 490
Aire Chi_na";2 nr nr 0,61-0,85 7737-26734
(pg/m3) Ch|n~a , nr nr nr nd - 3,9
Espana nr nr nr 0,80-11
Atlantico (N)° nr nr nr 0,05 — 4,20
Suelos China*® nr nr 0,61-0,87 5,1 -13400
(ng/g dw) China’ 0,19 - 280 0,64-910 0,67-0,85 0,83 -1200
Canada*® nr nr nr 0,01 - 105
EE.UU® 0,03-0,3 0,06 - 0,6 nr 0,1-0,9
Sedimento Chi_na*lll0 nr nr nr 0,6 - 9,27
(ng/g Iw) China 1 nr nr nr nd —-0,16
Noruega™ 0,3-54 0,3-15,9 02-1 03-214
Mar del Norte**? 1-918 1-611 021-1 1-1159
Paquistan™ 0,06-847 004-402 06-0,68 0,10-12,5
Espafia™ 09-192 155-751 0,62-080 245-938
Lodos de China®® 0,05-195 0,06-745 0,61—1,00 nd - 298
depuradora 16 ’ ' ’ i ’ '
(ng/g dw) China 0,1-0,71 0,31-256 0,60-0,94 0,51-3,02
Canada'’ n.r n.r n.r 119

* Muestras procedentes de zonas cerca de los focos de produccion del DP. nr: No reportado. “Venier et al.
2008. ?Ren et al. 2008. *Swerko et al. 2008. “De la Torre et al. 2010. *Méller et al. 2011. ®*Wang et al.
2010. "Ma et al 2011. ®Qiu et al. 2007. *Swerko et al. 2008. *®Wang et al. 2010. *Hong et al. 2010. ?Na
et al. 2015. *Mahmood et al. 20015. **De la Torre et al. 2010b. **Xiang et al. 2014. °Zeng et al.
2014. ""Davis et al. 2010.

Asimismo, el DP también ha demostrado capacidad de bioacumulacion, determinandose
en muestras de biota pertenecientes a todos los niveles tréficos (Tabla 1.5). En plancton
y zooplancton los niveles han ido de 2 y 0,5-4,4 ng/g Iw, respectivamente (Tomy et al.,
2007). En diferentes especies de bivalvos de EE.UU y Europa la concentracion media es
de 0,43 ng/g lw y 0,02 ng/g lw, respectivamente (Schlabach 2011). Estos niveles son
considerablemente inferiores a los de China, especialmente en especies residentes cerca
de una zona con elevada carga industrial donde la concentracion media encontrada fue
de 190 ng/g Iw (Wu et al., 2010b).

Del mismo modo, el DP se determind en diferentes especies de peces procedentes de
zonas muy diversas. En Canada las concentraciones oscilaban entre 0,04 y 2,6 ng/g Iw
(Hoh et al., 2006; Tomy et al., 2007), similares a las de Brasil (0,32-6,26) (De La Torre
et al., 2012). De nuevo China presenta las concentraciones mas altas con valores que
van desde los 254 a 1971 ng/g Iw (Zhang et al., 2011). En Corea del Sur se compararon
los niveles determinados en muestras de 5 especies de peces procedentes de 15 zonas
industriales y 7 rurales, siendo los niveles muy diferentes (1,6-126 ng/g lw y 0,44-2,7

ng/g Iw, respectivamente) (Kang et al., 2010). ElI DP se ha determinado en aves de
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Norteamérica, China y Espafia. En Norteamérica se observaron niveles bastante altos en
huevos de halcones peregrinos recogidos en la region de los Grandes Lagos, con valores
entre 7,5 y 209 ng/g lw, mientras que en Espafia los niveles en huevos de la misma
especie no superaban los 3 ng/g Iw. Se observaron también diferencias entre individuos
con una dieta acuatica e individuos con una dieta terrestre, lo que ilustra la influencia de
la dieta en la acumulacion de estos contaminantes (Guerra et al., 2011b). Por otro lado,
en huevos de cigtiefa recogidos en la zona de Madrid los niveles oscilaron entre los 0,8
y 19,6 ng/g lw (Mufoz-Arnanz et al., 2011b). De nuevo, los niveles en Norteameérica
son bastante superiores en este caso a los espafioles.

Por ultimo, el DP también ha sido detectado en diferentes especies de delfines, animales
en la cima de sus cadenas troficas. En un estudio donde se analizaba la grasa de dos
especies de delfin residentes en el mar de China, el delfin rosado y la marsopa sin aleta,
se hallaron concentraciones de DP de 0,45-5,1 ng/g Iw y 1,74-63,7 ng/g Iw,
respectivamente. Ademas la frecuencia de deteccion del DP fue practicamente del 100%
(Zhu et al., 2014). En Brasil se hallé DP en el higado de especimenes de franciscana,
con concentraciones entre 0,32 y 6,3 ng/g Iw y demostrando que el DP también tiene
capacidad para acumularse en el higado de mamiferos marinos. Ya en Norteamérica, se
han detectado niveles de DP comprendidos entre 0,2 y 7,1 ng/g Iw en grasa de
individuos de delfin mular varados a lo largo de la costa de California (Shaul et al.,
2015). Por ultimo, los dnicos datos sobre la presencia de DP en Europa se
documentaron en la costa del Reino Unido, concretamente en muestras de grasa de

marsopa comun, con concentraciones entre 0,12 y 0,42 ng/g Iw (Law et al., 2013).

Fanti

Las mezclas comerciales del DP contienen ambos isémeros, en una proporcion de
aproximadamente syn-DP (1): anti-DP (3). El cociente conocido como fuyi consiste en
la division de la concentracion de anti-DP por la total de DP. Esta relacion oscila entre
0,65 y 0,75 en las mezclas comerciales pero se ha observado que en el medio ambiente
no se mantiene en diversas matrices, especialmente en biota. Por ello, este valor (o la
fsyn, donde se usa la concentracion de syn-DP) se usa muchas veces como indicativo de
la acumulacion especifica de uno de los dos isdmeros, o la mayor degradacion del otro,
permitiendo entender un poco méas el comportamiento del DP en el medio ambiente
(Sverko et al., 2011; Xian et al., 2011).
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Matriz Zona syn-DP anti-DP fanti >DP
Plancton Canada’ 0,72 1,33 0,65 2,05
Zooplancton  Norteamérica® 0,12-1,31 <0,002-3,11 0,70-0,77 0,50 —4,42
EE.UU" 0,43 0,0015 0,43
Noruegéal2 0,021
Bivalvos China 64 126 0,66 190
(|ndustr|4al)
China 1,9 2.2 0,54 4,10
(rural)
Canada™” 0,01-045 <0,002-0,76 0,44-0,96 0,04-26
Chinaj 134 - 1062 30 - 1212 0,12-0,71 254-1971
Corea 025-13  056-30  067-070 1,6-126
(industrial)
Peces Corea’
0,4 1,2 0,75 0,44 -2,7
(rural)
Brasil® 0,71 0,32 -6,26
Alemania’ 0,40-097 0,14-112
Norteamérica™ 050-0,70  7,5—209
Aves Espafia’®*  0,04-027 007-013 066-0,80 0,30-19,6
China (Sur)*? nd - 220
China (Norte)”® 6,4 - 280 37 - 1080 1,3 - 1360
China™ 0,35-0,81 0,45-63,7
Delfines EE.u_u815 0,08-3,8 0.06 —3.3 02-71
Brasil 016-1,37  0,23-4,89 0,55 -1 0,32 -6,26
Reino Unido™® 0,06-0,17 0,06 — 0,36 05-0,86 0,12-0,42

Tommy et al. 2007. “Schlabach et al. 2011. *Wu et al. 2010. “Jia et al. 2011. *Hoh et al. 2006. °Zhang et
al. 2011. "Kang et al. 2010. ®De la Torre et al. 2012. °Siihring et al. 2014. *°Guerra et al. 2011b. *Mufioz-
Aranz et al. 2011b. '*Sun et al. 2013. **Chen et al. 2013. *Zhu et al. 2014. Shaul et al. 2015. *°Law et
al. 2013.

La mayoria de estudios se centran en el DP, por lo que la informacién disponible sobre
la presencia y comportamiento del Dec 602, Dec 603 y Dec 604 es méas escasa. No
obstante, estos compuestos han sido detectados en diferentes matrices ambientales y
bioldgicas, especialmente el Dec 602 (Tabla 1.6).

En aire practicamente no existen niveles documentados ya que estos compuestos suelen
estar por debajo del limite de deteccion. En China se detectaron concentraciones de Dec
602 entre 4,1 y 5,1 pg/m® en una zona cercana a la fabrica de Anpon (particulado),
mientras que en otro estudio las concentraciones fueron considerablemente inferiores no
superando los 0,5 pg/m® (Wang et al., 2010). Por el contrario, en Espafia se
identificaron niveles de Dec 602 de unos 0,30 pg/g m® (fase gas) en un estudio que
comparaba muestras recogidas en entornos rurales y urbanos. Al contrario que en la
mayoria de estudios existentes en bibliografia, no se observaron diferencias entre las

diferentes zonas (De la Torre et al., 2010a). En el unico estudio hasta la fecha donde
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algun declorano fue detectado en suelos, a excepcion del DP, procede de China, donde
se detectaron entre 0,11 y 52,5 ng/g dw de Dec 602 (Wang et al., 2010). La matriz
ambiental de la que se dispone mas informacidn sobre estos compuestos es, con
diferencia, el sedimento. En China varios estudios han documentado concentraciones de
Dec 602 entre 0,56 y 3,71 ng/g dw en diferentes puntos del pais (Sun et al., 2013; Wang
et al., 2010; Wang et al., 2012). En la zona de los Grandes Lagos se han detectado tanto
el Dec 602, Dec 603 y Dec 604 en intervalos de concentraciones de 0,006-11, 0,01-0,6 y
0,0008-8 ng/g dw, respectivamente. La gran variabilidad de los niveles viene dada por
las diferencias existentes entre los diferentes lagos. Mientras que las concentraciones
mas altas se detectan en el lago Ontario, lugar muy cercano a la fabrica de OxyChem,
los niveles en el resto de lagos son considerablemente mas bajos (Shen et al., 2012;
Shen et al., 2010a; Shen et al., 2011a; Shen et al., 2011b; Shen et al., 2010b). Ya en
Europa, se ha observado la presencia del Dec 602 en sedimentos marinos procedentes
del Mar del Norte, en concentraciones entre 8 y 472 pg/g dw (Slhring et al., 2015), asi
como en sedimentos del circulo polar artico, donde se encontré este compuesto en
concentraciones de hasta 1,4 pg/g dw. En el artico también se observo la presencia del
Dec 603 (1,2-3,4 pg/g dw) y Dec 604 (2,1-20 pg/g dw). A diferencia de en el resto de
estudios consultados, el Dec 602 fue el compuesto con una menor contribucion de los 3
(Moller et al., 2010). Por ultimo, el Dec 602 también se ha determinado en lodos de
depuradora a bajas concentraciones tanto en China como en Espafia (De la Torre et al.,
2010b; Qi et al., 2010).

Por otro lado, los 3 compuestos han demostrado capacidad de bioacumulacién, estando
presentes en diferentes especies tanto acuaticas como terrestres. Anguilas procedentes
de los rios Elba y Rin, en Alemania, presentaron valores entre 0,06 y 48,8 ng/g Iw de
Dec 602 y entre 0,07 y 0,37 ng/g Iw de Dec 603 (Suhring et al., 2013). En Corea del Sur
el Dec 602 estaba presente en diferentes especies de peces entre 0,24 y 2,3 ng/g lw
mientras que en viruelas muestreadas en China las concentraciones de Dec 602 llegaron
hasta los 20 ng/g Iw. Ademas, en este Gltimo estudio se documentd también la presencia
del Dec 603 en concentraciones de hasta 7,7 ng/g lw (Wang et al., 2012). Por ultimo,
en los Grandes Lagos los niveles de Dec 602 oscilaron entre 0,47-34 ng/g lw, los del
Dec 603 entre 0,01 y 0,55 ng/g lw, y los del Dec 604 entre 0,002 y 1,3 ng/g lw (Shen et
al., 2011a; Sverko et al., 2010). Ademas, estos compuestos se han detectado también en
aves. En huevos de gaviota recogidos en China se hallaron niveles de Dec 602 y Dec

603 de 0,04-3,2 y 0,01-1,1 ng/g lw, respectivamente (Peng et al., 2014) mientras que en
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huevos de halcon peregrino recogidos en Canada y Espafia las concentraciones fueron
significativamente diferentes, al igual que en el caso del DP. En Canada las
concentraciones de Dec 602 oscilaban entre los 7,2 y los 211 ng/g lw, mientras que en
Espafia los valores estaban comprendidos entre nd y 25 ng/g Iw. De igual modo, el Dec
603 se detectd en concentraciones entre los 5,3 y los 220 ng/g lw, mientras que en los
individuos de Espafia el rango de valores era de 1,5-7,5 ng/g Iw. Por ultimo las
concentraciones del Dec 604 fueron de hasta 9,8 ng/g lw y 0,35 ng/g lw en Canada y

Espafia, respectivamente.

Tabla 1.6. Ejemplos de niveles de los otros decloranos en matrices ambientales y

bioldgicas.
Matriz Zona Dec 602 Dec 603 Dec 604
Aire China* 4,1-5142
(pg/m®) Espafia’ 0,30°
Suelo .1
(ng/g dw) China 0,11-525
Lodo de depuradora China’ 1,0
(ng/g dw) Espafia* 0,02
China*® 0,56-23,71
Sedimento c;anada7 0,006 - 11 0,01-0,6 0,008 - 8,0
(ng/g dw) Artico*® nd-1,4 12-34 21-20
9’9 Mar del
Norte*° 8-412
Alemania®® 0,06 -48,8 0,07-0,37
Peces Corea*! 0,24-273
(ng/g W) China® 2.1-20 nd-77
9’9 Canadd’  088-19 001-002 0,002-0,02
Canada'? 047-34 0,014-055 0,06-1,3
Aves China® 004-321 001-1,1
(nalg W) Espafia™ nd - 25 15-75 nq - 0,35
99 Canadd®  7.2-211 53-220 13-98
rasli , — VU, y -4,
83}3?\?\3 Brasil'® 012-094 0,25-1.99

* pg/g Iw. Particulado. ® Fase gas. "Wang et al. 2010. “De la Torre et al. 2010a. Qi et al. 2010. *De la
Torre et al. 2010b. °Sun et al. 2013. *Wang et al. 2012. "Shen et al. 2010a,b, 2011a,b, 2012. ®Méller et al.
2010. Siihring et al. 2015. °Siihring et al. 2013. *Kim et al. 2014. *Swerko et al. 2010. *Peng et al.
2014. “Guerra et al. 2011. **De la Torre et al. 2012.

Si el nimero de estudios que indican niveles del DP en mamiferos marinos ya es escaso,
es entendible que los datos de Dec 602, Dec 603 y Dec 604 sean casi inexistentes. Hasta

la fecha, solo un estudio en higado de individuos de franciscanas de Brasil ha
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documentado concentraciones de entre 0,12 y 0,94 ng/g Iw y 0,25-1,99 ng/g lw de Dec
602 y Dec 603, respectivamente.

1.6.5. BFRs alternativos

Los estudios sobre los niveles de varios BFRs alternativos, incluyendo los estudiados en
esta tesis, fueron revisados recientemente (Ezechid$ et al., 2014). Al igual que para
PBDEs, decloranos o HBCD, en la Tabla 1.7 se muestran algunos ejemplos de su

presencia en diferentes matrices tanto ambientales como bioldgicas.

HBB

De manera similar al HBCD, algunos estudios ya indicaron su presencia a finales de los
90 (Watanabe et al., 1986) pero no fue hasta mucho después cuando empez6 a haber
verdaderas evidencias sobre su presencia en el medio ambiente (Watanabe y Sakai
2003). Como la mayoria de los compuestos estudiados en esta tesis, el HBB ha
demostrado capacidad de transporte a larga distancia siendo encontrado en el Artico.
Concretamente se encontraron entre 0,04 y 0,66 pg/m® en muestras de aire recogidas en
2011 (Mdller et al., 2011) asi como hasta 2,6 ng/g lw en huevos de gaviota (Lee et al.,
2014).

En aire también se ha encontrado en niveles bastante altos en China, llegando a 6,5
pg/m* (Qiu et al., 2010) y en EE.UU, con niveles entre 0,3 y 5,5 pg/m* (Ma et al.,
2013). Estos niveles son muy inferiores a los encontrados en Canada, que oscilaban
entre los 0,02 y 0,09 pg/m*(Gouteux et al., 2008).

En sedimentos destacan los niveles altos en China, con concentraciones de hasta 30.000
ng/g dw (8.672 ng/g dw de promedio) siendo las mas altas de HFRs documentadas hasta
la fecha (Wu et al., 2010a). En otras zonas como Espafia las concentraciones son mucho
mas bajas con valores que no superan los 2,4 ng/g dw (Guerra et al., 2010).

En un estudio que abarcaba 17 depuradoras espafiolas los niveles de HBB oscilaron
entre 1,78 y 5,71 ng/g dw (Gorga et al., 2013). Estos valores son més altos que los
determinados en una depuradora de Baltimore (EE.UU) donde las concentraciones iban
0,16 hasta 1,3 ng/g dw. Pese a que el tratamiento de esta Gltima es similar al que utilizan
el 80% de las depuradoras estadounidenses, muchos otros factores podrian estar detras
de estas diferencias, como se ha explicado anteriormente (Venkatesan y Halden 2014).
En cuanto a biota, el HBB ha demostrado su capacidad de bioacumulacién en distintas

especies y habitats. En China se detectaron concentraciones muy altas (680-2.451 ng/g



Capitulo 1

Iw) en diferentes especies de carpa obtenidas cerca de una zona de reciclado de e-waste
(Verreault et al., 2007). En aves, ademas de los niveles hallados en el Artico
mencionados previamente, también se ha detectado en gaviotas de los Grandes Lagos,
aunque en niveles muy inferiores que van desde 0,24 a 0,53 ng/g lw (Gauthier et al.,
2007). Incluso se identifico en delfines en niveles relativamente altos (hasta 43 ng/g lw)
(Alonso et al., 2012). En general, pese a haber demostrado capacidad de
bioacumulacion y biomagnificacion los estudios sobre su presencia en muestras

ambientales, especialmente aire, son mas abundantes (Venkatesan y Halden 2014).

PBEB

Los primeros niveles sobre el PBEB se describieron en muestras de aire de diferentes
zonas de EE.UU, llegando estos hasta los 520 pg/m® (Hoh et al., 2005). Al igual que el
HBB, ha demostrado capacidad de transporte a larga distancia al detectarse su presencia
en nucleos de hielo cerca del Artico, aunque las concentraciones encontradas no
superaban los 10 pg/L (Hermanson et al., 2010). Asimismo, las concentraciones
documentadas en el norte de Canadé no superaban los 0,1 pg/m°.

En sedimentos procedentes de la cuenca del Ebro, en Esparia, se determinaron maximos
de 9,6 ng/g dw (Guerra et al., 2010), mientras que en China se ha documentado una
concentracion media de 132 ng/g dw cerca de una planta de tratamiento de e-waste (Wu
et al., 2010a). De nuevo, los niveles en el pais asiatico son mucho mas elevados que en
el resto del mundo. En cuanto a lodos de depuradora, en diferentes EDARS del territorio
espafol se detectaron concentraciones entre 2 y 2,3 ng/g dw (Gorga et al., 2013). Estos
niveles son superiores a los determinados en un estudio que comprendia 20 EDARs de
Canada, donde los niveles de PBEB iban desde 64 a 82 pg/g dw (Kim et al., 2014).

EL PBEB también ha demostrado capacidad de bioacumulacion, con niveles
relativamente altos (3,98 — 25,6 ng/g lw) en peces de China (Wu et al., 2010a) y a
niveles méas bajos (hasta 10,4 pg/g dw) en peces del Artico (Wolschke et al., 2015).
También se detectd en huevos de gaviota recogidos en el Artico, en concentraciones
oscilando entre 0,03 y 0,23 ng/g lw (Lee et al., 2014), asi como en gaviotas de los
Grandes Lagos donde las concentraciones eran algo mas altas, llegando hasta los 1,4
ng/g lw (Gauthier et al., 2007).

El caso del PBEB es un poco especial, ya que pese a estar considerado una alternativa a

los PBDES no parece ser una opcion a tener en cuenta por las compafiias. Por ello,
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existen dudas sobre si su deteccion en diferentes muestras ambientales responde a una

gran persistencia 0 a su uso continuado en los ultimos afios (Wolschke et al., 2015).

Tabla 1.7. Niveles de BFRs alternativos determinados recientemente en diferentes

matrices ambientales y biologicas.

Matriz Zona HBB PBEB DBDPE
China 0,3-6,5" 23 - 3578"
Aire EE.UU 0,3-5,5° 0,1 - 520° 1,2 - 5,2°
(pg/m®) Canada 0,02 - 0,09" nd - 0,01°
Artico 0,04 - 0,66°
Sedimento China 8672’ ] 132’ ] 38,8 - 1798697
(ng/g dw) Espaﬁa nd-24 nd-9,6 4,8 - LE)SS '
Suecia 24
Suecia 32-160"
Lodo de Alemania 70 - 2201112
depuradora China . 39 - 199511
(n/g dw) EE.UU 0,16 -1,3 y y 1,4 - 160 .
Canada 0,19-0,28 0,06 — 0,08 0,019 - 0,032
Espafia 1,78-571" 201-233"  382-257"
Peces China 680 - 2451™° 3,98-25,6 nd — 338’
(ng/g Iw) Canada nd - 2,71"
Aves China . . 9,6 - 800™°
(nalg W) EE.UU 0,24 — o,5320 nd-14 .
Artico 0,42 — 2,64 0,03-10,23
Delfines Brasil  <0,56 — 43,32 <3,6 - 3522
(ng/g Iw)

'Qiu et al. 2010. °“Ma et al. 2013. *Hoh et al. 2005. “Gouteux et al. 2008. *Hermanson et al. 2010. °Mdller
et al. 2011. "Wu et al. 2010a. ®Guerra et al. 2010. °Cristale et al. 2013. Kierkegaard et al.
2004. MRicklund et al. 2008. *?Shi et al. 2009. *Venkatesan 2014. “Kim et al. 2014. *Gorga et al.
2013. Verreault et al. 2007. YLaw et al. 2006a. **Luo et al. 2009. **Gauthier et al. 2007. ®Lee et al.
2014. *Alonso et al. 2012.

DBDPE

Pese a estar documentado su uso desde principios de los 90 los primeros niveles en
muestras ambientales son relativamente recientes (Kierkegaard et al., 2004). Es, con
bastante diferencia, el BFR emergente mas estudiado y detectado de los 3 incluidos en
esta tesis. Este hecho es de esperar ya que es una alternativa practicamente especifica de
la mezcla Deca-BDE y el que tiene mayor volumen de fabricacion, segun los datos de
produccion disponibles.

Esté presente en muestras de aire tanto de China como de EE.UU. En el pais asiatico se
detectaron niveles muy variados que van desde los 23 a los 3578 pg/m® (Qiu et al.,
2010; Shi et al., 2009), mientras que en EE.UU el rango de concentraciones es menor

(1,2 - 5,2 pg/m®) (Ma et al., 2013). En sedimento los niveles mas elevados son de nuevo
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los encontrados en China, con concentraciones que van desde los 40 hasta los 1.796
ng/g dw (Shi et al., 2009; Wu et al., 2010a). En Espafia se han llevado a cabo 2 estudios
con concentraciones muy diferentes: por un lado, Guerra et al. con niveles entre 4,8 y
24 ng/g dw en sedimentos recogidos en la cuenca del Llobregat (Guerra et al., 2010),
mientras que Cristale et al. determinaron unas concentraciones considerablemente mas
elevadas (80 — 435 ng/g dw) en sedimentos procedentes de 3 diferentes rios (Naldn,
Arga y Besds) (Cristale et al., 2013). En Suecia la concentracion encontrada en una
unica muestra, 24 ng/g dw, entra en el rango alto de las concentraciones detectadas en el
Llobregat (Kierkegaard et al., 2004). Del mismo modo, existen numerosos estudios que
documentan concentraciones de DBDPE en lodos de depuradora. En Europa los niveles
mas altos son los de Espafia (38-257 ng/g dw)(Gorga et al., 2013), Alemania (70-220
ng/g dw) (Ricklund et al., 2008) y Suecia (32-160 ng/g dw)(Kierkegaard et al., 2004).
En cambio, en otros paises como el Reino Unido los niveles existentes son inferiores
(36 — 63 ng/g dw)(Ricklund et al., 2008). De igual modo, las concentraciones reportadas
en EE.UU son similares a las europeas con valores comprendidos entre 1,4 y 160 ng/g
dw (Ricklund et al., 2008). Por el contrario, los niveles hallados en China son de nuevo
muy superiores a los del resto del globo. En un estudio en lodos de una depuradora
cercana a una planta de reciclado de e-waste las concentraciones oscilaron entre 266 y
1.995 ng/g dw (Shi et al., 2009) aunque en otras depuradoras mas alejadas los niveles
no superaban los 140 ng/g dw (Ricklund et al., 2008).

La presencia del DBDPE en biota es practicamente nula. Esto podria ser debido a su
baja capacidad de bioacumulacién; no obstante se creia lo mismo del BDE-209 y en los
ultimos afios su presencia en biota ha sido mas que demostrada. Se ha sugerido que,
dadas las caracteristicas del DBDPE, la no deteccién podria ser debida a problemas de
sensibilidad de los métodos analiticos utilizados (Covaci et al., 2011; Ricklund et al.,
2008). En peces procedentes de los Grandes Lagos los niveles han alcanzado valores de
hasta 2,7 ng/g Ilw (Law et al., 2006a) mientras que en China de nuevo las
concentraciones son mucho mas altas, llegando hasta unos 340 ng/g lw (Wu et al.,
2010a). En aves los unicos niveles existentes proceden de China. Es evidente que la
diferencia viene influenciada en una gran parte por la zona de muestreo: cerca de una
planta de tratamiento de e-waste se llego a niveles maximos de 880 ng/g Iw (Luo et al.,
2009) mientras que en otra zona las concentraciones no superaban los 2 ng/g lw (Gao et
al., 2009). No obstante, muchos otros factores pueden influir, como se verd mas

adelante. Por ultimo, el DBDPE fue detectado también en delfines de la costa de Brasil,
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Ilegando a concentraciones de hasta 352 ng/g lw (Alonso et al., 2012). Estos datos
evidencian que, al igual que ocurrié en su momento con el BDE-209, el DBDPE puede

acumularse en diferentes especies pese a su elevado peso molecular y logK .

1.6.6. Compuestos halogenados naturales

Muchos de los HNPs se empezaron a descubrir como picos desconocidos en analisis de
rutina de compuestos antropogénicos y posteriormente se ha ido probando su origen
natural. De hecho, una queja habitual de los investigadores que estudian estos productos
es que necesitan aportar evidencias muy concretas y detalladas para demostrar que se
originaron naturalmente (Gribble 2010). Las variaciones en los niveles entre diferentes
especies y zonas pueden ser incluso mayores que en el caso de los HFRs. Por ejemplo,
existen zonas que albergan un gran numero de especies productoras de estos
compuestos y por tanto la exposicion de los animales que se alimentan en la zona es
mas grande. Es el caso de la Gran Barrera de Coral de la costa australiana, donde se han
encontrado los niveles mas elevados.

A continuacién se da una breve pincelada de la presencia de estos compuestos en el

medio ambiente, que serd ampliada en el capitulo 4.

MeO-PBDEs

Los compuestos analogos a los PBDEs, pero metoxilados, fueron detectados por
primera vez en peces y focas del mar Baltico en 1997 (Haglund et al., 1997). Mas
adelante se aportarian evidencias de su origen natural y no como metabolitos de los
PBDEs (Gribble 1998; Haglund et al., 1997). La investigacion sobre las fuentes de
origen de esta familia de compuestos tiene un largo recorrido y son varios los autores
que proponen que los MeO-PBDEs pueden originarse a través de los PBDES, aunque se
considera una aportacion menor a los MeO-PBDEs de origen natural (Fan et al., 2014).
Parece haber indicios de que los MeO-PBDEs con el grupo MeO- en la posicion meta o
para son producidos a partir de algunos PBDEs como el BDE-28 (Yu et al., 2013)
mientras que los MeO-PBDEs con el MeO- en la posicién orto son productos naturales
(Wan et al., 2010). De hecho, esta teoria ha sido confirmada para el 6-MeO-BDE-47 y
el 2-MeO-BDE-68 (Teuten et al., 2005). Por todo ello, los niveles de MeO-PBDEs en
el medio ambiente son muy variados y pueden verse afectados por algunos factores

dificiles de tener en cuenta.
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PMBPs, PBHDs y MHC-1

La primera evidencia que se aportd sobre el origen natural del Q1 fue en 1999 cuando se
identifico en muestras de focas de las costas africanas y antarticas (Vetter et al., 1999).
Més adelante, entre 2006 y 2007, se descubririan el resto de PMBPs al analizar muestras
de diferentes especies de delfines y detectar compuestos de estructura analoga al Q1
pero con diferente patron de halogenacién (Teuten et al., 2006; Vetter et al., 2007). El
Q1 se ha identificado en zonas tan distintas como Chile, Nueva Zelanda o Australia,
mostrando su distribucion global y especialmente por el oceano pacifico (Gaul et al.,
2011). El TriBHD y TetraBHD fueron identificados por primera vez en 2007 en peces
del mediterraneo y en mejillones de Nueva Zelanda (Melcher et al., 2007) y desde
entonces se ha detectado en otras especies y zonas del mundo, como por ejemplo en
cetaceos de EE.UU (Hoh et al., 2012) o Australia (Losada et al., 2009). En 2001 se
identific otro compuesto natural cuya estructura era una incognita hasta entonces, el
MHC-1 (Vetter et al., 2001), que mas adelante ha sido detectado en otras especies como
delfines (Losada et al., 2009) o mejillones (Hauler et al., 2014).

1.6.7. Comportamiento en biota
En el apartado anterior hemos visto las principales rutas de entrada al medio ambiente.
En este apartado se describen algunos de los principales procesos que componen el

comportamiento de los HFRs en biota.

Bioacumulacion

La bioacumulacién se entiende como el proceso mediante el cual los contaminantes son
incorporados por el organismo a través de la dieta, aunque en el caso de los peces u
organismos filtradores también puede ser a través de las agallas (Macdonald y Bewers
1996). Ya se ha visto como todos los HFRs incluidos en esta tesis han sido identificados
en diferentes especies de biota, tanto en organismos del nivel trofico primario (plancton)
como en animales en las cimas de sus cadenas alimentarias (delfines). Algunos estudios
han intentado identificar los mecanismos de incorporacion por parte de las diferentes
especies, y en ocasiones los datos obtenidos desmontan algunas teorias previas. Por
ejemplo, el BDE-99 y BDE-153 demostraron capacidad de bioacumulacién en
mejillones pese a que su tamafio (9,6 A) es superior al limite que permite atravesar las
membranas celulares (9,4 A). Ademés, tanto éstos como el BDE-47 mostraron

coeficientes de incorporacion hasta 10 veces superiores a las de algunos PCBs
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(Gustafsson et al., 1999). La capacidad de bioacumularse en organismos filtradores no
es trivial ya que estos organismos filtran grandes volumenes de agua (hasta 5-6 L/h) y
por tanto su exposicion a estos contaminantes es continua.

Otros organismos, como los peces, pueden incorporar los HFRs por 2 vias: a traves de
la dieta, y a través de las branquias, donde se concentra un gran namero de glébulos
rojos que distribuirian rapidamente los contaminantes por el organismo (Borga et al.,
2004). Varios estudios han demostrado la capacidad de los HFRs para acumularse en
peces utilizando el factor de acumulacion biota-sedimento (BSAF, del inglés biota to
sediment accumulation factor) que consiste en un cociente entre la concentracion en el
pez (ng/g lw) y la concentracion en sedimento (normalizada por el contenido de materia
organica o TOC). Ademas, se ha probado que la dieta representa el principal mecanismo
de bioacumulacion para los diferentes congéneres de PBDEs, asi como el HBCD. Se
han encontrado BSAF > 1 para los PBDEs mayoritarios, incluido el BDE-209, asi como
para el HBCD (Arnot y Gobas 2006; Eljarrat et al., 2004b). En cambio, la informacién
disponible sobre los HNs al inicio de esta tesis era muy escasa.

En organismos mas complejos como aves y mamiferos, la dieta juega ain un papel méas
importante ya que, salvo algunas excepciones, es el unico mecanismo mediante el cual
los individuos incorporan los HFRs. Se han observado claras diferencias entre aves de
dieta acudtica y dieta terrestre. Por ejemplo, al estudiar huevos de halcones peregrinos
de Espafia y Canada se vio que los individuos con dieta terrestre habian acumulado
menos Dec 603 que los individuos que seguian una dieta acuéatica (Guerra et al., 2011b).
En el caso de los PBDEs, aves con dieta terrestre como por ejemplo la cigiiefia comun
acostumbran a acumular mas BDE-209, tedricamente menos biodisponible que otros
BDEs, mientras que en aves con dietas acuaticas como las gaviotas el compuesto
mayoritario suele ser el BDE-47 (Chen et al., 2012a; Mufioz-Arnanz et al., 2011a). Se
considerd que las diferencias entre las contribuciones de los diferentes PBDEs entre
especies con diferente dieta (cernicalos, gaviotas y estorninos) se debian principalmente
a esta misma (Chen et al., 2012a) aunque el diferente metabolismo de las especies

podria tener algo que ver tambien.

Biomagnificacion
El estudio de la capacidad de bioacumulacion de los contaminantes puede llevar a
conclusiones equivocadas si se lleva a cabo en especies en posiciones altas de la cadena

trofica, debido a que la biomagnificacion también juega un papel relevante. La
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biomagnificacion se refiere al proceso mediante el cual la concentracion de un
determinado contaminante o familia de contaminantes en biota aumenta a medida que
subimos en la cadena tréfica (Macdonald y Bewers 1996). Si la concentracion aumenta
a medida que lo hace el nivel o la posicion trofica, se considera que el contaminante en
cuestion presenta capacidad de biomagnificacion. Si, por el contrario, la concentracién
no aumenta, se considera que no se observa biomagnificacion (Figura 1.9). La posicion
y nivel tréfico se establecen mediante el analisis de isdtopos estables de nitrégeno. Los
organismos en niveles tréficos altos presentan un enriquecimiento del isétopo *°N
debido a una excrecién preferencial del isétopo mas ligero, el **N: por lo tanto cuanto
més alta es la relacion ®N/*N, también expresada como 5'°N, més arriba en la cadena

tréfica se encuentra el individuo.
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Figura 1.9. Caracterizacion de la biomagnificacion de los contaminantes.

Una vez se ha visto que el contaminante puede biomagnificarse, es posible calcular el
factor de biomagnificacion trofico (TMF, del inglés biomagnification factor), que
basicamente sera la pendiente de la recta obtenida. Es decir, en una ecuacion de recta
tipica de y=ax+b, el valor del término “a” es considerado el TMF de este compuesto.
Este valor indicara el aumento de la concentracion al subir en la cadena trofica
(biomagnificacion, si es positivo) o de biodilucién, si se observa una disminucion al
subir en la cadena tréfica (valor negativo). Tanto PBDEs como HBCD han demostrado
capacidad de biomagnificacién (Losada et al., 2009; Poma et al., 2014).

En ocasiones también se calcula el coeficiente de biomagnificacion (BMF, del inglés

biomagnification factor). Este coeficiente se calcula dividiendo la concentracion
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encontrada en el predador por la encontrada en la presa, ambas en peso lipidico. BMFs
> 1 indican capacidad de biomagnificacion, mientras que BMFs < 1 suelen interpretarse
como biodilucién (Borga et al., 2004). EI BMFt_ es el mismo coeficiente pero
incorporando el nivel trofico (TL, del inglés trophic level) a la formula (Weijs et al.,
2009). Tanto PBDEs como el HBCD han mostrado BMFs > 1 en diferentes cadenas
troficas acuéticas y terrestres (Jia et al., 2011; Losada et al., 2009; Voorspoels et al.,
2007; Wu et al., 2010b).

Debrominacion y decloracion

Tanto en peces, aves y mamiferos se ha demostrado que el BDE-209 puede sufrir
procesos de debrominacion, dando lugar a congéneres de grado de bromacién mas bajo
(Hakk y Letcher 2003). Ademas, se ha demostrado que el BDE-154 y BDE-153 también
pueden dar lugar a PBDEs de menor grado de bromacion, concretamente BDE-99 y
BDE-47 en el caso del BDE-154, y BDE-100 y BDE-49 en el caso del BDE-153
(lkonomou et al., 2002). Esto tiene varias implicaciones. Por un lado, es una fuente de
compuestos como el BDE-47 que debe ser tenida en cuenta a la hora de estudiar su
comportamiento en el medio ambiente. Por otro, puede causar que la “entrada” de
compuestos ya prohibidos como el BDE-47 se continte produciendo, aunque en menor
medida.

Aunque de momento solo existen estudios en aves, se conoce que el DP puede dar lugar
a dos compuestos fruto de pérdida de un atomo de cloro: aCl1;DP y aCl;oDP. Pese a
haber sido hallados en halcones peregrinos y cigiefas, sus concentraciones fueron muy
inferiores a las del DP. Por tanto, pese a que su analisis completa la caracterizacion de la
contaminacion por DP de momento no parece haber evidencias de que sean compuestos
excesivamente relevantes (Guerra et al., 2011b; Mufioz-Arnanz et al., 2011b).

También se han identificado productos de debrominacion del HBCD producidos por la
accion de microbacterias en medios acuaticos y en depuradoras (Davis et al., 2006)

aunque de momento se desconoce si ésta puede producirse en biota.

1.7. Toxicidad

En este apartado se pretende dar una vision global de los efectos toxicos que pueden
presentar los HFRs. Posteriormente, en el capitulo 5, se discutiran los casos concretos
de PBDEs y HNs focalizando especialmente en el BDE-209 y DP.
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A medida que iba resultando cada vez mas evidente que los PBDESs presentaban una alta
capacidad de bioacumulacién y diseminacion a lo largo del globo los estudios sobre sus
posibles efectos nocivos aumentaron. De todos modos, ain queda mucho por explicar
en cuanto al comportamiento de estos compuestos en comparacion a otros mas
estudiados como pueden ser los PCBs (Buratovic et al., 2014; Costa et al., 2014; Dou et
al., 2014). Una de los efectos mas peligrosos de los PCBs es la capacidad de afectar al
funcionamiento del sistema endocrino, que influye en procesos tan importantes como el
desarrollo las funciones cerebrales y sexuales, metabolismo y crecimiento, etc. Debido a
las similitudes de las estructuras de algunos contaminantes, éstos actuan igual que las
hormonas tiroideas modificando el funcionamiento normal del sistema endocrino. Se ha
demostrado que los PBDEs tienen esta capacidad; son por tanto disruptores endocrinos
que pueden provocar trastornos en el crecimiento y desarrollo del individuo asi como
dafos en el sistema neuroldgico. Los mecanismos no estan del todo claros pero podrian
incluir actividad estrogénica y androgénica, variaciones en las uniones a ciertos
receptores como el receptor constitutivo de androstano (CAR) y el receptor X de
pregnano (PXR), y también disrupciones en las hormonas tiroideas. También se ha
demostrado que pueden provocar dafios en el higado de ratones (Erratico et al., 2011).
Incluso existen estudios que sugieren que los PBDEs pueden formar aductos con la
molécula de ADN (é4cido desoxirribonucleico) aunque las implicaciones de este hecho
requieren mas estudios (Lyons et al., 2004). Asimismo, los PBDEs pueden causar
distintos tipos de dafio oxidativo como dafios en la cadena del ADN, disfuncién
mitocondrial o induccion a la apoptosis (Costa et al., 2014).

Pese a que el HBCD no presenta una estructura similar a las hormonas tiroideas, y por
tanto no deberia interferir con sus mecanismos, se ha visto que en organismos expuestos
a el se producian alteraciones en el sistema tiroideo (Germer 2006 y Palace 2008). En
ratones ha sido capaz de afectar a procesos cerebrales (Saegusa 2009). Ademas de todo
esto, las distintas propiedades fisicoquimicas de los 3 isomeros mas abundantes les
confieren propiedades ligeramente diferentes. Muchos estudios evaltan el efecto del
HBCD como una mezcla de isdbmeros, mientras que otros utilizan solo el a-HBCD. Es
recomendable realizar estos estudios utilizando isémeros individuales con el objetivo de
caracterizar bien sus efectos (Koch et al., 2015). La informacion disponible aun es
insuficiente para caracterizar completamente el peligro que representa el HBCD para el

medio ambiente (Marvin et al., 2011).



Introduccidn general y objetivos

La toxicidad de los BFRs emergentes no ha sido estudiada en profundidad, aunque
algunos ensayos han revelado que también suponen un riesgo para el medio ambiente.
Por ejemplo, el HBB caus6 dafios por estrés oxidativo en higado de carpas doradas asi
como inhibicion de los canales de Na" y K* (Feng et al., 2014). Asi mismo, también se
han observado inhibiciones en procesos enzimaticos claves del higado en ratones,
aungue solo en las fases iniciales de la exposicion in vivo (Frydrych et al., 2005). Del
mismo modo el DBDPE ha mostrado ser capaz de causar dafios en higado de peces
(Feng et al., 2013) y en ratones. En estos Ultimos ademas provoco alteraciones en
diferentes procesos enzimaticos, causando por ejemplo una disminucion en los niveles
de glucosa (Sun et al., 2014).

Del mismo modo, los estudios sobre los HNs son méas escasos ya que las evidencias de
su capacidad de bioacumulacion en diferentes organismos son mas recientes y todavia
no tan abundantes como las existentes sobre los PBDEs. No obstante, cada vez méas
estudios demuestran que tienen una capacidad de bioacumulacién nada despreciable,
por lo que el interés en sus posibles efectos tdxicos ha crecido exponencialmente y ya se
ha demostrado que tienen la capacidad de causar dafios hepéaticos en ratones y peces
(Liang et al., 2014; Wu et al., 2013). De hecho los estudios sobre el DP y compuestos
analogos en los Gltimos afios han aumentado exponencialmente, aunque suelen estar
centrados exclusivamente en el DP. El DP ha demostrado, al igual que los PBDEs, ser
capaz de inducir la apoptosis e interferir en algunos procesos metabdlicos. Se observo
que el DP interfiri6 en algunas rutas de expresion de proteinas y en los canales de Ca**
en peces expuestos a concentraciones elevadas (1, 10 y 100 pg/g ww) de DP. En este
estudio se demostrd que el DP puede comportarse igual que los PBDEs o el HBCD en
cuanto a efectos toxicoldgicos se refiere (Liang et al., 2014). El hecho de que los HFRs
interfieran en los canales de Ca®* debe ser tenido en cuenta ya es uno de los reguladores
del transporte a través de membranas celulares y por tanto podria ser uno de los
mecanismos de entrada de estos compuestos directamente a las células (Kodavanti y
Ward 2005).

Por ultimo, se cree que los MeO-PBDEs pueden presentar similares efectos que los
PBDEs debido al gran parecido de sus estructuras. Ademas, pueden dar lugar a OH-
PBDEs, compuestos de mayor toxicidad que los MeO-PBDEs e incluso los PBDEs
(Wang et al., 2015a). Los posibles efectos toxicoldgicos del resto de HNPs alin no ha

sido estudiado.
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1.8. Analisis

El desarrollo de metodologias para el analisis de FRs en el medio ambiente no es facil
debido a la complejidad de las diversas matrices, bajas concentraciones de los analitos,
contaminacion cruzada, etc. Algunos compuestos como el BDE-209 o el HBCD
supusieron un reto durante muchos afios debido a sus complicadas propiedades
fisicoquimicas, aunque en los ultimos afios las metodologias de analisis han avanzado

mucho permitiendo un analisis fiable y reproducible.

1.8.1. Preparacion de muestra

En general, los HFR tienen propiedades fisicoquimicas similares. Son muy
hidrofobicos, estables, y de pesos moleculares en general elevados. Por ello, las mismas
metodologias utilizadas en el analisis de otros compuestos como los PCBs, PBBs vy
otros compuestos organicos son aplicables para la extraccion de estos compuestos. En la
tabla 1.8 se muestran las técnicas de extraccion y purificacion mas utilizadas.

Muestreo, preservacion y pretratamiento

La toma de muestra y su preservacion son pasos criticos que repercuten en todo el
proceso posterior. Al fin y al cabo, los resultados que se obtienen en el laboratorio van
referidos a la muestra analizada por lo que una mala estrategia de muestreo 0 mala
conservacion de la muestra daran lugar a un resultado impreciso y/o incorrecto. Por
ejemplo, algunos compuestos como el BDE-209 son fotosensibles y por ello las
muestras deben preservarse lejos de la luz del dia y a ser posible a 4 °C 0 menos (Covaci
et al., 2003; Eljarrat et al., 2002; Kierkegaard et al., 2009).

Debido a que estos compuestos se extraen usando solventes organicos, el agua de la
muestra debe ser eliminada en la medida de lo posible. La liofilizacion suele ser la
técnica mas usada en todo tipo de muestras; algunos autores eliminan el agua de los
sedimentos o polvo manteniéndolos a temperatura elevada durante 24h aunque la
liofilizacion es un proceso méas recomendable (Eljarrat et al., 2004a). Se recomienda
homogeneizar la muestra ya que la extraccion posterior serd mas efectiva y el peso de
muestra mas representativo (Covaci et al., 2007; Hydtyldinen y Hartonen 2002).
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Extraccion

La naturaleza de la matriz a analizar resulta determinante a la hora de elegir la técnica
de extraccion a utilizar. Asi mismo, la cantidad de muestra requerida puede afectar en la
decision: algunas técnicas de extraccion necesitan gran cantidad de muestra para ser
realmente efectivas, y no siempre se dispone de ella. Del mismo modo, algunas técnicas
no estan recomendadas para grandes cantidades de muestra cosa que supone un riesgo
en casos donde se espera que los niveles de contaminacion sean bajos (Fulara y
Czaplicka 2012).

Aunque los estudios sobre la presencia de FRs en agua son escasos ya que su elevado
LogKw hace que se encuentren principalmente en el material particulado (Fulara y
Czaplicka 2012), su presencia en el medio acuético ha sido estudiada usando diversas

técnicas:

Liquido-Liquido (LE, del inglés liquid extraction): Es la técnica mas utilizada, usando
hexano, ter-butil-éter o diclorometano (DCM). Necesita que el analito y la matriz tengan
solubilidades diferentes ya que se basa en la mayor afinidad del analito por una de las
fases. La eficiencia de esta técnica depende en gran medida de la naturaleza del solvente
elegido, temperatura y otros factores que puedan modificar el equilibrio en favor del
disolvente elegido (pH, salinidad...). Si se dan las condiciones puede ser una técnica
eficaz, rapida y selectiva, pero tiene la desventaja de necesitar elevados volumenes de

muestra y disolvente (Vonderheide 2009).

Extraccion en fase solida (SPE, del inglés solid phase extraction): Otra técnica cuyo
uso esta bastante extendido y que en agua se aplica utilizando C;3 como fase
estacionaria (Rezaee et al., 2010). Se basa en la retencidn de los analitos contenidos en
fase gas o liquida en una fase estacionaria a la cual son afines. Posteriormente los
analitos seran eluidos utilizando un disolvente adecuado. Esta técnica, ademas de como
técnica de extraccion propiamente dicha, puede utilizarse para concentrar muestras de
agua a un determinado volumen. En agua, la principal desventaja que presenta es la
posible saturacion de los cartuchos y pérdida de efectividad de extraccion si el volumen
utilizado es demasiado alto (Fontana et al., 2009). Una de sus principales ventajas es
que puede acoplarse a técnicas de analisis y por tanto realizar la extraccion, purificacion
y analisis instrumental conjuntamente, reduciendo el tiempo de analisis y la variabilidad

provocada por el error humano.
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Extraccion por sorcion a barra agitadora (SBSE, del inglés stir bar sorptive
extraction): En esta técnica los contaminantes se concentran en el sorbente que recubre
una barra agitadora y presenta la ventaja de ser una técnica rapida y que necesita poco

volumen de solvente y muestra (Llorca-Porcel et al., 2006).

Extraccion por punto de nube (CPE, del inglés cloud point extraction): Se basa en la
separacion en 2 fases de una disolucion al alcanzar una temperatura determinada (punto
de nube) a causa de los tensoactivos que ésta contiene. Una vez producida esta
separacion, se descarta la fase que no contiene los analitos de interés. Se llega a factores
de concentracién considerables, pero presenta el inconveniente de que es necesario
eliminar los tensoactivos antes de realizar el analisis instrumental del extracto (Wang et
al., 2007).

Microextraccion liquido-liquido dispersiva (DLLME, del inglés dispersive liquid-liquid
micro extraction): Se utiliza un agente extractante no miscible con el agua y un agente
dispersante miscible tanto con el extractante como con el agua. Se forma una nube en
donde el agente extractante se encuentra en forma de pequefias gotas y por tanto la
superficie de contacto con el agua se incrementa en gran medida, aumentando la
eficiencia de la extraccion L-L. El principal inconveniente es la recuperacion del
extractante y en ocasiones las interferencias causadas por el agente dispersante
(Regueiro et al., 2009).

En matrices sélidas las metodologias utilizadas son bastante diferentes aunque se suelen

basar en metodologias solido liquido:

Soxhlet o extraccion mediante liquidos presurizados (PLE, del inglés presurized liquid
extraction): Son técnicas muy similares y, de hecho, la PLE no deja de ser una
evolucion moderna del Soxhlet. Habitualmente se usa una mezcla de disolventes (1:1)
como por ejemplo hexano:DCM o hexano:acetona (Alonso et al., 2014; De La Cal et
al., 2003; Eljarrat et al., 2004b; Siddique et al., 2012). La PLE se considera mas
efectiva que el Soxhlet y mucho mas dptima ya que requiere menor cantidad de
disolvente, permite extraer un mayor nimero de muestras simultaneas y el tiempo de
extraccion se reduce considerablemente. Es la técnica mas utilizada actualmente pese a
gue su optimizacion es mas compleja: parametros como presion, temperatura, tiempo de
calentamiento y estatico o numero de ciclos de extraccion deben ser optimizados. De

hecho, actualmente el Soxhlet ha sido casi totalmente reemplazado por nuevas
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metodologias y su uso ha quedado reducido a una metodologia de comparacion con los
nuevos métodos optimizados (De La Cal et al., 2003). A modo de ejemplo puede verse
la comparacion realizada por De la Cal et al. (2003) entre los porcentajes de
recuperacion mediante Soxhlet y PLE (Figura 1.10). Como puede verse las

recuperaciones son similares y el PLE proporciona menor error.

Dispersion en fase sélida (MSPD, del inglés matrix solid phase dispersion): Evita pasos
previos de tratamiento de muestra antes de la extraccién. La muestra se dispersa a lo
largo de un soporte, normalmente Cig, desde donde luego es extraida. Proporciona
buenas recuperaciones y es rapida, aunque su uso estd menos extendido que las
anteriores metodologias descritas para el andlisis de HFRs (Dopico-Garcia et al., 2007;
Mufioz-Arnanz et al., 2011a).

Extraccion asistida por microondas (MAE, del inglés microwave assisted extraction):
Consiste en la aplicacion de microondas para elevar la temperatura de extraccion. Al
igual que la PLE, el hecho de trabajar a temperatura y presion altas reduce el volumen
de disolvente de extraccion sin pérdida, e incluso aumento, de la eficacia, ademas de
reducir el tiempo de extraccion respecto a la LLE. Sin embargo, el extracto debe ser
filtrado posteriormente y tiene un coste moderadamente alto (Wang y Li 2010).
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Figura 1.10. Comparacion entre las metodologias de Soxhlet y PLE (datos de De la Cal et al. 2003).
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Purificacion

Muchos extractos, especialmente los obtenidos de matrices complejas como las
bioldgicas, requieren un proceso de purificacion antes de poder ser analizados si se
pretende conseguir una buena identificacion y cuantificacion de los contaminantes
deseados. Este proceso es también necesario en matrices a priori menos complejas como
los sedimentos. Ademas, en muestras de biota la materia grasa que contiene los HFRs
debe ser eliminada, y a ser posible determinada, antes del analisis instrumental (Covaci
et al., 2003).

Extraccion selectiva por liquidos presurizados (SPLE, del inglés selective presurized
liquid extraction): Se trata de una combinacion entre la PLE y la SPE. Consiste en
rellenar la celda de extraccion utilizada en la PLE con algin absorbente (alimina, silica
o florisil) antes de afiadir la muestra. De este modo el extracto que se obtiene ya ha sido
purificado, lo que comporta un evidente ahorro de tiempo y disolvente. Sin embargo,
esta técnica presenta una serie de inconvenientes: no es posible determinar la grasa,
necesaria para expresar los resultados en unidades lipidicas, y en muestras muy
complejas puede ser necesaria una SPE posterior igualmente. Es una técnica utilizada

especialmente en sedimentos.

Tratamiento acido: Esta técnica utiliza un acido concentrado, normalmente H,SO4, que
elimina la materia organica por oxidacion. Al afadirlo al extracto, que debe estar en un
disolvente inmiscible con el acido (hexano, por ejemplo), los HFRs son liberados de la
grasa y pasan a la fase organica, mientras que toda la materia organica que habia en el
extracto es destruida y los residuos son descartados antes de proceder con la
purificacion del extracto. Pese a que esta técnica es muy efectiva como técnica de
purificacion, también puede ocasionar la pérdida de algunos compuestos no estables en
acido. Ademas al ser un procedimiento manual puede ocasionar malas recuperaciones si
no es llevado a cabo con cuidado, o en matrices muy sucias donde sean necesarias

muchas adiciones de &cido.

Cromatografia de permeabilidad en gel (GPC, del inglés gel permeation
chromatography). La GPC es un tratamiento menos destructivo que permite el analisis
de compuestos que son degradados por el &cido. Se basa en la exclusion por tamafio de
particula, ya que las moléculas organicas quedan retenidas en una columna mientras que
las moléculas de interés, mas pequefias, pasan mas facilmente a través de los poros de la

columna. En general, el tratamiento &cido permite obtener extractos mas limpios y, pese
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a que pueda parecer lo contrario, requiere menos tiempo que la GPC. Esto es debido a
que el tratamiento acido permite tratar varias muestras simultaneamente, mientras que la
GPC requiere de inyecciones individuales y secuenciales. En general, la GPC solo esta
recomendada cuando los analitos de interés no son resistentes al &cido y para muestras
con bajo contenido lipidico (Guerra et al., 2011b; Jia et al., 2011; Kang et al., 2010;
Mufioz-Arnanz et al., 2011b).

Tabla 1.8. Principales técnicas de extraccion y purificacion usadas en el analisis de los
HFRs.

Matrices Compuestos Extraccion Purificacion
Soxhlet Silica acida
Sedimento PBDEs, HFRs emergentes , HNs (Hex:DCM (3:1)) .
PLE Alimina
Hex:DCM (1:1) neutra
. Soxhlet _
Aire PBDEs, HFRs emergentes , HNs (Hexano:Acetona (1:1)) Alimina
Silica &acida,
. . alumina
Lodos PBDEs, HFRs emergentes, HNs ~ PLE Hexano:DCM (1:1) neutral y
carbono activo
PLE 1-Tratamiento
PBDEs, HFRs emergentes, HNs Hex:DCM (1:1) aC|,d0'
2- Alimina
HNs LE (Hexane) SI',I'C".’I y
Biota alumina
PBDEs, HNPs PLE Hex:DCM (1:2) GPC
PBDEs, HFRs emergentes Soxhlet (DCM) 1- GPC
2- Silica
HNs MSPD Silica acida y
basica
L-L .
Pelo humano PBDEs Fluorisil
Hexano
Leche L-L
materna PBDEs, HNs Hexano:DCM (1:1) GPC

SPE: Cuando se utiliza para purificar extractos de muestras solidas la SPE se aplica
utilizando alimina, silica o florisil como sorbentes (Booij et al., 2002; Guerra et al.,
2012a; Hoh et al., 2006). En algunos casos ésta se substituye o complementa con
columnas de silica o alimina, mientras que en algunas metodologias de extraccion por
PLE se afiade un sorbente en la extraccion. Ademas, se suele utilizar también para

concentrar el extracto.
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1.8.2. Andlisis instrumental

Dado que los compuestos estudiados en esta tesis se determinan a nivel traza, es
necesario el andlisis mediante espectrometria de masas (MS, del inglés mass
spectrometry) debido a la elevada sensibilidad y selectividad que proporciona respecto a
otras técnicas. Ademas, debido a la existencia de numerosos compuestos que pueden
interferir con la determinacion, es necesario trabajar con técnicas de cromatografia

previas al analisis mediante MS.

Cromatografia

Respecto a la separacion cromatogréafica, la cromatografia de gases (GC, del inglés gas
chromatography) es la técnica mas utilizada para el andlisis de los HFR, debido a los
valores de presion de vapor, volatilidad, etc. de los compuestos habitualmente de interés
(Krdl et al., 2012). La eleccion de la columna es un factor critico ya que su longitud,
conector o fase estacionaria pueden tener una gran influencia en el analisis de los HFRs
(Korytér et al., 2006). Fases estacionarias apolares como la DB-5 son las méas usadas
habitualmente, con una longitud de columna que normalmente esta en torno a los 30 m.
Por el contrario, fases estacionarias usadas comunmente para el analisis de otros
compuestos (como por ejemplo la DB-XLB) no son adecuadas para el anlisis de
compuestos que, como muchos HFRs, presentan una elevada masa molecular
(Kierkegaard et al., 2004). Por otro lado, el BDE-209 se degrada a causa del elevado
tiempo de retencion, por lo que si se quiere analizar este compuesto la columna debe ser
de 15 m (Eljarrat et al., 2004a).

De hecho, es necesario llegar a un compromiso dependiendo de los compuestos y
matrices que se quieren analizar, ya que las columnas presentan ventajas y desventajas.
Por ejemplo, aunque las columnas de 15 m permiten analizar compuestos que se
degradarian en las columnas de 30 m, las co-eluciones aumentan. Este problema es
especialmente importante cuando la identificacién utilizada no es lo suficientemente
selectiva. Por ello, muchos autores analizan muestras complejas de biota utilizando
columnas de 30 m sacrificando asi la identificacion del BDE-209, considerando que la
presencia de este compuesto en biota es normalmente residual (Alonso et al., 2012).
Otro aspecto importante es el sistema de inyeccion. Los 3 sistemas més comunmente
utilizados son el split/splitless, on-column y temperatura de vaporizacion programada
(PTV, del ingles programable temperature vaporization). La temperatura del inyector y

la interfase también son importantes ya que los HFRs pueden degradarse a temperaturas
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elevadas. Normalmente estas temperaturas oscilan entre 250 y 300 °C (Kierkegaard et
al., 2009; Stapleton 2006).

Recientemente nuevas técnicas como la cromatografia de gases bidimensional
(GCxGC) han cobrado importancia en el analisis de los HFRs debido al superior poder
de resolucién que proporciona y que ha demostrado su eficacia en el analisis de otros
compuestos polihalogenados. Mediante esta técnica los problemas ocasionados por la
co-elucion de varias substancias se pueden resolver practicamente en su totalidad
cuando se acopla a un espectrémetro de masas de tiempo de vuelo (TOF, del inglés time
of flight). No obstante, esta técnica presenta una serie de inconvenientes. Por un lado, el
tratamiento posterior de los datos es muy complejo debido a la gran cantidad de
informacién generada, por lo que se requiere experiencia y ordenadores muy potentes.
Ademas, la cuantificacion no es tan asequible como con las otras técnicas (Korytar et
al., 2006; Wang y Li 2010).

Por otra parte, el analisis mediante la cromatografia de liquidos (LC, del inglés liquid
chromatography) es una alternativa para el analisis de compuestos menos estables
térmicamente (Bacaloni et al., 2009). En este caso fases estacionarias apolares como el
Cig son las que mejores resultados proporcionan en el anélisis de HFRs (Zhou et al.,
2010). Algunos compuestos cuyo analisis se lleva a cabo mediante LC son el HBCD o
el TBBPA. En el caso del HBCD su analisis por GC no permite diferenciar entre sus
diferentes diasteroisomeros ya que en las condiciones a las que se trabaja se produce
una interconversion entre los diferentes diasteroisdmeros o degradacion de los mismos
(Covaci et al., 2003). Dado que los diferentes isomeros del HBCD presentan
caracteristicas diferentes, poder diferenciarlos es clave y hace su analisis por GC no
recomendable. En cambio, la LC permite una correcta separacion e identificacion de los
principales diasteroisomeros e incluso el analisis enantiomérico (Guerra et al., 2011a).
El analisis se lleva a cabo mediante LC-MS (0 LC-MS-MS). La técnica de ionizacion
mas utilizada es la ionizacion por electrospray (ESI, del inglés electrospray ionization).
Pese a que esta técnica presenta un problema grave con el efecto matriz, poniendo el
peligro los resultados, el hecho de poder usar patrones isotépicamente marcados
soluciona en gran medida el problema (Guerra et al., 2012b; Guerra et al., 2008). Otra
potencial aplicacion de la LC es el andlisis de metabolitos de los HFRs. Algunos de
estos metabolitos, como los PBDEs hidroxilados (OH-PBDEs, del inglés hydroxilated
PBDES) presentan caracteristicas diferentes a los PBDES como son una mayor polaridad

y no volatil que no permiten su analisis mediante GC. En estos casos la LC se convierte
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en una alternativa a la derivatizacion previa para poder analizarlos por GC (Feo et al.,
2013).

Espectrometria de masas

Las 3 técnicas mas extendidas para el analisis de los HFRs son la MS, la espectrometria
de masas en tandem (MS-MS) y la espectrometria de masas de alta resolucion (HRMS,
del inglés high resolution mass spectrometry). La HRMS es la técnica que mejor
selectividad y sensibilidad proporciona y es siempre la técnica utilizada si existe la
posibilidad. No obstante, su elevado coste hace que no todos los laboratorios puedan
permitirselo y por ello la MS y MS-MS, cuyo coste es considerablemente menor, son

las més utilizadas.

Espectrometria de masas (cuadrupolo simple)

El andlisis de los HFRs mediante GC-MS esta muy extendido, ya sea trabajando en
ionizacion quimica negativa (NCI, del inglés negative chemical ionization) o en impacto
electronico (El, del inglés electron ionization) (Eljarrat et al., 2002; Lacorte y
Guillamon 2008). El es la fuente de ionizacion mas comun, pero no siempre supone la
mejor opcion. En concreto, la NCI proporciona una gran sensibilidad para los
compuestos halogenados ya que la pérdida de un ion de cloro o bromo se produce con
mucha facilidad siendo superior en este aspecto a la El. Por ello, cuando la técnica
utilizada es GC-MS el modo de ionizacion mas comun es la NCI. No obstante, la GC-
MS (NCI) presenta un problema de selectividad que puede ser de gran importancia si se
analizan matrices complejas y con un gran nimero de compuestos halogenados. En
estos casos los iones monitorizados en NCI suelen ser los iones de cloro y bromo (m/z
79 y m/z 35) salvo algunas excepciones, y por ello las co-eluciones representan un
problema dificil de resolver. Ademas, esto conlleva la imposibilidad de usar patrones
marcados para cuantificar mediante la técnica de dilucién isotépica. En cambio, los
iones monitorizados en EIl suelen ser mas especificos del compuesto en cuestion; se
monitorizan los fragmentos [M-Br,]" e incluso muchas veces el ion utilizado es el
molecular (Eljarrat et al., 2002). Ademas, la fragmentacion de las moléculas puede
utilizarse para la identificacion, y el uso de patrones marcados es posible ya que se
monitorizan fragmentos més grandes de la molécula. Por otro lado, algunos autores
proponen el uso de la NCI para la determinacion de los HFRs y confirmar luego los
resultados utilizando EI (Covaci et al., 2003; Sanchez-Avila et al., 2011).
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Espectrometria de masas en tandem

El andlisis por GC-NCI-MS es muy sensible en compuestos halogenados, pero poco
selectivo. Por otro lado, el andlisis por GC-EI-MS es selectivo, pero poco sensible,
mientras que el analisis mediante GC-EI-MS-MS o GC-NCI-MS-MS permite mantener
o0 incluso aumentar la sensibilidad y, lo que es mas importante, la selectividad. Por
tanto, es la metodologia que proporciona los mejores limites de deteccién (LODs, del
inglés limits of detection) a modo de alternativa a la HRMS (Tabla 1.9).

Tabla 1.9. Comparacion de diferentes técnicas de deteccion. Modificada de Covaci et
al. (2003).
NCI-MS EI-MS IT-MS-MS QqQ-MS-MS TOF-MS HRMS

Sensibilidad *x * ** *k *k oo
Selectividad * ok *k *k ok Hokk
Precision ** *k%k KKk *k*k *% *kk
Coste * * *k *k *k *kk

La principal ventaja que presenta esta técnica es la gran selectividad que proporciona el
hecho de monitorizar la transicion entre un ion padre y un fragmento del mismo, al
contrario que en MS donde s6lo se monitoriza un ion. Ademas, en muchos casos donde
por MS se monitorizaban masas comunes entre el compuesto nativo y marcado permite
el uso del método de cuantificacion mediante dilucidn isotopica, obteniéndose un
resultado mucho mas fiable. Asi mismo, el ruido de fondo también es reducido
considerablemente, hecho de gran importancia en muestras que presentan bajos niveles
de contaminacion (Lacorte et al., 2010; Losada et al., 2010; Pirard et al., 2006;
Sanchez-Avila et al., 2011).

Por ultimo, otras técnicas como la trampa de iones (IT, del inglés ion trap) acoplada a la
MS-MS han demostrado ser muy utiles a la hora de analizar HFRs debido a la
posibilidad de identificar diferentes patrones de fragmentacion segun la posicién de los

haldgenos en la molécula (Covaci et al., 2007; Larrazabal et al., 2004).

Espectrometria de masas de alta resolucién

La HRMS proporciona una elevada sensibilidad y selectividad ya que permite
monitorizar la masa exacta de la molécula. Sin embargo, debido a que no todos los
laboratorios pueden disponer de ella su uso es mas reducido. Ademas, en el caso
concreto de los norbornenos halogenados su uso no estd recomendado ya que la

ionizacion mediante EI (la técnica normalmente asociada a GC-HRMS) produce un
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fragmento muy intenso de masa 270 (CsCls*) que es un fragmento muy comdn en
compuestos organoclorados. Por tanto, la selectividad se ve reducida considerablemente
(De la Torre et al., 2010b). En los ultimos afios, debido al gran nimero de compuestos
tanto naturales como antropogénicos cuya presencia se va descubriendo, existe un
creciente interés en el campo del llamado “non-target analysis”. Este analisis persigue la
identificacion de nuevos compuestos mediante su patron de fragmentacion y masa
exacta para incorporarlos a bibliotecas ya existentes. A diferencia de los analisis
normales mediante HRMs de sector magnético, estos analisis se llevan a cabo en
equipos Orbitrap. Es especialmente interesante el analisis de metabolitos y/o productos
de degradacion de los compuestos originales ya que permite una mejor caracterizacion
del impacto total de un compuesto en el medio ambiente (Hoh et al., 2012; Shaul et al.,

2015). En la tabla 1.10 se listan los fragmentos utilizados en cada técnica.

Tabla 1.10. Fragmentos estudiados segun las diferencias técnicas utilizadas en GC
(Cuantificacion / confirmacion). n.d: No disponible.

Compuesto MS (NCI) MS (EI) MS-MS HRMS
Tri-BDEs 79/81 406 /408 409>249/407>247  405,8026 / 407,8006
Tetra-BDEs 79/81 484 /486 486>326/488>328 483,7131/485,7121
Penta-BDEs 79/81 564 /566 566>406/568>408 563,6215/565,6195
Hexa-BDEs 79/81 642 / 644 646>486/648>488 641,5320/643,5300
Hepta-BDEs 79/81 7221724 561>402/563>404 721,4405/ 723,4398
Deca-BDE 79/81 797 /801 799>640/801>642 957,1699/959,1679
DBDPE 79/81 485/ 487 485>325/485>404 969,2063 /971,2043
HBB 79/81 550/552 550>390/552>313 549,5058 /551,5038
PBEB 79/81 485/ 487 485>325/485>406 499,6266 / 501,6246
Dec 602 612 /35 2731275 612>35/612>37 271,8102 / 273,8072
Dec 603 638 /35 263/ 265 638>35/ 638>37 262,8570 / 264,8540
Dec 604 79/81 419/ 421 460>79 / 504>79 417,7026 / 419,7006
DP 654 / 35 2731275 654>35 / 654>37 271,8102/273,8072
MeO-Tri-BDEs 79/81 434 [ 436 n.d 435,8133/437,8113
MeO-Tetra-BDEs 79/81 512 /514 516>356/516>358 513,7237/515,7217
MeO-Penta-BDEs 79/81 590/592 596>434/596>433 n.d
MHC-1 79/81 396 / 398 n.d 395,8430/ 397,8440
TriBHD 79/81 467 n.d 465,8966
TetraBHD 79/81 546 n.d 545,8050
Q1 386 / 388 387 n.d 385,8086
BrCls-MBP 432 /434 n.d n.d n.d
Br,Cls-MBP 476/ 478 n.d n.d n.d
Br;Cl;-MBP 520 /522 n.d n.d n.d
Br,Cl;-MBP 563 / 565 n.d n.d n.d
BrsCl,-MBP 607 / 609 n.d n.d n.d
BrsCI-MBP 653 / 655 575 n.d 647,5084
Br;-MBP 699 /701 619 n.d n.d
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1.9. Justificacion de la tesis

El uso de los HFRs esta extendido a nivel global debido a que las ventajas que aportan
en cuanto a prevencion de incendios, con todo lo que ello implica, les confieren una
gran importancia. Esta gran demanda y uso extendido hace que sean introducidos
continuamente en el medio ambiente ya que la gran demanda que existe genera elevadas
cotas de produccion. Ademas, pese a que muchos de los HFRs usados durante décadas
se encuentran actualmente prohibidos, la elevada vida util de los materiales que los
contienen hace que puedan seguir siendo liberados mucho después de que su uso haya
sido prohibido.

El grado de conocimiento respecto a la presencia y comportamiento de los HFRs varia
dependiendo de la familia. En el caso de los PBDES, su presencia en practicamente todo
el globo ha sido sobradamente probada, asi como su capacidad de bioacumulacion. Mas
recientemente se ha descubierto que el BDE-209, cuya capacidad de bioacumulacion era
practicamente despreciada, puede acumularse en grandes cantidades en algunos
organismos; incluso se ha visto que es el PBDE con mayor contribucion en aves o
moluscos. Ademés, se ha visto como los PBDEs presentan capacidad de
biomagnificacion a lo largo de la cadena trofica. En cambio, el conocimiento que se
tiene sobre otras familias como los HNs es més limitado. De hecho, los estudios sobre
su presencia en el medio ambiente han crecido exponencialmente en los Gltimos afios
demostrando asi el creciente interés que recae en estos compuestos. Del mismo modo, la
informacién que se tiene sobre su comportamiento en el medio ambiente y efectos en
los organismos que lo habitan es escasa y un aspecto en el que se estan centrando un
gran numero de investigadores de todo el mundo.

Gracias a las evidencias presentadas por la comunidad cientifica, las primeras
restricciones sobre los PBDEs han sido aplicadas y en Norteamérica y la Union Europea
su uso ya ha sido prohibido. EI HBCD sigue el mismo camino, y debido a que la
industria sigue sintetizando nuevos HFRs que quedan fuera de estas medidas legales es
necesario continuar aportando informacién sobre su presencia, comportamiento y
efectos con el fin de evaluar si es aconsejable su uso o si, por el contrario, estos nuevos
HFRs también deben ser sometidos a restricciones por parte de los organismos

competentes.
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1.10. Objetivos

Considerando todo lo expuesto anteriormente y con el objetivo global de evaluar el
impacto ambiental asociado al uso de los nuevos HFRs, al inicio de la presente Tesis

Doctoral se establecieron los siguientes objetivos especificos:

1. Desarrollo de metodologias analiticas sensibles y selectivas para el analisis de
HFRs, especialmente los emergentes (HNs, PBEB, HBB y DBDPE) en
matrices ambientales y bioldgicas.

2. Aplicacion de las metodologias desarrolladas en muestras ambientales,

estudiando la presencia de HFRs y sus diferentes patrones de acumulacion.

3. Aplicacion de las metodologias desarrolladas en diferentes muestras de biota
correspondientes a diferentes niveles de las cadenas troficas acuaticas y
terrestres, estudiando la capacidad de bioacumulacion y biomagnificacion de
los HFRs.

4. Comparacion de los niveles de FRs clasicos con los de FRs alternativos, y
evaluacion de posibles tendencias que indiquen cambios en el uso de unos u

otros.

5. Evaluacion de los efectos toxicoldgicos de algunos HFRs.
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1.11. Plan de trabajo y estructura de la tesis

Esta tesis ha sido escrita como compendio de publicaciones y esta dividida en 6
capitulos principales. En el capitulo 1 se ha introducido la problematica asociada a los
HFRs, sus propiedades fisicoquimicas, los mecanismos de entrada de los mismos al
medio ambiente, su comportamiento en biota y concentraciones encontradas en el medio
ambiente. Se introducen los compuestos estudiados en esta tesis y las metodologias mas
habituales de analisis. Por ultimo, se expone el objetivo global y los objetivos

especificos planteados.

Los capitulos 2, 3, 4 y 5 exponen el trabajo desarrollado y los resultados obtenidos.
Cada capitulo empieza con una introduccién donde se explica el trabajo realizado en el
marco del mismo, afiadiendo o ampliando algunos conceptos vistos en el capitulo 1.
Posteriormente se adjuntan los trabajos publicados incluidos en el capitulo y se
desarrolla una discusion global de los resultados, poniéndolos en contexto con la
bibliografia existente. Finalmente se exponen las conclusiones extraidas en base al

trabajo realizado.

En el capitulo 2 se discute sobre el desarrollo de nuevas metodologias analiticas llevado
a cabo durante esta tesis, incluyéndose 2 publicaciones cientificas, para el andlisis
medioambiental de HFRs. Las técnicas analiticas desarrolladas y utilizadas en los
diferentes trabajos de la presente tesis se basan en el uso de GC-MS-MS.

- Publicacion cientifica #1: Analytical method for the determination of halogenated
norbornene flame retardants in environmental and biota matrices by Gas
Chromatography coupled to Tandem Mass Spectrometry. E. Bardn, E.Eljarrat,
D.Barcelo. J. of Chromatography, 1248, 154-160 (2012).

- Publicacion cientifica #2: Gas chromatography/tandem mass spectrometry method for
the simultaneous analysis of 19 brominated compounds in environmental and biological
samples. Baron, E.; Eljarrat, E.; Barcelo, D. Analytical and Bioanalytical Chemistry,
406 (29), 7667-7676 (2014).

En el capitulo 3 se discute la presencia de HFRs en diversas muestras ambientales de
diferente origen geografico, concretamente sedimentos procedentes de Chile, Colombia
y Espaiia, y lodos de depuradora de diferentes EDARS espafiolas. Se demuestra que los
HNs también estan presentes en estas matrices, al igual que los PBDEs o el HBCD. Se

incluyen otras 2 publicaciones cientificas:
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- Publicacion cientifica #3: Occurrence of hydrophobic organic pollutants (BFRs and
UV-Filters) in sediments from South America. E. Baron, P. Gago, M. Gorga, |. Rudolph,
G. Mendoza, A.M. Zapata, S. Diaz-Cruz, R. Barra, W. Ocampo, M. Péez, R.M. Darbra,
E. Eljarrat, D. Barceld. Chemosphere, 92 (3), 309-316 (2013).

- Publicacion cientifica #4: Occurrence of classic and emerging halogenated flame
retardants in sediment and sludge from Ebro and Llobregat river basins (Spain). Baron,
E.; Santin, G.; Eljarrat, E.; Barcelo, D. Journal of Hazardous Materials. 265, 288-295
(2014).

En el capitulo 4, que representa el apartado méas extenso de esta tesis, se discute sobre la
presencia y comportamiento de los HNs y otros HFRs en diferentes especies
pertenecientes a cadenas troficas acuaticas (Chile y Mediterraneo Sur) y terrestres
(Dofiana). Se aportan datos sobre la capacidad de bioacumulacién y biomagnificacion
de los HNs, combinando los resultados obtenidos mediante el analisis quimico con los
resultados de isotopos estables de nitrégeno. También se evallan posibles tendencias

temporales en la contaminacion por HFRs. Se incluyen 5 publicaciones cientificas:

- Publicacion cientifica #5: Emerging and historical halogenated flame retardants in an
aquatic food web from Chile. E. Bardn, I. Rudolph, R. Barra, E. Eljarrat, D. Barcelo.
Environment International, 461-462, 258-264 (2013).

- Publicacion cientifica #6: Bioaccumulation and biomagnification of classical flame
retardants, related halogenated natural compounds and alternative flame retardants in
three delphinids from Southern European waters. Barén, E.; Giménez, J.; Verborgh, P.;
Gauffier, P.; De Stephanis, R.; Eljarrat, E.; Barceld, D. Environmental Pollution, 203,
107-155 (2015).

- Publicacion cientifica #7: Halogenated natural products in dolphins: brain-blubber
distribution and comparison with halogenated flame retardants. Baron E., Hauler C.,
Gallistl C., Giménez J., Gauffier, P., Castillo, J. J., Fernandez-Maldonado, C., de
Stephanis R., Vetter W., Eljarrat E., Barceld6 D. Environmental Science & Technology,
49, 9073-9083 (2015).

- Publicacion cientifica #8: Bioaccumulation and biomagnification of emerging and

classical flame retardants in bird eggs of 14 species from Dofiana Natural Space and
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surrounding areas (South-western Spain). Bardn, E.; Mafiez, M.; Andreu, A.C.; Sergio,
F.; Hiraldo, F.; Eljarrat, E.; Barceld, D. Environment International, 68, 118-126 (2014).

- Publicacion cientifica #9: Temporal trends in classical and alternative flame
retardants in bird eggs from Doflana Natural Space and surrounding areas (South-
western Spain) between 1999 and 2013. Bar6n, E., Bosch, C, Méafiez, M., Andreu, A,
Sergio, F., Hiraldo, F., Eljarrat, E., Barceld, D. Chemosphere, 138, 316-323 (2015).

El capitulo 5 aporta informacion sobre los efectos toxicologicos del BDE-209 y DP,
exponiendo ademas el trabajo realizado durante la estancia pre doctoral en la
Universidad de Plymouth donde se realizaron exposiciones in vivo de BDE-209 y DP en

mejillones. Se incluye el siguiente articulo:

- Publicacion cientifica #10: Evaluation of the genetic and physiological effects of
decabromodiphenyl ether (BDE-209) and dechlorane plus (DP) in Mytilus
galloprovincialis by in vivo exposure. Baron, E., Dissanayake, A., Vila, J., Crowther,
C., Readman, J., Jha, A., Eljarrat, E., Barceld, D. Enviado a la Environmental Science &
Technology (2015).

Por ultimo, en el capitulo 6 se exponen las conclusiones generales de esta tesis en base a
la problematica expuesta en el capitulo 1, los objetivos especificos planteados y los
resultados obtenidos y discutidos en los capitulos 2, 3, 4 y 5.
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2.1. Introduccion

Los norbornenos halogenados presentan caracteristicas fisicoquimicas similares a otros
contaminantes como los PBDEs o PCBs. Por tanto, es 16gico suponer que las mismas
técnicas de extraccion, purificacion y andlisis instrumental que han demostrado ser
apropiadas para la determinacidn de estos contaminantes sean validas también para los
HNs. De hecho, a la fecha de inicio de esta tesis practicamente todos los métodos
aplicados en los estudios sobre los HNs incorporaban estos compuestos a las
metodologias pero rara vez se aportaban los datos sobre recuperaciones o LODs del
método (mLODs, del inglés method limits of detection). Exceptuando algunos estudios
donde se utilizaba LC-MS, con mLODs demasiado elevados y no adecuados para el
analisis a concentraciones bajas, las técnicas mas comunes eran (y siguen siendo) la
GC-NCI-MS, cuya aplicabilidad era satisfactoria debido a que los estudios publicados
se habian realizado en zonas cercanas a las fabricas de produccion y por tanto los
niveles ambientales eran elevados, y la GC-HRMS (Tabla 2.1). Después de desarrollar
una metodologia para el andlisis de los HNs mediante GC-NCI-MS se vio que los
limites de deteccidn que ésta proporcionaba no eran suficientes para el anélisis de estos
compuestos en zonas alejadas de las fabricas de produccion, donde los niveles eran
mucho mas bajos, por lo que se decidié optimizar una metodologia mediante GC-MS-
MS con el objetivo de lograr LODs mas bajos. Pese a que la identificacion de los HNs
por NCI-MS es relativamente selectiva, al monitorizar en la mayoria de los casos los
iones moleculares, el riesgo de co-eluciones sigue suponiendo un problema. Por
ejemplo, en sedimentos de Canadé se identificd una substancia que co-eluia con el syn-
DP en columnas DB-5 (Sverko et al., 2010). Al trabajar con MS-MS también se
aumenta la selectividad, uno de los motivos por los que se eligio esta técnica, que dio
lugar a la publicacion #1: Analytical method for the determination of halogenated
norbornene flame retardants in environmental and biota matrices by gas
chromatography coupled to tandem mass spectrometry. En su momento fue la primera
metodologia desarrollada por GC-MS-MS para el analisis de los HNs. En estos afios
han aparecido otras, demostrandose que su uso se ha extendido, aunque aun es inferior
al de las metodologias més clésicas (Guo et al., 2014; Sihring et al., 2013; Zhang et al.,
2015).
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Tabla 2.1. Ejemplos de las columnas y técnicas mas usadas en el analisis de PBDEs y
HNSs.

Matriz Columna Técnica

HT-8 50mx0.22mmx0.25um GC-NCI-MS

Sedimento DB-5MS 15mx0.1mmx0.1 um GC-NCI-MS
HT-5MS 15mx0.25mmx0.1um GC-EI-MS-MS

Aire DB-5MS 30mx0.25mmx0.25um GC-NCI-MS

Lodos DB-5MS 60mx0.25mmx0.25um GC-HRMS

DB-5MS 15mx0.10mmx0.1 pm GC-NCI-MS

DB-5HT 5mx0.25mmx0.10 pum GC-HRMS
HT-5MS 15mx0.25mmx0.1um  GC-EI-MS-MS

DB-5 30mx0.25mmx0.25um GC-HRMS
GC-EI-MS-MS

Rtx 15mx0.25mmx0.10 pm GC-NCI-MS

DB-5HT 15mx0.25mmx0.10um GC-HRMS

DB-5HT 15mx0.10mmx0.10pum GC-HRMS

Pelo humano ZB-5MS 15mx0.25mmx0.1 pm GC-EI-MS

Biota

Por otro lado, otro de los objetivos que se plantearon fue desarrollar una metodologia
para el andlisis de los PBDEs, MeO-PBDEs y BFRs emergentes mediante GC-MS-MS.
Como ya se ha explicado en el apartado 1.8, la GC-NCI-MS es una técnica que
proporciona una gran sensibilidad en el andlisis de estos compuestos. Sin embargo,
presenta una falta de selectividad importante al monitorizar normalmente iones tan poco
especificos, al estar presentes en un sinfin de moléculas de diferentes familias y
origenes. Las co-eluciones representan un problema critico ya que normalmente el ién
monitorizado es el mismo y no permite diferenciar entre diferentes compuestos, como
se ha visto en el capitulo 1. De igual modo, no es posible trabajar con la técnica de
cuantificacion por dilucidn isotdpica ya que no se puede diferenciar entre los bromos o
cloros procedentes del compuesto nativo y del marcado, obteniéndose una Unica sefal.
Por otro lado, la GC-EI-MS que es mas selectiva y si permite el uso de la dilucion
isotOpica, carece de la sensibilidad necesaria en la mayoria de los casos. Asi pues, se
buscaba una técnica que aportara selectividad y sensibilidad, descartando la HRMS
debido a su elevado coste. EI nuevo método esta detallado en la publicacion #2: Gas
chromatography/tandem mass spectrometry method for the simultaneous analysis of 19
brominated compounds in environmental and biological samples. Pese a que los PBDEs
y otros BFRs se han analizado tradicionalmente por GC-NCI-MS (Eljarrat et al., 2004;
Eljarrat et al., 2002; Hyo6tyldinen y Hartonen 2002; Lacorte y Guillamon 2008) la

tendencia actual es analizarlos mediante GC-EI-MS-MS. Basicamente, se trata de
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sacrificar algo de sensibilidad en pos de una mayor selectividad y correcta identificacion
de los contaminantes. Sumando todos los PBDEs y otros BFRs, HNPs, BFRs
emergentes y otros compuestos que pueden contener bromo, se obtiene un nimero muy
alto de compuestos bromados a separar en una columna de s6lo 15 m. La MS-MS
permite diferenciar entre diferentes compuestos bromados que puedan co-eluir y
proporciona resultados mas fiables, ademas de reducir posibles interferencias de matriz
(Camino-Sanchez et al., 2011; Cristale et al., 2012; Sanchez-Avila et al., 2011).

2.2. Metodologias utilizadas y optimizadas

Pese a que los compuestos estudiados en esta tesis son a priori parecidos, su analisis
requiere el uso de diferentes metodologias. Algunas habian sido optimizadas
previamente en el laboratorio, mientras que otras tuvieron que ser desarrolladas. En el
laboratorio se disponia de una metodologia para el andlisis de PBDEs y BFRs
emergentes mediante GC-NCI-MS. Se buscé ir un paso mas alla y desarrollar la
metodologia mediante GC-MS-MS con la idea de conseguir una identificacion y
cuantificacion mas fiable de estos BFRs. Por el contrario, no se disponia de metodologia
para el analisis de los HNs, por lo que primero se optimiz6 un método mediante GC-MS
para luego desarrollar una metodologia mediante GC-MS-MS, al ver que se necesitaba
conseguir unos limites de deteccidn inferiores. Estos 2 procesos se explican en mas
detalle en el apartado 2.3.

En el caso de los HNPs, dado que su analisis se realizd durante una estancia de 2
semanas en la Universidad de Hohenheim (Alemania), con excepcion de los MeO-
PBDEs, el método analitico fue el disponible en su laboratorio mediante GC-NCI-MS
(Hauler et al., 2014). El analisis del HBCD se llevé a cabo mediante LC-ESI-MS-MS
siguiendo el protocolo optimizado previamente en el laboratorio, con s6lo una ligera
modificacion en la rampa cromatogréafica para reducir el tiempo de analisis (Guerra et
al., 2008; Guerra et al., 2011a). Como se ha explicado en el capitulo 1, el analisis del
HBCD por GC no es recomendable ya que no es posible diferenciar entre los distintos
isdbmeros, hecho que al tener éstos diferente comportamiento en el medio ambiente

ocasiona una pérdida de informacion crucial.
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A new methodology for the analysis of Dechlorane Plus and related compounds (DPMA, Dec 602, Dec 603
and Dec 604 by gas chromatography coupled to negative chemical ionization tandem mass spectrometry
[GC-NCI-M5-MS) was developed for three different matrices, including environmental (sediment and
sludge) and biota (fish) samples. Analytical parameters such as linearity, repeatability and reproducibil

ity, recoveries, limits of detection and limits of guantification were evaluated, showing satisfactory values
for the developed methodology. Moreover, a comparison with the analysis by GC-NCI-MS was carried

ii“:"::;’f out. Method limits of detection (MDLs), ranging between 0.12 and 1.26 pg/g dw, 1.16-2.90 pg/g dw and
Dec 603 2.30-21.1 pgjg lw for sediment, sludge and fish respectively, were much better than those abtained by
Dec 04 GC-MS, withimprovement factor up to 320, The applicability of the developed methodology was demon-
Dechlorane Plus strated by the analysis of real samples collected in a non-producing area, the Ebro river basin (Spain).
Ebro river basin DP values were up to 1.61 ng/gdw, 18.8 ng/gdw and 2.24 ng/g lw for sediment, sludge and fish samples,
Fish respectively.

Sediment © 2012 Elsevier B.V. All rights reserved.
Sludge

1. Introduction

Halogenated flame retardants (HFRs) are a group of chem-
icals which are added to different materials such as textiles,
furniture or polymers in order to prevent fires. They usually are
structurally different chlorinated or brominated compounds [1].
Dechlorane 602 (Cy4H4Cl120, Dec 602), 603 (Cq7HgClyy, Dec 603),
604 (Cq3HgBrgHqg, Dec 604), and Dechlorane Plus (CigHq2Clig,
DP) were introduced as replacements for Mirex (CygClyz), an
organochlorine pesticide which was also used as flame retardant
in the 1960s but was banned due to its toxicological properties in
the 1970s [2]. DI is classified as a high production volume chemi-
cal in USA but a low production volume chemical in EU [3,4], and
exists in commercial products as two isomers: syn- and anti-DP,
with a ratio of 1:3 respectively. These two stereocisomers come
[rom the Diels-Alder reaction ol 2 mol of hexachlorocyclopentadi
ene with 1mol of 1,5-cyclooctadiene [5]. DP has been produced for
many years in China (Anpon Electrochemical Co.} and North Amer-
ica (Oxychemn) but it was not detected in the environment until

* Corres ponding author. Tel: +34 973 400 6100; fax: +34 93 204 59 04,
E-maif address: eceqam@cid.csic.es (E. Eljarrat)

0021-9673/% - see front matter © 2012 Elsevier BV. All rights reserved.
http:/fdx.doi.org/10.1016/j.chroma.2012.05.079

2006(6]. DP has been found in environmental matrices such as sedi
ment [2,7-10], air [3,11-13] or water [10,14], and also in biological
matrices such as fish [15-17], eggs [18-21], blood [22] and hair
|23]. Despile it was not supposed to have the same bioavailability
as Mirex, reported levels show that DP has bioaccumulation capac-
ity [24]. Due to its high degree ol chlorination, Dec 602, Dec 603
and Dec 604 are supposed to have similar environmental behavior
and toxicological properties than DP and Mirex. However, it has not
been reported yet [25,26]. DP monoadduct (Cy3Hy2Clg, DPMA) can
be generated [rom DP in a retro-Diels-Alder process, so it was also
included in some published studies [21,26].

Currently, the number of scientific publications regarding to
dechloranes is increasing. However, the knowledge about the
environmental occurrence, fate and behavior of these halogenated
norbornene flame retardants is still limited. Moreover, most of the
studies are done near to manufacturing areas and, consequently,
concentration levels are higher than those expected in other
places of the world. The methodologies usually applied for the
analysis of dechloranes are gas chromatography coupled to mass
spectrometry (GC-MS) and GC coupled to high resolution mass
spectrometry (HRMS) [ 27]. GC-HRMS provides excellent selectivity
and sensitivity but, on the other hand, it is expensive and not all the
laboratories can afford it. GC-MS has a lower price but selectivity
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and sensitivity are worse than in HRMS. This [act is not important
for the analysis of samples from the manufacturing zones, where
both technigues can be applied due to the existent high levels. Nev
ertheless, in non-producing areas with expected much lower levels
the use of GC-MS may not give an adequate sensitivity. Regarding
the sample preparation techniques, and as dechloranes have phys-
ical and chemical properties of some polybromodiphenyl ethers
(PBDEs), the methods are typically based on quantitative organic
analysis with GC-MS detection. Most laboratories use the PEDE or
PCB processed extracts as this is where the dechlorane compounds
are found. However, to our knowledge, analytical parameters for
dechlorane determinations applying the same methodologies used
for the determination of PBDEs or PCBs have never been reported.

The aim of this study was to develop a methodology for the
analysis of halogenated norbornene flame retardants in sediment,
fish and sewage sludge by GC coupled to tandem mass spec
trometry (GC-MS-MS), an instrumental technique which provides
good sensitivity and selectivity. This is the first work that applied
GC-MS-MS for the analysis ol dechloranes as an alternative o the
expensive GC-HRMS. In addition, analytical parameters such as
recoveries, reproducibility, limits of detection (LODs) and limits of
quantification (LOQs) of the methods are also evaluated. Finally,
and in order to check the applicability of the developed method
for samples coming from non-producing areas, sediment, sewage
sludge and fish samples from the Ebro river basin (Spain) were
analyzed. In this sense, this work represents also the first report
of halogenated norbornene flame retardants in a Spanish aquatic
ecosysler.

2. Materials and methods
2.1. Standards and reagents

Syn- and anti-isomers of DP (CAS#13560-89-9) were pur-
chased from Wellington Laboratories Inc. (Guelph, ON, Canada).
Dec 602 (95%, CAS#31107-44-5), Dec 603 (98%, CAS#13560-92-
4) and Dec 604 (98%, CAS#345/1-16-9) were purchased from
Toronto Research Chemical Inc. (Toronto, ON, Canada). Mirex
(98%, CAS#2385-85-5) and DPMA (98%, CAS#135821-04-4) were
obtained from Cambridge Isotope Laboratories Inc. (Andover,
MA). 13C-syn-DP (98%, CAS#135821-03-3), used as internal stan-
dard, was also obtained [rom Cambridge Isotope Laboratories Inc
(Andover, MA).

Alumina (0.063-0.2mm) and copper (<63 p.m) were obtained
from Merck [ Darmstadt, Germany). Al-N and silica cartridges were
obtained from Biotage. Dichloromethane and hexane, solvents for
organic trace analysis, were purchased from Merck.

2.2, Sample collection

Samples analyzed in this study were sediments and lish (Barbus
barbus, Silurus glanis and Cyprinus carpio) collected along five differ
ent sampling points from the Ebro river basin (Spain), and sewage
sludge from six wastewater treatment plants (WWTPs), Logrofio,
Pamplona, Tudela, Zaragoza, Lleida and Torlosa, along also the Ebro
river hasin (Spain). All the samples were transferred to the labora-
tory at a temperature of 4 °C, frozen at —20°C before being freeze
dried. The lyophilized samples were grounded and homogenized by
sieving through a stainless steel 2-mm sieve, and stored in sealed
containers at —20°C until analysis.

2.3. Sample preparation
The sample preparation methodologies applied were similar to

those previously optimized for extraction and purification of dif-
ferent PBDE congeners with some modifications [28,29]. In order

to estimate the analytical parameters of the dilferent methodolo

gies for each studied matrix (recoveries, reproducibility, limits of
detection and quantification), four dilferent replicates were carried
out with samples spiked with the selected analytes (20 ng of each
compound). Moreover, for each matrix, a blank was prepared to
subtract the natural content of the different compounds in each
material.

It is important to note that fish and sludge are dirtier matri-
ces than sediment, and that because different sample preparation
techniques were applied. For sediment, a selective pressurized
liquid extraction (SPLE) method, in which extraction and purifi-
cation of the sample were carried out simultaneously, was applied.
However, this method cannot provide clean extracts for fish
and sludge samples. For fish, a treatment with sulfuric acid is
mandatory. In the case of sludge, even with the acid attack, a
full cleaning of the extract was not achieved. So it was neces
sary to carry out an additional step of purification by SPE silica
cartridges.

23.1. Sediment

Before extraction, 2 g dry weight (dw) were spiked with 10ng
of internal standard (3C-syn-DP). Samples were kept overnight
to equilibrate prior to SPLE. The extraction was done using an
ASE 350 system (Dionex, Sunnywale, CA, USA). Spiked samples
were grown with alumina and copper (1:2:2) and loaded into
a 22mlL extraction cell previously loaded with 8¢ of alumina.
Death volume was filled with hydromatrix. The cell was filled
with a hexane:dichloromethane mixture (1:1) until a pressure
of 1500 psi was reached and was heated to 100°C. Five minutes
ol oven heat-up and 2 static cycles of 10min were made. Final
extraction volume was about 35 ml. Extracts were concentrated to
incipient dryness and re-dissolved with toluene for a final volume
ol 40 L.

2.3.2. Fish

Before extraction, 3 g dw were spiked with 10ng of internal
standard (13C-syn-DP). Samples were kept overnight to equilibrate
prior to the pressurized liquid extraction (PLE). The sample was
loaded in a 11 ml extraction cell and hydromatrix was used to
fill the dead volume. Extraction conditions were the same as the
described for sediments. Resulting extracts were solvent removed
for gravimetric lipid determination and subsequently re-dissolved
in hexane. The solution was then treated with concentrated sulfuric
acid and the organic phase was cleaned by solid phase extraction
(SPE) using alumina (5g) cartridges. Cartridges were conditioned
with 20mL of hexane before sample was loaded, and 20mL of
hexane:dichloromethane (1:2) were used for the elution. Finally,
extracts were concentrated following the same procedure as that
for sediments.

2.3.3. Sewage sludge

Before extraction, 1.5g dw were spiked with 10ng of internal
standard ("*C-syn-DP). Samples were kept overnight to equilibrate.
Spiked samples were ground with copper (1:2) and loaded into an
11 mL extraction cell. Death volume was filled with hydromatrix
and the same PLE conditions used [or fish samples were also applied
to sludge. Resulting extracts were treated with concentrated sulfu-
ric acid, and two steps of SPE were done in order to obtain a clean
extract. Silica (2 g) cartridges were first used, with 20mL of hex-
ane for the conditioning step and 20 mL of hexane for elution step.
Alumina (5g) cartridges were then used in the same way as [or fish
samples. Resulting extracts were concentrated and re-dissolved as
described before.
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Table 1

Retention time, ions, transitions and collision energies (CE) selected for the dechlorane study by GC-NCI-MS and GC-NCI-MS-MS.
Compound Rt{min) MS M3-MS

lon 1 (mjz) lon 2 (mjz) Transition 1 {m/z) CE1(eV) Transition 2 {m/z) CE2(eV)

DPMA 134 a5 237 237>35 45 23737 45
Dec 602 178 612 35 612=35 35 237=35 30
Dec 6013 2006 634 35 63835 15 G383/ 15
Dec Gikd M40 19 #1 A6 > 79 20 LM T79 il
smn-DP 224 654 35 65435 35 654 =37 35
anri-DP 2H 6Ghd 35 Bhd > 35 5 Ghad >4/ 5
i C-syn-DP 224 664 35 664> 35 30 664>37 30

24, Instrumental determination

2.4.1. Gas chromatography-mass spectrometry

GC-negative chemical ionization (NCI)-MS and GC-electron
impact (EI)-MS analyses were performed on an Agilent 7890C gas
chromatograph connected to an Agilent 5975A mass spectrome-
ter. A DB-5ms capillary column (15m = 0.1 mm i.d., 0.1 wm flm
thickness) was used with helium as the carrier gas. The temper
ature program started at 80°C (held for 2min) to 300°C (held
for 10min) at 10°C{min, using the splitless injection mode dur-
ing 1 min. With that chromatographic programme, all the analytes
were completely separared in a total run time of 34 min (Table 1).

The sensitivity obtained for El was lower than that obtained for
NCI. Thus, NCI was selected as the ionization mode for further opti
mization experiments. Different NCI parameters were studied in
order to optimize the signal, including the selection of the chemical
ionization moderating gas (ammonia versus methane), ion source
temperature (ST) (modifying its value from 150 to 300°C), gas flow
(GF) (between 1.25 and 2.5 mL{min), electron energy ( El} (between
50 and 200 eV) and emission current ( EC) (modilying its value from
80 to 200eV).

Selected ion monitoring (SIM) mode was applied in order to
enhance the sensitivity. The experiments were carried out mon
itoring the two most intense peaks from the NCI spectra. Table 1
lists the ions monitored for each selected analyte. The most intense
peaks were used for quantification purposes, and the second ones
for confirmation.

242, Gas chromatography/tandem mass spectrometry

GC-NCI-MS-MS analyses were performed on an Agilent Tech
nologies 7890A GC system coupled to 7000A GC/MS Triple Quad.
The same chromatographic conditions used for GC-MS exper-
iments were used for tandem MS studies. Also, the same NCI
source conditions used for GC-MS were applied to the MS-MS
experiments. Additional parameters, such as collision energies
(modifying its value from 1 to 45 eV} were optimized (Table 1).

Selective reaction monitoring (SRM) mode was applied in order
to enhance the sensifivity. The experiments were carried out mon-
itoring the two most intense transitions (Table 1). The most intense
transitions were used for quantification purposes, and the seconds
for confirmation criteria.

3. Results and discussion
3.1. Optimization for GC-MS

Different parameters were studied in order Lo optimize the
signal by GC-NCI-MS. The selection of the optimal chemical ion-
ization moderating gas was carried out by comparing the signals
obtained working with ammonia and methane. Whereas the use of
ammonia or methane does not influence the signal of PBDEs [30],
different behavior was observed for dechloranes. Methane showed
better instrumental LODs (iLODs) (from 2.6 to 11 times lower) than
ammonium. This could be due fo the different proton affinity (PA)
of the analytes, which could cause that methane (PA 551 kJmol=1)
gives better results than ammonium (PA 854k]mol=1). Further
more, NHy* could form a complex with Cl- that could change
different equilibriums in the source. According to these results,
the selection of the chemical ionization moderating gas is a crit-
ical parameter for obtaining a method with a good sensitivity for
dechloranes, since iLODs considerably improve in all cases with the
use of methane.

Other MS parameters were also evaluated in order to maxi-
mize the signal. The GF was tested modifying its value between
1.25, 1.5, 1.75, 2, 2.25 and 2.5mL{min. The optimum value was
established working at 2.25mL{min. The ST was tested modifying
its value between 150, 175, 200, 250 and 300°C, and the optimal
value was set at 175°C. Higher values of ST showed more [ragmen
tation of the molecular ion of DP, resulting in a decrease of the
intensity of the peak, while at lower temperatures the molecular
ion showed less [ragmentation. In this case also, different behavior
was observed comparing with PBDE analysis, for which high 5T, i.e.
250°C, are usually recommended. The EC was checked modifying
its value between 80, 100, 150 and 200 V. The best sensitivity was
obtained for the highest value tested, 200 eV. However, working
at higher values of EC was not recommended. Finally, the El was
tested modifying its value between 50, 100, 150 and 200eV, and
selecting the 150 eV as the optimal value.

3.2, Optimization for GC-MS-MS

The same GC-NCI-MS conditions were applied to the MS-MS
experiments. Once the optimal transitions were established,

Table 2
Quality parameters obtained for the optimized GC-NCI-M5-MS: comparison with the GC-NCI-MS method.
Compound Precision (% RSD, n=5) Linearity iLOD (injected fg)
Between run Within run Range (pafp.L) R MS MS-MS
DPMA 6.5 L6 0.5-900 0.997 13 43
Dec 602 29 4.1 0.5-900 0.999 96 40
Dec 603 83 43 05-900 0.997 5.0 75
Dec 604 86 5.9 0.5-900 0.997 17 20
syn-DP 7.1 23 05-900 0.999 12 21
anti-DP ERY 45 0.5-900 0.998 an 17
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collision energies for each analyte were optimized modifying its
value from 1 to 45eV. Selected values are presented in Table 1.

Analytical parameters, such as linearity, precision of the method
and instrumental limits of detection were calculated for the devel-
oped GC-NCI-MS-MS method. Table 2 shows the results obtained.
In order to evaluate the precision of the method, five consecutive
injections were performed under the optimum conditions during
the same day (withinrun)and in five different days (hetween run).
The relative standard deviations (RSD) between the five values
were calculated for all the selected analytes. RSD values ranged
from 2.3 to 5.9% in intra-day tests and from 2.9 to 8.6% in inter-
day tests, being always <10%, indicating good intra- and inter-assay
variation. For the linearity study, calibration curves were deter
mined forall the selected analytes. Good correlations were obtained
within the interval studied, with correlation coefficients ranging
between 0.997 and 0.999. The instrumental limits of detection
(iLODs), defined as the minimum amount of analyte which pro-
duces a peak with a signal-to-noise (S/N) ratio equal to 3, were
determined [or dechloranes applying both techniques, NCI-MS and
NCI-MS-MS5. The iLODs varied from 5 to 96, and from 17 to 75
injected fg for NCI-MS and NCI-MS-MS, respectively. The use of
MS-MS does not seem to offer significant improvement in terms of
iLODs, being even slightly higher than those obtained by MS. This
fact was expected analysing standard solutions. The main advan-
tage of the use ol a more selective technique, such as M5-MS, must
be appreciated with the analysis of real samples with complex
matrices.

3.3. Analytical parameters of the developed methods

Table 3 shows the analytical parameters obtained [or the devel
oped methods for dechlorane analysis by GC-NCI-MS-MS in the
three studied matrices. Recovery tests were carried out by spik-
ing 20ng ol each compound; four replicates and a procedural
blank were made for each matrix. Stored samples of fish, sedi-
ment and sludge from the Ebro River were chosen o carry out
the tests. Recoveries ranged from 65 to 114%, 57-76% and 82-99%
for sediment, sludge and fish samples, respectively. As expected,
and due to the differences among the matrices, best recoveries
were obtained for sediment, followed by fish, while the worse val
ues were obtained for sludge samples. However, in all the cases,
obtained recoveries are acceptable for all the analytes, with some
exceptions for DPMA. DPMA was well recovered in sediment tests
(93%)whereas it was lost in fish and sludge samples. The acid treat-
ment applied in these matrices could be an explanation, since this
treatment can [ragment the DPMA molecule, due to the attack at the
free double bond of the mono adduct. Asregards the reproducihility
of the methods, RSD values were also acceptable in all cases, with
values between 4.3-11, 6.4-12 and 2.8-22% for sediment, sludge
and fish samples, respectively.

Method limit of detections (MDL) and method limit of quantifi-
cations (MQL) were also calculated for each selected analyte in the
3 studied matrices using the recovery tests for each matrix. MQL
is defined as the minimum amount of analyte which produces a
peak with a signal-to-noise (S{N) ratio equal to 10. As expecled,
MDLs obtained for sediment were the lowest, with values rang-
ing from 0.12 to 1.26 pefe dw. Higher MDLs (between 1.4 and 15
times ) were obtained for sludge samples, with values between 1.16
and 2.90 pgfg dw, but always in the low pg/g level. In fish samples,
MDLvaluesranged from 2.30to 21.1 pg/g lw. Between the different
selected analytes, the worst results were obtained [or the Dec 602,
whereas the better results were found for the Dec 603.

Results obhtained applying MS-MS were compared with those
obtained by single MS (Table 3). In all the cases, the use of MS-MS
provides better MDL than those obtained by single MS. In sediment
samples, improvement factors move between 9 and 24, with the

Table 3

Recoveries, relative standard deviations (R3Ds) and method limits of detection {MDLs) of GC-NCI-MS-MS analysis of selected analytes in sediment, sludge and fish samples: comparisonwith the GC-MCI-MS method.
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Fig. 1. Cluomatograms obtained for the MS and MS-MS analysis of DP in{a) sediment sample and (b) fish sample.

exception of DPMA for which a great improvement was observed
{more than 100 times). Similarly, improvement factors were calcu
lated for sludge samples, with values ranging between 19 and 320.
Finally, MDLs in fish samples decreased between 3 and 36 times in
MS-MS method. Thus, it can be seen that with the most complex
matrices (sewage sludge) the improvement is more evident.

The advantage ol using SRM with a triple quadrupole MS-MS is
the high sensitivity obtained for multi-analyte quantitative assays.
SRM assays are particularly useful for the specific analysis of tar-
et compounds in complex mixtures and matrices, All the analytes
can be accurately detected and quantified because their SRM ion
transitions are mutually exclusive, allowing total exclusion of back-
ground and interferences. The product ion signal often decreases,
but the percentage decrease in noise is much larger for real sam
ples. Thus, the signal to noise ratios and LODs improve due to
the noise reduction. This noise reduction is evident when com-
paring our chromatograms obtained by MS and MS-MS (Fig. 1).
For DP, either in sediment or fish, the use of M5-MS increased the
sensitivity in comparison with the use of MS: aconsiderable reduc
tion of noise was observed, especially in the case of fish matrices.
Selectivity increase was also noticed when working with the SRM
654>35, obtaining only signals corresponding Lo the two DP iso
mers. Other unknown peaks appeared when using the SIM (mjz
654), which could cause miss-identification when DI environmen-
tal levels were low.

Our MDLs were compared with other reported values in the lit-
erature. Published values of MDL for DP, Dec 602, Dec 603 and Dec

604 are very limited. Some works were carried out applying GC-MS,
such as one published work analysing fish samples [17], with MDL
values of 0.6 and 1.3 pgfrdw (or 12 and 26 pgfe lw) for syn- and
anti-DP respectively. These values are five times higher than those
obtained in our study by GC-MS-MS. Another work [32], in this
case with sludge samples, reported MDLs of 15 and 25pg/gdw
for syn- and anti-DP respectively. These values were about 10-15
times higher than our MDLs obtained by GC-MS-MS. Other pub-
lished work [25]reported MDLvalues obtained by GC-HRMS: MDLs
for DP, Dec 602, 603 and 604 ranged from 0.5 to 1 pgfedw and
from 0.5 to 15pgfg lw, in sediment and fish samples respectively.
These values were quite similar to those obtained in our study by
GC-MS-MS. Thus, the MS-MS method improved the sensitivity
obtained by MS, and it is virtually as sensitive as the HRMS.

3.4 Application to real samples

The developed GC-MS-MS method was finally applied to the
determination of halogenated norbornene flame retardants in sed
iment, sludge and fish samples from the Ebro river basin (Table 4).
These results represented the first report of concentration levels
ol these emerging contaminants in a Spanish aquatic ecosysten.
Dec 602, Dec 603, syn-DP and anti-DP were detected in the three
selected matrices, with frequency of detection ranging from 17 to
100%. Dec 604 was not detected in any sample, probably because
is not used in this area. Also DPMA was not detected. This com-
pound could be present in fish samples, as it is expected that its
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Table 4
Concentration levels (range and median) of dechloranes in sediment (ng/g dw), sludge (ng/z dw) and fish (ng/g Iw) samples.
Dec602 Dec 603 syn-DP anti-DP Farni Total DP
Sediment
fd (%) 4 Bl 100 100 - 100
Range nd-0.14 nd-0.26 0.02-0.28 0.05-1.33 0.69-0.83 0.07-161
Median 0.14 14 005 013 074 01y
Sludge
fd (%) 17 100 100 83 - 100
Range nd-0.24 L0806 085-11.2 nd-11.49 0.63-074 2581848
Median 0.24 013 233 5.92 067 #5.69
Fich
fd (%)* 47 b T4 hh - hh
Range nd-86.1 nd-4.52 1d-0.96 nd-1.28 0.43-0.71 nd-2.24
Median 15.9 1.09 052 054 057 088

nd =nat detecred.
* Frequency of detection.

bioavailabilityis higher than that of DP due to its smaller molecular
size. However, as already mentioned above, the acid treatment step
applied to fish samples leads to total DPMA loss. We would require
the development of a different sample preparation methodology,
i.e., substituting the fat removal with an acid attack by a gel per-
meation chromatography (GPC), to be able to determine the DPMA
presence in these fish samples.

In sediment samples, concentration levels ranged from nd
to 0.14 ngfg dw [or Dec 602, 0.02-0.26 ng/g dw for Dec 603 and
0.07-1.61 ngfgdw for DP. Our Dec 602 and Dec 603 levels are
lower than those reported in the Great Lakes (0.001-11 and
0.15-0.28 ngfz dw [or Dec 602 and Dec 603 respectively)[26] and in
coastal sediments from China (up to 2 ngfg dw for Dec 602)[27]. On
the other hand, our DP levels (meanvalues of 0.05 and 0.13 ng/fg dw
forsyn- and anti-DP respectively) are considerably lower than those
reported from Canada (up to 300 ngfg dw for total DP) [8,9,25] and
China (up to 7000 ngfg dw) [/,10]. These differences were expected,
since the two DP production facilities are located in North America
and China.

Concentration levels in fish ranged from nd to 86.1 ng/glw for
Dec 602, nd to 4.52 ngfelw for Dec 603 and nd to 2.24ngfelw
for DP. Unlike to sediment samples, in fish samples Dec 602 pre
sented higher levels than those of DP. This finding is consistent
with the previous reported levels in the Greal Lakes region, where
the authors also found higher values for Dec 602 than for DP
(0.47-34ngfglw for Dec 602 and 0.03-1.3ngfe lw for DIY) [25].
The dilferences in logKpw values for Dec 602 and DP (7.1 and
9.0, respectively) could he an explanation of this trend. Concen-
tration levels for Dec 602 (median value of 16 ngfg lw) are similar
to those obtained in [ishes [rom Lake Ontario (18 ngjzlw) but
higher than those obtained in other lakes of the Great Lakes region
(0.9ngfglw) [25]. Regarding to DP, total DI levels ranged from
0.10 to 2.24 ngjz lw, being similar to those reported from the Lake
Ontario (0.2-1.9 ng{glw) [16], but lower than those in China (from
20 to 2000 ngfgIw) [15] or Korea (from 0.6 to 130 ng/g lw) [31].

Finally, concentration levels found in sludge samples ranged
from nd to 0.24 ngfgdw for Dec 602, 0.08-0.60ngfg dw for Dec
603 and 2.58-18.8 ng/g dw for DP. Our DP levels are slightly lower
than those found in another study [rom Spain, with values up
to 33ngfgdw [32] and from North Carolina, with values up to
45ngfe dw [33]. On the other hand, Dec 602 and Dec 6073 levels
were much higher than those reported in China (0.01 ngfz dw lor
Dec 602)[14] and in Spain (up to 0.02 ng/g dw for borh Dec 602 and
Dec 603) [34].

In order to evaluate the different behavior of both DP isomers,
the fraction of anti-DP (F,,;) is estimated as the concentration of
the anti-DP divided by the total DP (sum of concentrations of syn-
and anti-DP). In environmental samples (sediments and sludge),
the F,y; values ranged from 0.63 to 0.83, being similar to those

obtained from the technical mixtures (0.75) [21]. However, when
we move to fish samples, F gy, values decreased (from 0.43 to 0.71).
As argued by other authors [26], one possible explanation could
be a higher bioaccumulation capacity of the syn-DP or because the
anti-DP could be easily degraded, as has been suggested in other
studies.

4, Conclusions

For the first time, an analytical methodology for the analysis of
Dechlorane Plus and related compounds by GC-NCI-MS-MS has
been optimized. Instrumental parameters such as linearity, repro
ducibility, repeatability and sensitivity have been calculated. Other
parameters such as recovery, reproducibility, MDLs and MQLs were
also calculated for two environmental matrices (sediment and
sludge) and one hiological matrix (fish). Recoveries ranged from
57 to 114%, always with acceptable relative standard deviations.
MDLs and MQLs obtained by GC-MS-MS are always lower than
those obtained by GC-MS methods, up to 300 times lower. There-
fore, this new methodology is adequate for the analysis of these
compounds at low environmental levels, giving good sensitivity
and selectivity and being a good alternative to the use of the most
costly high resolution (HR)MS.

Optimized methodologies were applied to real samples of sed
iment, sludge and fish from the Ebro river basin (Spain). Dec 602,
Dec 603, syn-DI" and anti-DP were detected in the three selected
matrices. The detection of these emerging pollutants shows their
widespread presence in environment, and therefore the need to
carryout further studies in order to better understand their fate and
occurrence, Hence the importance to have a methodology with the
appropriate sensitivity and selectivity, especially on non-producing
areas where lower levels are expected. The analytical methodology
developed in this study meets all these requirements, besides being
simpler and less expensive than HRMS.
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Abstract A methodology for the simultancous analysis of
eight polybrominated diphenyl ethers (PBDEs); eight
methoxylated PBDEs (MeO-PBDEs); and three emerging
flame retardants, hexabromobenzene (HBB),
pentabromoethyl benzene (PBEB), and decabromodiphenyl
ethane (DBDPE) by gas chromatography coupled to tandem
mass spectrometry (GC-MS-MS) was developed for two en-
vironmental matrices (sediment and sludge) and three biolog-
ical matrices (fish, dolphin blubber, and bird eggs). The use of
selective reaction monitoring (SRM) allows a high selectivity,
which is ecritical in the analysis of complex samples like
blubber. Analytical parameters such as linearity, reproducibil-
ity, or accuracy were evaluated. Method limits of detection
and quantification were evaluated and compared with GC-EI-
MS and GC-NCI-MS. Method detection limits were valid for
the environmental analysis in all cases, with values between
0.01 and 1.65 ng/g dw for sediment, (.05 and 2.78 ng/g dw for
sludge, 0.04 and 10.6 ng/g Iw for fish, 0.01 and .11 ng/g lw
for dolphin blubber, and 0.03 and 3.20 ng/g Iw for bird eggs.
The developed method was applied to five samples of each
matrix. PBDEs were detected in all samples, while MeQ-
PBDEs were only detected in dolphin blubber. DBDPE was
detected in sediment and sludge.

Keywords Emerging BFRs - GC-MS-MS - MeO-PBDEs -
PBDEs
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Introduction

Brominated flame retardants (BFRs) are one of the most used
families of flame retardants (FRs), and its demand increases
every year. They are used in a wide range of materials such as
textiles, furniture, or wire coat materials, where they represent
a considerable amount of the total product weight [1]. One of
the main BFR families is polybrominated diphenyl ethers
(PBDEs) which have been widely used in great amounts for
many vears. However, this situation has changed and penta-
and octa-BDE mixtures are already banned in USA and EU,
while the production and usage of deca-BDE formulation is
decreasing [2]. Thus, other alternative FRs such as
hexabromobenzene (HBB), pentabromocthyl benzene
(PBEB), and decabromo diphenyl ethane (DBDPE) have been
proposed as an alternative [3]. In contrast to the few studies
reporting environmental levels for these new compounds,
PBDEs have been found since 1970 [4] in several environ-
mental and biological matrices such as sediment [5], sludge
[6], air [7], fish [8], bird eggs [9], or cetaceans [10]. Besides,
they have been found in remote places such the Artic, proving
their wide-range transport [11].

On the other hand, other brominated compounds naturally
produced by sponges or red algae have proved to be present in
the environment in similar levels to PBDEs, sometimes even
at higher concentrations [12]. Methoxylated PBDEs (MeQ-
PBDEs) represent an example of these halogenated natural
products (HNPs). They have been found in several cetaceans
[13] and also in fish [14] around the world.

Brominated compounds were normally analyzed by GC-
NCI-MS, which provides a great sensitivity. But, on the other
hand, it is a low selectivity technique. Thus, problems related
to the coclution of some relevant compounds might occur. The
objective of this work was to develop a selective technique for
the analysis of these brominated compounds in environmental
(sediment and sludge) and biological (fish, dolphin blubber,
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and bird egg) matrices by gas chromatography coupled to
tandem mass spectrometry (GC-MS-MS). Other works have
pointed out the importance of using GC-MS-MS for the
analysis of some of these compounds [15-17], but this work
is the first which includes such a wide range of matrices and
the simultancous determination of all these compounds. In
addition to the selectivity obtained by using MS-MS instead
of MS, this technique allows the usage of mass-labeled stan-
dards for isotope dilution quantification. Some analytical pa-
rameters that are not usually given, such as accuracy, together
with recovery values and limits of detection were evaluated.

Materials and methods
Standards and reagents

Method 1614 Swrrogate Stock Solution (PAR Solution) con-
taining tri-BDE-28, tetra-BDE-47, penta-BDE-99, penta-
BDE-100, hexa-BDE-153, hexa-BDE-154, hepta-BDE-183,
and deca-BDE-209; a mixture of Me()-PBDEs containing 5-
MeO-BDE-47, 6-MeO-BDE-47, 4-MeO-BDE49, 2-MeO-
BDE-68, 5'-MeO-BDE-99, 5-MeO-BDE-100, 4'-MeO-
BDE-101, and 4-MeO-BDE-103; and also HBB, DBDPE,
and PBEB were purchased from Wellington Laboratories
Ine. (Guelph, ON, Canada). Method 1614 Labeled Surrogate
Stock Solution containing the mass labeled PBDEs c-
BDE-28, '’C-BDE-47, "*C-BDE-99, "*C-BDE-100, "*C-
BDE-154, *C-BDE-153, C-BDE-183, and *C-BDE-209)
was purchased from Cambridge Isotope Laboratories Inc.
(Andover, MA)

Alumina (0.063-0.2 mm) and copper (<63 wm) were ob-
tained from Merck (Darmstadt, Germany). Al-N and silica
cartridges were obtained from Biotage. Dichloromethane and
hexane, solvents for organic trace analysis, were purchased
from Merck.

Sample collection

Several samples of sediment, sludge, fish, dolphin blubber,
and bird egg were analyzed in order to evaluate the perfor-
mance of the developed methodology inreal samples. Among
the Llobregat River Basin (Spain), five sediment samples
from five different sampling points were collected with a
Van Veen drag while five different sludge samples were
collected from five different waste water treatment plants
(WWTPs). Moreover, five fish samples from different sam-
pling points of the same river were collected by DC electric
pulse. Furthermore, dolphin blubber samples from Tursiops
pruncatus were obtained by biopsy sampling in the Gulf of
Cadiz, and white stork egg samples that had failed to hatch
were collected from Dofiana National Park, in southern Spain.
All the samples were homogenized and freeze-dried.
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Sediment and sludge samples were sieved (120 pm). All
samples were kept at —20 *C until analysis.

Sample preparation

The sample methodologics used were similar to those previ-
ously optimized for the extraction and purification of PBDEs
[18-20]. In the case of sediment, selective pressurized liquid
extraction (SPLE) was applied. However, this methodology
could not be applied for the other matrices since all (sludge,
fish, dolphin blubber, and bird egg) require a more complex
cleanup and lipid content determination in the case of biota.
Normal PLE was used in these cases. Both SPLE and PLE
were carried out in an ASE 350 system (Dionex, Sunnywale,
CA, USA).

Sediment

Before extraction, 1 g dry weight (dw) was spiked with 5 ng of
the mass labeled PBDEs (50 ng for *C-BDE-209). Samples
were kept overnight to equilibrate and were grown with alu-
mina and copper (1:2:2) and loaded into a 22-mL extraction
cell previously filled with alumina (6 g).
Hexane:dichloromethane (1:1) were used as extraction sol-
vents, with a temperature of 100 °C and a pressure of 1500 psi.
Two static cycles of 10 min were made. Extracts were con-
centrated to incipient dryness and reconstituted m 40 uL of
toluene prior to instrument analysis.

Sludge

Before extraction, 1.5 ¢ dw were spiked with 10 ng of “*C-
PBDEs and 100 ng of *C-BDE-209. Samples were grown
with copper (1:2) and loaded into the extraction cell. PLE
conditions were the same as the ones described before.
Resulting extracts were treated with sulphuric acid and then
purified with two consecutive solid phase extraction (SPE)
since sludge needs a more complex cleanup than the other
matrices. The first one was done using silica cartridges (2 g)
and the second one using alumina cartridges (5 g). Resulting
extracts were concentrated and reconstituted as described
betore.

Biota samples

Betore extraction, 1 g of sample was spiked with 5 ng of B¢
PBDEs and 50 ng of *C-BDE-209. Samples were kept over-
night to equilibrate and then loaded into an 11-ml. extraction
cell. PLE extractions were done using the same parameters
than for sediments. Extracts were evaporated and, after gravi-
metric determination of the lipid content, redissolved in hex-
ane. Fat was removed with H, SOy 5, and the extracts were
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purified with SPE using alumina cartridges (AL-N, 5 g).
Resulting extracts were concentrated to 40 uL in toluene.

Instrumental determination

GC-MS-MS analyses were performed on an Agilent Technol-
ogies 7890A GC system coupled to a 7000A GC/MS Triple
Quadrupole. A DB-5ms capillary column (15 m=0.1 mmid.,
0.1 um film thickness) was used for the chromatographic
separation with helium as carrier gas. Different temperature
ramps were tested. The final gradient started at 140 °C, held
for 1 min and then ramped to 310 at 10 “C/min and held for
10 min, for a total run time of 36.5 min.

‘Two different ionization modes, negative chemical ioniza-
tion and electron ionization (NCI and EI respectively), were
tested. It is well known that NCI provides a greater sensitivity
for halogenated compounds than EL while on the other hand,
El is a more selective technique. Obtained transitions for
PBDEs using NCI-MS-MS did not provide acceptable results
in terms of sensitivity. Moreover, the use of EI allows the
quantification by isotope dilution, which is far more reliable
than using other non-labeled standards. Besides, we compared
also EI-MS with EI-MS-MS. The selectivity obtained when
using MS-MS is especially important when analyzing com-
plex matrices since there are lot of possible interferences.
After comparing the different methodologies, EI-MS-MS
was chosen. Selective reaction monitoring (SRM) mode was
used with two fransitions monitored for each compound. The
most intense transitions were used for quantification purposes,
and the second ones for confirmation criteria comparing the
SRM1/SRM2 ratio calculated for the standards with the ratio
found in the samples. Table 1 shows the retention time (Rt)
and collision energies (CE) for all the compounds studied.
Other MS parameters such as ion source temperature (1), gas
flow (GF), injector temperature (IT), and transfer line tempet-
ature (LT) were also optimized in order to increase the signal.
The optimum values were 300 °C, 2.25 ml/min, 280 °C, and
280 °C, respectively. [onization energy was set at 70 eV since
it is the standard energy used in this technique.

Analytical parameters

Linearity was determined by a six-point calibration curve
including all the analytes, with concentrations ranging from
10 to 1000 pg/uL, and the internal standards in a concentra-
tion of 100 pg/pl. Standards were prepared in toluene and
stored at — 20 °C. Repeatability was measured by the relative
standard deviation (RSD) of five consecutive injections (intra-
assay) and three injections on four different days (inter-assay).
Accuracy was measured by the percent deviation (%6Dev) of
the nominal concentration both for infra- and inter-assays.
Both repeatability and accuracy were assessed in three differ-
ent concentration levels: low level (0.025 ng/uL for PBDEs,

MeO-PBDEs, HBB, and PBERB; 0.25 ng/ ul. for BDE-209;
and 0.06 ng/ uL for DBDPE), medium level (0.2 ng/uL for
PBDEs, MeO-PBDEs, HBB, and PBEB; 2 ng/uL for BDE-
209; and 0.5 ng/uL for DBDPE);,and high level (1 ng/uL for
PBDEs, MeO-PBDEs, HBB, and PBEB; 10 ng/uL for BDE-
209; and 2.5 ng/uL for DBDPE).

Instrumental detection limits (IDLs) were determined for
cach compound as the minimum amount of analyte that gave a
signal to noise ratio (S/N) of 3, and the instrumental quantifi-
cation limits (IQLs) were determined as the minimum amount
of analyte that gave a 8/N of 10.

Recovery, repeatability, and accuracy were also measured
(intra- and inter-assay) for the five matrices studied at three
concentration levels by spiking 1 g of sample with 5 ng of
PBDEs, McO-PBDEs, HBB, and PBEB, 50 ng of BDE-209
and 25 ng of DBDPE (low level); 20 ng of PBDEs, McO-
PBDEs, HBB, and PBEB, 200 ng of BDE-209 and 100 ng of
DBDPE (medium level); and 50 ng of PBDEs, MeO-PBDEs,
HBB, and PBEB, 500 ng of BDE-209 and 250 ng of DBDPE
(high level). Five replicates were done for each matrix and
level except for dolphin blubber, where due to sample avail-
ability only three replicates were made for medium and high
levels. Three blank samples were made for each matrix in
order to evaluate the presence of these compounds in the
matrices used, correcting the value obtained when the contri-
bution was higher than 5 %. However, the contribution never
exceeded a 10 % of'the total value except for dolphin blubber,
which was one of the reasons to only choose medium and high
level for this matrix.

Method detection and quantification limits (MDL and
MOQL, respectively) were calculated using low level points
for sediment, sludge, fish, and bird egg, and medium level for
dolphin blubber, by the same method used to calculate IDLs
and IQLs.

Results and discussion
GC-MS-MS conditions

‘Two different columns were tested using different temperature
programs: a DB-3ms capillary column (15 m=0.1 mm id.,
0.1 pm film thickness) and a DB-3ms capillary column
(30 m=0.25 mm 1d., 0.25 pm film thickness). A 30-m col-
umn is used in some studies to achieve a total separation of all
the analytes but, on the other hand, BDE-209 is completely
lost due to thermal degradation also due to the long retention
time in these columns [21]. Since the separation obtained for
all the analytes was satisfactory for all the compounds with the
temperature program used, the 135-m column was chosen.
Several MS parameters were optimized in order to maxi-
mize the signal. The GF was tested modifying its value
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Table 1 Retention times, two transitions (SEM, and SRM;), and the collision energies (¢V) of cach one
Compound Rt SRM, CE, SEM- CE-
PBDEs BDE-28 10.8 408246 25 408248 25
BDE-47 12.8 4262326 30 488328 30
BDE-100 14.1 406297 30 564404 30
BDE-99 14.6 406297 30 564404 30
BDE-154 15.6 4862377 30 644484 30
BDE-153 16.2 436377 30 644484 30
BDE-183 17.7 721>562 30 721564 30
BDE-209 232 208220 25 361280 25
MeO-PBDEs 2-MBDE-68 13.5 516356 25 516358 25
6-MBDE-47 13.8 516>356 25 516358 25
5-MBDE47 14.2 516356 25 516358 25
4-MBDE-99 144 516356 25 516358 25
5-MBDE-100 15.1 596434 30 594436 30
4-MBDE-100 15.2 596434 30 504436 30
5-MBDE-99 15.8 596434 30 594=436 30
4-MBDE-101 15.9 596434 30 594436 30
FEmerging BFRs BB 17.1 468308 25 468310 25
PBREB 11.1 500485 30 485406 30
NDBDPE 244 485406 25 325165 25

Ri retention times, CF collision energies

between 1.25 and 2.5 mL/min (1.25, 1.5, 1.75, 2, 2.25, and
2.5). The optimal value was 2.25 mL/min. ST was tested
modifying its value from 150 to 300 °C (150, 200, 250, and
300 °C). The optimal value was set at 250 "C. Higher tem-
peratures caused the degradation of the high brominated com-
pounds such as BDE-209.

The fragmentations of the precursor ion for PBDEs proved
to be dependent on the bromination degree. Sanchez-Avila
et al. [15] reported different fragmentation patterns for wi-,
tetra-, penta-, hexa-, hepta-, and deca-BDEs. For tri- and tetra-
BDEs, parent ions [M]" and [M+2]" gave di-brominated
product ions ([M-2Br]" and [M-2Br+2]", respectively).
Penta- and hexa-BDEs had the same parent ions, [M-2Br]”
and [M+2]", but different product ions. Penta-BDEs gave [M-
COBr]" and [M-2Br+2]", while hexa-BDEs gave [M-4Br]'
and [M-2Br+2]". The fragmentation described by Sanchez-
Avila et al. for hepta-BDEs and deca-BDE was the same as for
hexa-BDEs. However, these transitions were not optimal for
hepta-BDE (BDE-183) and deca-BDE (BDE-209). We found
other transitions that gave a much better response: for BDE-
183, [M]" as parent ion gave [M-2Br]" and [M-2Br+2]" as
product ions and for BDE-209, parent ions [M-O-8Br]" and
[M-CO-7Bt]" gave [M-0O-9Bt]" and [M-CO-8Bt]" as product
ions. The same transitions were used by Law et al. [22].

Regarding MeO-PBDEs, MeO-tetra-, and MeO-penta-
BDEs presented the same pattern. For MeO-tetra-BDEs par-
ent ion [M+4]" gave [M-2Br+2]" and [M-2Br+4]" as product
ions, while for MeQ-penta-BDEs, parent ion [M+6]" gave

Q) springer

[M-2Br+2]" and [M-2Br+4]" as products ions. Despite the
fact that other fragmentation pattems have been described for
the ortho- substituted MeO-PBDEs [23], with [M-Br-CH3]"
as product ion, the most abundant transitions were the ones
described before and were considered good enough in terms
of selectivity and sensitivity.

Emerging FRs, HBB, PBEB, and DBDPE presented dif-
ferent fragmentation patterns. For IIBB, parent ion [M-Br]'
gave [M-3Br]" and [M-3Br+2]" as product ions and for
PREBR, parent ion [M+4]" gave [M-CH3+4]" as product ion
and [M-CH3+4]" was also used as parent ion with [M-Br-
CH3+4]" as product ion. Finally, two product ions were used
for DBDPE, [M-6Br]” and [M-8Br-5H]", which gave
[M-7Br]" and [M-10Br-5H]" as product ions.

Analytical parameters

Table 2 shows the instrumental parameters evaluated: linear-
ity, sensitivity, and reproducibility. Regarding linearity, the
calibration curve was linear at a range from 10 to 1000 pg/
uL, with correlation coeflicients () between 0.9986 and
0.9999. IDLs ranged from (.11 to 16.3 injected pg, while
IQLs ranged from 0.35 to 54.3 injected pg. For reproducibil-
ity, RSD values were lower than 20 % for all the analytes both
for inter- and intra-assay experiments and at the three concen-
tration levels. In intra-assay experiments, RSD values ranged
from 1.3 to 18 %. Similarly, values in inter-assay experiments
ranged from 2.6 to 19 %.
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Table 2 Instrumental detection and quantification limits, in injected pe, and reproducibility (relative standard deviation, %) for intra- and interday

experiments at the three concentration levels

Fis DL QL Intraday Interday
1 2 3 1 2 3
PBDEs BDE-28 0.998 0.11 035 1.73 363 1.75 258 327 9.55
BDE47 0.999 0.18 0.61 438 232 127 744 6.25 872
BDE-100 0.99%6 043 144 6.34 2.14 477 871 522 875
BDE-99 0.998 0.54 1.81 11.9 454 375 129 781 729
BDE-154 0997 227 758 599 740 525 598 6.62 103
BDE-153 0.997 357 119 7.3 539 802 124 5.02 722
BDE-183 0.998 125 417 14.1 938 114 164 14.8 138
EDE-200 0.997 163 544 7.63 145 277 7.71 937 3.00
MeO-PBDEs 2.MBDE-68 0.999 1.06 352 14.3 4.12 823 13.1 3.74 744
6-MBDE47 0.999 083 278 118 3.09 6.79 10.7 2.80 628
5.MBDE47 0.996 047 157 113 352 874 116 418 7.84
4.MBDE-99 0996 1.14 379 9.09 398 731 8.85 3.84 657
5-MBDE-100 0.997 341 114 114 822 124 103 8.06 11.7
4MBDE-100 0998 038 313 17.1 722 0.44 154 10.6 856
5-MBDE-99 0.998 577 192 5.60 113 116 793 10.1 109
4-MBDE-101 0.998 4.69 15.6 13.8 10.7 103 127 114 9.49
Emerging BFRs HRR 0.999 132 439 6.7 025 0.68 6.09 .29 867
PBEB 0.999 0.90 3.01 8.52 507 6.04 848 534 189
DBDPE 0.99% 625 20.8 7.14 354 182 132 188 155

Level 1: 0.025 ng/uL for PBDEs, MeO-PBDEs, HBB, and PBEB; 0.25 ng/ uL for BDE-209; and 0.06 ng/uL. for DEDPE.

Level 2: 0.2 ng/ul. for PBDEs, MeO-PBDEs, HBB, and PBEB; 2 ng/ul. for BDE-209; and 0.5 ng/ul. for DBDPE.
Level 3: 1 ng/uL for PBDEs, MeO-PBDIs, HBE, and PBEB; 10 ng/uL. for BDE-209; and 2.5 ng/ L for DBDPE

IDLs instmmental detection limits, JOLs instrumental quantification limits, RSD relative standard deviation

Recoveries, reproducibility, accuracy, and MDLs and
MOQLs were calculated for the five different matrices at three
different concentration levels (Table 3). As said before, blanks
were used (o subtract the natural content that samples might
had but the values found never surpassed a contribution of
10 % to the total value.

Even though the extraction methodologies used had al-
ready proved to provide good recoveries in these matrices,
recovery values for these experiments were calculated. Re-
coveries for PBDEs ranged from 75 to 96 %, from 52 to 67 %,
from 57 to 77 %, from 53 to 82 %, and from 57 to 87 % in
sediment, sludge, fish, bird egg, and dolphin blubber, respec-
tively. MeO-PBDEs were well recovered as well, with values
ranging from 78 to 91 %, from 33 to 68 %, from 51 o 77 %,
from 58 to 83 %, and from 70 to 77 % in sediment, sludge,
fish, bird egg, and blubber, respectively. Finally, HBB, PBEB,
and DBDPE recoveries ranged from 103 to 105 % in sedi-
ment, from 52 to 66 % in sludge, from 68 to 80 % in fish, from
70 to 78 % in bird eggs, and from 71 to 76 % in dolphin
blubber. As expected, sediment was the matrix which present-
ed the best recovery values and sludge was the matrix which
gave the lowest ones.

Regarding intraday assays, RSD values ranged from 0.9 to
7.5 % in sediment, from 1.1 to 18 % in sludge, from 1.1 to
12 % in fish, from 1.81 to 18.0 % in dolphin blubber, and from
2.5 1o 11 % in bird egg. For interday assays, RSD valucs
ranged from 1.7 to 17 % in sediment, from 2.7 to 19 % in
sludge, from 3.2 o 19 % in fish, from 2.33 to 13.3 % in
dolphin blubber, and from 2.0 to 20 % in bird egg.

Regarding the accuracy, expressed as percent deviation
(%Dev), values obtained for intra- and inter-assays were sat-
isfactory for all the matrices at the three levels since values of
the |%4Dev| were always lower than 15 %. In sediment, values
ranged from —8.2 to 10 %; in sludge, values ranged from—13
to 13 %; in fish values ranged from —11 to 15 %, while in
dolphin blubber, values ranged from —9.12 to 10.7 %. Finally,
values in bird egg ranged from —13 to 15 %. As happened for
the precision, accuracy values were not statistically different
between intra- and infer- assays in most of the cases. This is
attributed to the fact that the methodology provides consistent
values through time, even though some variations, despite
being in acceptable ranges, are quite high. Moreover, not
positive or negative values prevailed over the other for the
same matrix.
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Table 3 Recovery values, method detection and quantification limits for the five matrices studies

Sediment (ng/g dw)

Sludge (ng/g dw)

Fish (ng/g lw)

Dolphin blubber
(ng/g Lw)

Bird egg (ng/g lw)

R (%) MDL MQL

E(%) MDL MQL R (%) MDL MOQL

E(%) MDL MQL

E (%) MDL MQL

PBDEs BDE-28 96 001 003 65 0.05
BDE47 96 001 004 67 0.05
BDE-100 9l 002 007 65 0.11
BDE-99 75 003 009 6l 0.10
BDE-154 95 008 025 65 0.63
BDE-153 87 012 039 59 0.79
BDE-183 95 039 132 59 136
BDE-209 83 165 549 51 278
MeO-PBDEs ~ 2-MBDE-68 87 007 022 62 022
6-MBDE47 87 005 016 60 136
5-MBDE47 %1 003 009 53 1.00
4-MBDE9% 89 007 024 53 0.75
5-MBDE-100 78 0.13 043 56 136
4-MBDE-100 89 038 125 68 1.67
5-MBDE9% 91 016 053 55 1.00
4-MBDE-101 80 022 075 o4 1.50
Emerging BFRs  HBB 105 003 011 66 035
PBEB 104 004 014 64 0.56
DBDPE 103 011 037 32 0.94

017 72 004 012 &7 0.0 004 82 0.03  0.09
017 77 005 018 81 001 005 72 0.03 010
038 67 020 067 77 006 019 &7 012 041
033 63 029 097 &1 003 009 73 0.13 045
208 59 043 142 75 021 069 57 035 117
263 73 064 213 71 013 042 53 031 L2
4535 6l 319 106 56 139 463 61 151 5.02
926 57 106 354 62 L1 369 57 320 107
0.74 68 106 354 77 0.09 031 38 0.59 195
4535 77 043 142 75 024 079 67 0.25 085
333 65 043 142 T 006 019 65 0.28 092
250 51 213 709 74 016 053 61 046 1.55
435 66 199 664 76 031 104 76 0.59 198
556 73 220 733 77 1.59 529 83 201 670
333 63 375 125 70 047 157 63 0.54  1.80
500 74 319 106 76 0.80 268 73 0.83 276
1.16 80 020 067 76 006 021 75 0.12 039
1.85 70 018 061 71 006 019 70 0.14 047
312 58 966 322 72 Lo6 352 78 354 118

R recovery, MDLs method detection Limits, MOLs method quantification limits

Furthermore, MDLs and MQLs are shown in Table 3. The
low brominated PBDEs presented better MDLs and MQLs in
all cases, while high brominated PBDEs presented the highest
values in all the matrices. The same was observed for MeO-
PBDEs since the tetra-brominated congeners gave lower
values than the penta-brominated congeners. Values obtained
for sediment were considerably lower than in sludge, as ex-
pected, since sediment is a cleaner matrix. With the exception
of BDE-28 and BDE-47, where MDLs in sediment were only
up to five times lower, in some cases, the values in sediments
were up to 12 times lower than in sludge (i.e., PBEB and
HBB). Regarding biological matrices, dolphin blubber and
bird egg showed similar MDLs (0.01-1.59 ng/g lw and
0.03-3.54 ng/g lw, respectively), while fish showed slightly
higher values (0.04-10.6 ng/g lw). The sensitivity of our
developed method was compared with previous published
works analyzing PBDEs and MeO-PBDEs by EI-MS-MS.
Our IDLs are lower than those reported by Sanchez-Avila
|15] which ranged from 1.5 to 10 injected pg. In this work,
BDE-183 and BDE-209, the less sensitive BDE congeners,
were not included. So, our IDLs for PEDEs ranged from (.11
to 3.57 injected pg, which represent an improvement of IDL.
values up to 13 times less. Similarly, the MDLs they reported
for sediment (11 to 44 ng/g dw) were also higher than those
obtained in our study (0.008 to 1.68 ng/g dw). On the other
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hand, our IDLs are similar to those reported by Losada et al.
(0.9 to 2.5 injected pg for PBDEs and (0.4 to 1.5 injected pg tor
MeO-PBDEs). Losada et al. also reported MDLs in whale
blubber which were lower than those reported in our study,
with values ranging from 0.03 to 0.29 ng/g Iw and from 0.05
to 0.18 ng/g lw for MeO-PBDEs and PBDEs, respectively
[14].

Due to its instability at the high temperatures, the analysis
of BDE-209 by GC-MS-MS represents a challenge since it is
difficult to obtain a proper parent ion. Most of the published
works do not include this compound in the method. Our IDLs
were comparable to those obtained by Law et al. [22], who
also included BDE-209 with values ranging from 0.5 to 75
injected pg. Law et al. also reported IDLs for HBB and PBEB,
which were similar to those we obtained: 0.9 toward 0.4 and
1.3 toward 1.0 for HBB and PBEB for Law et al. and our
methodology, respectively.

EI-MS versus EI-MS-MS

EI-MS and EI-MS-MS were compared in terms of sensitivity.
Table 4 shows the MDLs obtained by both methodologies for
the several matrices studied spiked at low level, with the
exception of dolphin blubber where the medium level was
used for the calculations. Since MS-MS provides much better
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Table 4 Methed detection limits by EI-MS and EI-MS-MS for all the compounds stadied
Sediment Sludge Fish Delphin blubber Bird egg
(ng/g dw) (ng/g dw) (ng/g Iw) (ng/glw) (ng/g lw)
MS MS-MS MS MS-MS MS MS-MS  MS MS-MS MS MS-MS
PBDEs BDE-28 0.06 0.01 0.18 0.05 028 0.04 0.11 0.01 0.42 0.03
BDE47 0.03 0.01 0.10 0.05 032 0.05 015 0.01 0.52 0.03
BDE-100 0.06 0.02 044 0.11 0.88 0.20 0.34 0.06 1.37 0.12
BDE-99 0.06 0.03 027 0.10 146 0.29 043 0.03 1.69 0.13
BDE-154 033 0.08 1.50 0.63 112 043 042 0.21 1.35 035
BDE-153 0.30 0.12 1.76 0.79 113 0.64 0.59 0.13 1.33 031
BDE-183 254 039 - 1.36 4.11 319 217 1.39 - 1.51
BDE-200 - 1.65 - 278 - 10.6 531 1.11 185 320
MeQ-PBDEs 2-MBDE-68 0.23 0.07 4.11 022 154 1.06 0.61 0.09 1.53 0.59
6-MBDE47 0.16 0.05 1.52 1.36 287 043 0.53 0.24 0.50 0.25
5-MBDE47 0.24 0.03 205 1.00 525 0.43 0.56 0.06 1.78 0.28
4-MBDE-92 017 007 1.89 0.75 5.08 213 042 0.16 0.92 046
5-MBDE-100 0.54 013 5.17 1.36 10.5 1.99 044 0.31 1.70 0.59
4.MBDE-100 0.73 038 698 1.67 15.0 2.20 0.49 1.59 1.59 201
5-MBDE-9% 0.56 0.16 238 1.00 18.1 375 081 047 277 0.54
4-MBDE-101 0.76 022 820 1.50 229 319 0.53 0.80 2.06 0.83
Emerging BFRs HBR - 0.03 - 035 399 0.20 0.98 0.06 5.64 0.12
PBEB 0.16 0.04 212 0.56 354 0.18 022 0.06 0.18 0.14
DBDPE 34 0.11 18.5 0.94 724 9.66 2.88 1.06 7.35 354
MDLs method detection linuts

selectivity than MS, the signal to noise (S/N) ratio decreases
considerably, providing better MDLs or even allowing the
determination of the compound while it was not possible by
EI-MS. For instance, BDE-209 could not be determined by
EL-MS in sediment, sludge, and fish, while it could be deter-
mined by EI-MS-MS. When using EI-MS-MS, MDLs i
proved considerably: from 2 to 8 times in sediment, from 2 to
18 times in sludge, from 2 to 26 times in fish, from 1.5 to 48
times in dolphin blubber, and from 1.3 to 47 times in bird egg.

Moreover, Fig. 1 shows several chromatograms from real
samples of fish and sludge where the difference between EI-
MS and EI-MS-MS can be clearly seen. The use of MS-MS
allows the correct identification of BDE-100 and BDE-99 due
to its higher selectivity, while several unknown peaks appear
when using MS. In addition, BDE-209 could not be deter-
mined in sludge by MS, whereas the S/N is reduced consid-
crably with the use of MS-MS and thus BDE-209 can be
correctly identified and determined.

Application to real samples

The optimized methodology was applied to five different
samples for each matrix, as described in section “Sample
collection.” Different PBDEs were detected in all matrices,
while MeO-PBDEs were only detected in dolphin blubber.

This fact was expectable since, as explained before, MeQ-
PBDEs are only found in marine environment. Unfortunately,
we could not obtain marine samples of the other matrices. On
the other hand, HBB and PBEB were not detected in any
sample, whereas DBDPE was only detected in environmental
samples (sediment and sludge). Results are summarized in
Table 5. Several PBDES (from tetra-brominated to deca-bro-
minated) were detected in sediments from the Llobregat River
Basin, with BDE-209 as the most abundant compound. Total
PBDE levels ranged from 2.50 to 48.1 ng/g dw and were
slightly higher than the ones that Labandeira et al. reported
for the same river in 2007 [19]. On the other hand, Guerra
et al. reported higher levels (from 22 to 136 ng/g dw) in
sediments from the same river [5], so there is a great variation
on the levels depending on the sampling points and year.
DBDPE was also detected with levels ranging from not de-
teeted (nd) 1o 30.7 ng/g dw. Kierkegaard et al. deteeted similar
levels (24 ng/g dw) in sediment samples from the Netherlands
[24].

Regarding sludge, several PBDEs and DBDPE were de-
tected. Total PRDE levels ranged from nd to 250 ng/g dw and,
in the same way than sediments, BDE-209 was the most
abundant compound; DBDPE levels ranged from nd to
100 ng/g dw. Our values are clearly lower than those reported
by De la Torre et al. (from 58 to 2606 ng/g dw) [25] and Gorga
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Fig. 1 Comparison between SIM-EI (up chromatograms) and SRM-EI (down chromatograms) of the same a fish and b sludge samples

et al. (up to 2303 ng/g dw) [6] in different WWTPs from
Spain. On the other hand, our values were similar to ones
reported by De la Torre et al., which ranged from 3.24 to
125 ng/g dw [26].

PBDEs were also detected in fish samples. In this case,
BDE-47 was the most abundant compound, which is in

Table 5 Levels found in sediment and sludge (ng/g dw) and in fish,
dolphin blubber, and bird egg (ng/g Iw). N=5 in all matrices

Sediment  Sludge Fish Blubber Bird egg
PBDEs 2.51-48.1 nd-250 nd-248 155-1350 5.51-404
MeO-PBDEs  nd nd nd 50.1-1244 nd
HBB nd nd nd nd nd
PBEB nd nd nd nd nd
DBDPE nd-30.7  nd-100 nd nd nd

nd not detected

4) Springer

agreement with other published works. Total PBDE levels
ranged from nd to 248 ng/g lw and were in the same range
than other study carried out in the Llobregat river by
Labandeira et al., who reported PBDE concentrations ranging
from 28.8 and 744 ng/g lw [19]. However, since the fish
species are different, these results have to be compared with
caution. PBDEs have been analyzed in fish worldwide, with a
great variability on the levels reported [27].

Morcover, both PBDEs and McO-PBDEs were detect-
ed in dolphin blubber. BDE-47 was the most abundant
PBDE, and 6-MecO-BDE-47 was the most abundant MeO-
PBDE. Total PBDE levels ranged from 15.5 to 1350 ng/g
lw while total MeO-PBDE levels ranged from 50.1 to
1244 ng/g lw. Dolphins are known to be at the top of
the food chain and usually present high PBDE and MeO-
PBDE burdens. Recently, Alonso et al. reviewed all the
studies reporting PBDEs and MeQ-PBDEs around the
world [13]. Our results are in the middle of the total range
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since there are studies which report concentrations up to
13,000 ng/g Iw of PBDEs or MeO-PBDEs.

Finally, PBDEs were also detected in white stork eggs,
with levels ranging from 5.51 to 40.4 ng/g lw. BDE-209 was
the most abundant compound, which is surprising but in
agreement with Muhoz-Aranz et al, who reported the pre-
dominance of BDE-209 also in white stork eggs from Donana
National Park [28]. Our values are lower than the ones report-
ed for the same species n the same location, which ranged
from 2.92 to 129 ng/g Iw [28]. However, these samples were
taken in 19992000, which could explain this variation. To
our knowledge, the higher PBDE values reported for bird eggs
were reported for peregrine falcons from the Great Lakes, with
values ranging from 530 to 38,000 ng/g lw [9]

Conclusions

An analytical methodology for the simultaneous analysis of
eight PBDE congeners (from tri- to deca-BDEs), eight MeO-
PBDEs, and three emerging BFRs in two environmental ma-
rices (sediment and sludge) and three biological matrices
(fish, dolphin blubber, and bird egg) by GC-EI-MS-MS was
developed. The methodology provided MDLs and MQLs
adequate for the analysis of these compounds in the environ-
ment, and other analytical parameters such as accuracy or
precision were also evaluated for all the matrices. Further-
more, differences between NCI and EL and between EI-MS
and EI-MS-MS were studied. Even though NCI is more
sensible than EI, the improvement on the selectivity of the
EI was considered the main factor to take into account con-
sidering the problems that occur in environmental analysis. In
addition, EI allows the use of mass labeled standards provid-
ing a more reliable quantification. Besides, EI-MS-MS proved
to be more sensitive than EI-MS.

The methodology was applied to several samples for cach
matrix studied. PBDEs were detected in the five matrices,
with different levels and congener distributions in environ-
mental and biological samples. DBDPE was only detected in
sediment and sludge, while MeO-PBDEs were only detected
in the only marine matrix, dolphin blubber.

This methodology allows the reliable determination of
these compounds in a wide number of matrices. Important
analytical parameters, which are rarely given in other works,
were satisfactory and met the requirements for this kind of
analysis.
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2.3. Discusion

Las dos metodologias desarrolladas han permitido el analisis de los diferentes HFRs en
diferentes muestras ambientales y bioldgicas de manera sensible y selectiva, aportando
nuevos datos sobre su presencia y comportamiento en el medio ambiente. Esta
informacidn, especialmente para los HNs, aln es relativamente escasa. A continuacion

se explica el proceso seguido para el desarrollo de ambos métodos.

2.3.1. Decloranos

Se ha desarrollado una metodologia para el analisis del Dec 602, Dec 603, Dec 604,
syn- y anti-DP mediante GC-NCI-MS-MS, previa optimizacion de una metodologia
mediante GC-NCI-MS, utilizando CH, como gas reactivo. También se incluyeron el
mono aducto del DP (DPMA, del inglés dechlorane plus mono adduct) y el mirex. El
primero es producto de una reaccion Diels-Alder inversa que origina el mono aducto del
DP (Figura 2.1). Existen evidencias de que este compuesto estd presente tanto en
sedimentos como en biota (Guerra et al., 2011b; Sverko et al., 2011). No obstante, el
doble enlace expuesto que presenta hace que no sea estable en H,SO4 y por tanto no es
posible detectarlo en biota o lodos con nuestra metodologia de purificacion actual. Pese
a que en un principio se planted la posibilidad de optimizar una metodologia de
purificacion mediante GPC, se acab0 descartando la idea por falta de tiempo y por tanto
la determinacion del DPMA quedd limitada a las muestras de sedimentos.

Como se ha comentado, en la fecha de comienzo de esta tesis la mayoria de
metodologias para el analisis de estos compuestos (normalmente solo el DP) eran GC-
NCI-MS o0 GC-HRMS (Feo et al., 2012; Kolic et al., 2009; Sverko et al., 2011; Xian et
al., 2011). Tras la evidencia de su presencia en el medio ambiente, se habian incluido en
los métodos de rutina ya que por sus caracteristicas fisicoquimicas encajaban bien con
los métodos de extraccion habituales. Sin embargo, en general habia un vacio en cuanto
a la informacion sobre sus recuperaciones y limites de deteccion, por lo que no quedaba
claro si realmente analizarlos utilizando las mismas condiciones que para otros HFRs
era la mejor opcion. Primero se desarrollé un programa de temperatura que permitiera
separar bien todos los compuestos incluyendo los 2 isomeros del DP, y se optimizaron
los iones monitorizados mediante SIM (Tabla 1 del Articulo #1). No obstante, se vio
que los mLODs no eran suficientes para la deteccion de concentraciones bajas asi que se
decidio optimizar una metodologia mediante GC-MS-MS.
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Figura 2.1. Estructura del DPMA.

Se realiz6 un primer estudio para valorar el modo de ionizacion Optimo para estos
analitos. La sensibilidad obtenida mediante GC-EI-MS-MS fue unas 100 veces inferior
a la que proporcionaba la GC-NCI-MS-MS. Esto fue seguramente debido a que
mediante NCI se podia monitorizar la pérdida de los iones de cloro, una pérdida muy
favorable en estas condiciones, mientras que por El no se consiguié una transicion
suficientemente abundante. Curiosamente, los LODs instrumentales (iLODs, del inglés
instrumental limits of detection) no variaban tanto entre GC-NCI-MS y GC-NCI-MS-
MS (Tabla 2 del Articulo #1) mientras que mejoraron considerablemente al aplicar el
método a muestras reales (Tabla 3 y Figura 1 del Articulo #1). Esto demuestra que la
mejora en sensibilidad vino causada principalmente por la drastica reduccion del ruido
de fondo, mejorando los mLODs entre 2 y 36 veces en sedimento, 9 y 116 veces en
lodos de depuradora, y entre 19 y 300 veces en peces. El hecho de que se mejorara mas
en matrices mas complejas como lodos y peces permite ver la importancia de la
selectividad de la MS-MS a la hora de conseguir mejores LODs. En la figura 2.2 se
muestran varios cromatogramas donde la mejora obtenida con la nueva metodologia se
hace evidente.

El resto de autores que actualmente analizan los HNs mediante MS-MS lo hacen usando
El (Guo et al., 2014; Suhring et al., 2015a; Sihring et al., 2015b; Zhang et al., 2015).
En la tabla 2.2 se resumen los diferentes mLODs de estas metodologias. Puede
observarse claramente como la NCI-MS-MS desarrollada en esta tesis permite detectar
concentraciones bastante mas bajas que la EI-MS-MS.
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GC-NCI-MS-MS
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Figura 2.2. Cromatogramas de los diferentes decloranos en diferentes tipos de muestra obtenidos

mediante su andlisis por GC-NCI-MS y GC-NCI-MS-MS.
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Tabla 2.2. Limites de deteccion de las diferentes metodologias GC-MS-MS disponibles

en la literatura.

Baron Suhring Zhang Guo Baron Zhang
etal. 2012 etal. 2015 etal. 2014 etal .2014 | et al.2012 et al.2015

Sedimento (pg/g dw) Biota (pg/g Iw)
Dec 602 1,3 13 n.r n.r 21 n.r
Dec 603 0,1 52 n.r n.r 7,3 n.r
Dec 604 0,2 355 n.r n.r 7 n.r
syn-DP 0,3 42 1,2 644 55 200
anti-DP 0,2 59 1,2 644 21 200

n.r: No reportado

2.3.2. PBDEs y BFRs emergentes

Al inicio de esta tesis la metodologia utilizada en el laboratorio para el andlisis de
PBDEs era la GC-NCI-MS, con NH3 como gas reactivo (De La Cal et al., 2003; Eljarrat
et al., 2004). Pese a la elevada sensibilidad que proporciona esta técnica, la baja
selectividad de los iones del bromo representa un serio problema especialmente en
muestras de biota, que justamente constituyen una gran parte de esta tesis. Por ello, y en
base a la tendencia en los Ultimos afios al uso de la GC-EI-MS-MS para este tipo de
analisis, se decidid desarrollar esta metodologia para el andlisis de PBDEs, BFRs
emergentes y MeO-PBDEs (los unicos HNPs incluidos en el método) y validarla en
diferentes matrices ambientales y bioldgicas. Se optimizaron las diferentes transiciones
y se adapto el programa de temperatura de manera que permitiera la correcta separacién
cromatografica de los compuestos de interés (Tabla 1 del Articulo #2). EI método
mostré buena reproducibilidad y repetitividad, nunca superando el 20% instrumental o
en matriz (Tablas 2 y 3 del articulo #2). El andlisis del BDE-209 es especialmente
problematico y su deteccion y cuantificacién, ya complejas y dificiles en MS, son aun
mas complicadas por MS-MS. Con esta metodologia se consiguieron mLODs bastante
aceptables (Tabla 3 del Articulo #2). En la figura 2.3 se muestra una comparativa entre
los mLODs obtenidos mediante MS y MS-MS con EIl como fuente de ionizacion para
los PBDEs y BFRs emergentes. Pese a que la diferencia no es tan pronunciada como en
el caso de los HNs, en muchos casos el uso de MS-MS permiti6 la deteccion del BDE-
209, proporcionando ademas valores mas bajos para el resto de compuestos que la MS.

Los mLODs obtenidos eran comparables a los reportados por los otros estudios de
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PBDEs mediante MS-MS (Cristale et al., 2012; Law et al., 2013; Losada et al., 2010;
Sanchez-Avila et al., 2011); esta discusion puede encontrarse en el apartado de

resultados y discusion del articulo #2.
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Figura 2.3. Comparativa entre los mLODs obtenidos mediante MS y MS-MS en diferentes matrices; las
barras representan los valores entre el 25 y 75 del percentil. * BDE-209 no detectado.

2.3.3. ¢ Por qué no un andlisis multiresiduo?

Evidentemente, la idea inicial era desarrollar una metodologia que permitiera el analisis
conjunto de todos los compuestos de interés. Sin embargo, al optimizar la metodologia
para los HNs se identificaron ciertas caracteristicas que, por lo menos con la
instrumentacion de la que se disponia, lo harian imposible. Primero de todo, no fue
posible obtener una transicion lo suficientemente abundante para los HNs mediante El,
que es la fuente de ionizacion utilizada en el andlisis de los BFRs por MS-MS. Al ver
que la NCI-MS-MS daba muy buenos resultados para los HNs se intentd obtener
transiciones con una intensidad suficiente para los PBDES, pero la pérdida de bromo es
un proceso tan favorable y que produce una sefial tan intensa que no se consiguid un ion
padre suficientemente abundante. Otro elemento que ilustra las diferentes caracteristicas
de estas dos familias es la comparacion entre los LODs obtenidos utilizando CH4 y NH3
como gases de reaccion. Mientras que para los PBDEs no parece haber mucha
diferencia, en el caso de los HNs se puede ver claramente como es un factor a tener en
cuenta (Tabla 2.3).



Desarrollo de métodos analiticos

Tabla 2.3. Comparacion entre los LODs (fg inyectados) obtenidos mediante 2 gases de

reaccion diferentes.

DPMA Dec602 Dec603 Dec604 syn-DP anti-DP | PBDEs
Amonio 47 926 30 187 61 23 30-210
Metano 13 96 5 17 12 9 56-177

Un método conjunto mediante GC-NCI-MS hubiera sido posible, asumiendo que los

LODs de los HNs podrian no ser suficientes para el andlisis en ciertas zonas donde se

esperaban niveles bajos, pero como se ha explicado la prioridad era trabajar con MS-MS

y conseguir una identificacién sensible y selectiva. De este modo, pese a necesitar 2

inyecciones (mas otra mediante LC-MS-MS si se quiere analizar el HBCD) se

consiguen unos resultados méas seguros y con una sensibilidad adecuada para el analisis
ambiental (Tabla 2.4).

Tabla 2.4. Transiciones, LODs y LOQs instrumentales (pg inyectados) de las

metodologias definitivas utilizadas para el anélisis de HFRs en el transcurso de la tesis.

Compuesto SRM; SRM, LOD LOQ
BDE-28 408>246  408>248 0,11 0,35
BDE-47 486>326  486>328 0,18 0,61
BDE-100  406>297 564>404 0,43 1,44
BDE-99 406>297 564>404 0,54 1,81
PBDEs BDE-154  486>377 644>484 2,27 7,58
BDE-153  486>377 644>484 3,57 11,9
BDE-183  721>562 721>564 12,5 41,7
BDE-209  298>220 361>280 16,3 54,4
HBB 468>308 468>310 1,32 4,39
emfggites PBEB 500485 4855406 0,9 3,01
DBDPE 485>406  325>165 6,25 20,8
a-HBCD 639>79 639>81 0,5 1,7
HBCD* B-HBCD 639>79 639>81 0,5 1,8
y-HBCD 639>79 639>81 1,2 4
Dec 602 612>35 612>37 96 320
Dec 603 638>35 638>37 5,0 17
HNs** Dec 604 460>79 504>79 17 57
syn-DP 654>35 654>37 12 40
anti-DP 654>35 654>37 9,0 30

*Guerra et al. (2008). ** fg inyectados.
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En general, los mejores LODs se obtuvieron para los decloranos, seguidos por el
HBCD, los PBDEs y BFRs emergentes. En el caso del HBCD los LODs son buenos
pese a trabajar en LC debido al uso de la MS-MS. Por lo que respecta a las diferentes
matrices incluidas, el sedimento presentd los mejores LODs para todos los compuestos,
como era de esperar al ser una matriz relativamente sencilla. Mientras que en PBDEsS y
BFRs emergentes los LODs para lodos y huevos eran ligeramente inferiores a los
obtenidos en peces, en el caso de los HNs se obtuvieron mejores LODs para peces que
para las otras 2 matrices. Para todos los compuestos los LODs en grasa de delfin fueron
inferiores a las del resto (excepto sedimentos). Seguramente, el hecho de que las otras
matrices presenten materia organica mas compleja podria ser una explicacion.

En cualquier caso, como se mostrara en los capitulos posteriores los metodos

desarrollados han resultado ser utiles para los estudios de niveles ambientales.
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3.1. Introduccion

Como se ha comentado en el capitulo 1, la emision de la mayoria de HFRs desde los
productos que lo contienen puede producirse en 2 periodos diferentes: durante la vida
util del producto o material en cuestion, y una vez éste ha sido retirado. Asimismo se
puede producir la re-entrada de los contaminantes al medio ambiente desde otras fuentes
secundarias como los lodos de depuradora o sedimentos, por lo que compuestos que ya
estaban “fijos” en una zona pueden volver a entrar en juego. Una vez liberados de nuevo
pueden tanto acumularse en los organismos cercanos, volverse a depositar en las capas
sedimentarias superficiales, o volatilizarse a la atmdsfera. Este Ultimo proceso es el que
permite su transporte a otras zonas, ya que la mayoria de los HFRs son altamente
estables y dificilmente degradados en la atmoésfera. En el caso de los lodos la
problematica viene dada mayoritariamente por el tratamiento que se les da: si no son
destruidos en condiciones Optimas se emitirdn los HFRs, y si son usados en la
agricultura se contaminara tanto el terreno cultivado como posiblemente plantas y
animales. El analisis de este tipo de muestras permite obtener datos sobre la presencia
de los HFRs en este compartimento ambiental concreto, poder evaluar el impacto de la
actividad humana en el medio ambiente, o estudiar posibles diferencias de perfiles entre
zonas. Ademas, las concentraciones obtenidas pueden ser usadas para llevar a cabo
evaluaciones del riesgo ecologico (ERA, del inglés ecological risk assesment) de estos
compuestos, lo que a medio plazo puede contribuir en la mejora de las estrategias de
gestion ambiental (Barakat et al., 2012). A continuacion se resume brevemente los
mecanismos mediante los cuales los HFRs se acumulan en las 2 matrices ambientales

estudiadas en esta tesis: sedimento y lodos de depuradora.

Sedimentos

El medio acuético se puede dividir en 3 compartimentos principales: agua, sedimentos y
material particulado o materia organica en suspension. Al ser los HFRs altamente
hidrofobicos sera mas probable encontrarlos ya sea en el material particulado o en el
sedimento; contaminantes adsorbidos en el particulado acabaran sedimentando por
deposicion en zonas con poco flujo como lagos o remansos, por lo que se ha de prestar
atencion a las caracteristicas geoldgicas a la hora de planificar un estudio (Bigus et al.,
2014). No obstante, a la hora de considerar los factores que influyen en el proceso de

sedimentacion se deben tener en cuenta también otros factores. Estos son la presion,
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temperatura, tamafio de particula, composicion del sedimento, porosidad o cantidad de
materia organica, que influiran en las concentraciones de los diferentes contaminantes
(Fei et al.,, 2011; Lors et al.,, 2012; Mechlinska et al., 2009). Por todo ello, las
diferencias encontradas entre sedimentos de distintas zonas pueden ser debidas, por lo
menos parcialmente, a otros factores ademas de las diferentes emisiones o usos de los
HFRs. Normalmente las concentraciones se normalizan con el TOC para reducir esta
variabilidad en la medida de lo posible y hacer las comparaciones mas fiables.

Lodos

En el capitulo 1 se ha introducido la problemética de la reutilizacion de los lodos de
depuradora en la agricultura. Esta alternativa es mas econdmica que la incineracion y de
hecho es la recomendada por la UE siempre que el lodo cumpla con unos requisitos
minimos (During y Géath 2002), pero al mismo tiempo puede provocar la re-insercion de
contaminantes que ya habian salido del sistema ambiental. Los lodos de depuradora
acumulan précticamente la totalidad de los HFRs que entran en la depuradora
(Katsoyiannis y Samara 2007), por lo que técnicamente ésta los eliminaria del medio
ambiente... si no fuera por el tratamiento posterior que se le da a los lodos (Dimitriou-
Christidis et al., 2015). Por todo ello, el analisis de esta matriz es importante tanto para
hacerse una idea de las concentraciones presentes e identificar posibles focos de
contaminacion, como para aportar evidencias de la necesidad de utilizar pre-

tratamientos antes de su uso posterior (Joo et al., 2015; Zuloaga et al., 2012).

3.2. Estudios en muestras de sedimento y lodos de depuradora

En este capitulo se incluyen 2 trabajos diferentes realizados en el marco de 2 proyectos
de investigacion. En el primero se estudio la presencia de los PBDEs, BFRs emergentes,
HBCD y otros HFRs en sedimentos procedentes de Colombia (3 zonas, 13 muestras en
total) y Chile (5 zonas, 19 muestras en total) en el marco del proyecto titulado
“Evaluacion del impacto ambiental de los retardantes de llama bromados en
ecosistemas acuaticos de América Latina (BROMACUA)”. Este trabajo se recoge en
la publicacion #3: Occurrence of hydrophobic organic pollutants (BFRs and UV-filters)
in sediments from South America. En este trabajo se integraron también los compuestos
de la familia de filtros solares, que no seran discutidos aqui al tratarse de otra linea de

investigacion no relacionada con esta tesis, y por el contrario no se pudieron analizar los
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HNs al no disponer todavia de la metodologia necesaria. Por otro lado, se analizaron
muestras de sedimentos y lodos de depuradora procedentes de las cuencas hidrograficas
del Ebro y Llobregat en busca de PBDEs, HNS y BFRs emergentes, en el marco del
proyecto “Evaluacion y prediccion de los efectos del cambio global en la cantidad y
la calidad del agua en rios ibéricos (SCARCE)”. El muestreo se realizo en diversos
puntos a lo largo de las 2 cuencas: en el Ebro se analizaron 19 muestras de sedimento y
6 lodos procedentes de diferentes EDARS, mientras que en el Llobregat se analizaron 14
sedimentos y 1 sola depuradora. Este trabajo dio lugar a la publicacion #4: Occurrence
of classic and emerging halogenated flame retardants in sediment and sludge from

Ebro and Llobregat river basins (Spain).
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« DBDPE was detected only in Chilean samples,
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In the present study the occurrence of emerging hydrophobic organic pollutants in sediment samples
from South America (Chile and Colombia) was investigated for the first time. Nineteen Chilean and thir-
teen Colombian sediment samples were analyzed in order to determine their content of brominated
flame retardants (BFRs) (including PBDEs and emerging BFRs) as well as UV filters (UV-F). Samples were
collected from neighboring aquatic ecosystems highly urbanized and industrialized in Colombia (Magda-

lena River area) and Chile (Biobio region). Different analytical procedures were applied depending on the
g;’éw ords: selected analytes, based on chromatographic and mass spectrometric methodologies {(GC-MS and LC-
Chile MS-MS). In general, concentration levels of both BFRs (up to 2.43 and 143 ng g ! dw of PBDEs in Chile
and Colombia, respectively) and UV-F (nd-2.96 and nd-54.4ng g ' dw in Chile and Colombia, respec-

Colombia

Sediments tively) were in the low range of published data, and the contribution of BFRs was higher than that of
South America UV-F for almost all the sampled sediments.

UV filter ©® 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Many studies have arrived to the conclusion that sediments
constitute a sink for chemical compounds that are hydrophobic.
The contamination of sediments may pose an unacceptable risk
to aquatic organisms, which tend to biocaccumulate persistent or-
ganic pollutants (POPs), and to wildlife and humans through the
ingestion of contaminated fish and shellfish.

# Corresponding author. Tel.: +34 93 4006100; fax: +34 93 2045904.
E-mail address: eeeqam@cid.csices (E. Eljarrat).
T Tel.: +34 93 4006100; fax: +34 93 2045904

0045-6535/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.chemosphere.2013.03.032

Brominated flame retardants (BFRs) are a structurally diverse
group of chemicals that are added to polymers which are used in
plastics, textiles, electronic circuitry and other materials to reduce
the risk of fire. Some of them are ubiquitous, and many have been
detected in biota, sediments, air, water, marine mammals and even
in human milk (Law et al., 2006). Most of the research conducted
has been focused on the study of polybrominated diphenyl ethers
(PBDEs) due to their persistence and hydrophobicity, two charac-
teristics that make them amenable to bicaccumulation and bio-
magnifications (Eljarrat et al., 2004a). Due to their toxicological
effect, the production and use of PBDE formulations have been
banned in Europe, and Penta- and Octa-BDE formulations are
now banned in North America.
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In response o the increasing international regulations on BFR
formulations, alternative additive flame retardants for achieving
commercial product fire safety standards are being developed
and used. Some of these non-BDE BFRs are letrabromobisphenol
a {TBBPA), hexabromocyclodedecane (HBCD), pentabromoethyl-
benzene ( PBEB), hexabromohenzene (HBB) and decabromodiphen-
ylethane {DBDPE). These compounds have been detected in
environmental samples from Europe and North America, including
sediment, sludge and dust {Eljarrat et al., 2005; Heh et al., 2005;
Stapleton et al,, 2008), biota (Fernie and Letcher, 2010) and hu-
mans {Eljarrat et al., 2009).

More recently, the research on new hydrophobic organic pollu-
tants, the UV filters {UV-F), has raised the scientific interest. UV-F
are considered as environmental contammants of increasing con-
cern since the most commeonly used are known to cause endocrine
disrupting effects, to interfere with the thyroid axis, and with the
development of reproductive organs and brain in both aquatic
and terrestrial organisms (Fent et al, 2008; Brausch and Rand,
2011). As a consequence of the raised concern ahout the harmful
effects of solar radiation, these compounds have been increasingly
used from last decades. UV-F are extensively used in personal care
products to protect the skin and hair from the deleterious effect of
sunlight and, as well as BFRs, are present in a wide variety of indus-
trial goods such as paints, plastics or Lextiles in this case (o prevent
degradation of polymers and pigments (Zenker et al., 2008). Resi-
dues of more polar organic UV-F have been found in all kind of
water matrices {Balmer et al, 2005; Rodil et al., 2008; Tarazona
et al., 2010). Like BFRs, more lipophilic compounds tend to accu-
mulate in sediments {Gago-Ferrero et al., 2011a) and sewage
sludge (Gago-Ferrero et al, 2011b), and bicaccumulate in aquatic
organisms (Fent et al, 2010; Gago-Ferrero et al, 2012) and hu-
mans, being detected in human breast milk {Schlumpfet al,, 2010).

Information on levels, trends and effects of persistent and
emerging organic contaminants is quite scarce in South America.
In this sense, the BROMACUA project aims to gather baseline infor-
mation on levels of BFRs and UV-F in aquatic ecosystems as a way
to contribute to the knowledge of the levels of these pollutants in
developing countries. The present study investigated the occur-
rence of emerging BFRs including TEEPA, HECD, PEEE, HEBE and
DBDPE together with PBDE congeners, as well as eight different
UV-F compounds (Benzophenone 3 (BP3), 4-methylbenzylidene
camphor {4-MBC), octocrylene {OCT), ethylhexyl methoxycinnamate
(EHMC), octyl dimethyl PABA {OD-PABA), 4-hydroxybenzophe-
none (4HB), 24-dihydroxyhenzophenone (BP1), and 4.4'-
dihydroxybenzophenone {4DHB)) in sediments. The samples were
taken from neighboring aquatic ecosystems of highly urbanized
and industrialized areas in Colomhia and Chile. As far as the
authors know, this is the first time that BFRs as well as UV-F have
been analyzed in sediment samples from South America.

2. Experimental
2.1. Area of study

The selected areas of study were neighboring aquatic ecosys-
tems of Colombia and Chile that were highly urbanized and indus-
trialized. Nineteen sampling stations were selected in Chile
{Fig. 1a), including river areas, estuary and coastal bays in the Bio-
bio region {South Central Chile). Sampling sites were selected
according to different criteria such as heing located close to some
important discharges of chemicals, food processing and urban dis-
charges. Along the Biobio river basin a total of 326 populated local-
ities are located, of which 17 are cities (INE-Chile, 2012). The
economic sectors that predominate in this river basin are related
to forestry, agriculture and industry {mainly represented by metal-
lurgical, chemical, oil refining, textiles, pulp industries, among oth-

ers). As it can be seen in Fig. 1a, the study was divided in four
different areas. Coronel Bay area is highly intervened and affected
by human activities, ranging from the impact of wastewater from
the town of Coronel to the presence of a large concentration of fish-
ing industries (fish meal preduction) and a power generation sta-
tion (thermal coal) that discharge their wastes through pipelines
into the Bay. San Vicente Bay concentrates an important industrial
complex, whose main activities are related to fish production, steel
and petrochemicals. The river sediments were collected at sam-
pling sites in the Biobio river located at the mouth of the river,
downstream suspected sources of pollution such as urban sewage,
oil refinery and a paper mill.

In the case of Colombia, 13 sampling stations were selected in
the area of influence of the Magdalena River in its intersection with
the Caribbhean Sea (Fig. 1h). Sampling sites included natural and ur-
ban areas from the river-city boundary. Barranquilla city, located
on the west bank of the river, has an industrial district and a major
sea-river port. Chemical, petrochemical, pharmaceutical, metal
mechanical, agrochemical, and fishing are common activities in
this area. Moreover, the Magdalena river basin is the largest river
system in Colombia being an impertant fluvial stream for eco-
nomic purposes. It has the highest sediment yield of any other
large river in South America {Restrepo et al., 2006). The main cities
of the country, including Bogotd, Medellin, Cali and Barranquilla,
are located into the basin. Inadequate municipal wastewater treat-
ment infrastructure is a pervasive problem in Colombia {Blackman,
2009). Consequently, water and sediment pollution preblems that
probably affect ecosystems and biediversity are present. A site
called “Cano Clarin” was monitored to detect the probability of
migration of pollutants from the river to the “Ciénaga Grande de
Santa Marta”, a special Ramsar site. Other selected sites were lo-
cated in the river mouth itself { Bocas de Ceniza), in a coastal wet-
land {Mallorguin swamp) and across the west coastal line where
wind and water flows facilitate the movement of pellutants.

The sample campaign was done in December 2009 and April 2010
in Chile and Colombia, respectively {Table 1). Samples were taken
with a petit-ponar type dredze, stored in aluminum foil, sealed in
plastic bags and conserved on ice until the arrival into the laboratory.
Sediment samples were freeze dried, and lyophilized material was
ground, homogenized, and stored in sealed containers at —20 “C until
chemical analysis. Moreover, a sediment characterization was per-
formed according to the methodology proposed by DByers el al
(1978), and textural classification according to Wentworth {1922).

2.2. Chemicals

The PBDE native compounds stock solution BFR-FAR, BDE-77,
BDE-181 and *Cy,-BDE-209 were purchased from Wellington Lab-
oratories {Guelph, Ontario, Canada). The components of BFR-PAR
solution include different PEDE congeners { from di- to deca-bromi-
nated) as well as PEEE, HEB and DEDPE. TEBPA, 3C-TEEPA, dyg-ai-,
dyg-B-, and d;g-y-HBCD were also obtained from Wellington Labo-
ratories Inc. BPA and d,5-BPA were from Aldrich Chemical Co. {WI,
USA). a-, -, and y-HBCD were obtained from Cambridge Isotope
Laboratories Inc. {WI, USA). MonoBEPA, DIEEPA, and TriBBPA were
a kind of gift from Dr. Goran Marsh {Dep. of Environmental Chem-
istry, Stockholm University, Sweden). Analytical standards of BP3,
0OC, OD-PABA, BP1, 4HE, 4DHE and the isotopically labeled com-
pound BP-d;p, used as internal standard (IS), were obtained from
Sigma-Aldrich (Steinheim, Germany). 4MBC was supplied by Dr.
Ehrenstorfer {Augsburg, Germany) and EHMC by Merck {Darms-
tadt, Germany).

Individual stock standard selutions were prepared on a weight
basis and stored at —20°C. A mixture of all selected standards was
prepared by appropriate dilution of individual stock solutions.
Stock solutions of internal standards were also prepared and stored
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Fig. 1. Sediment sampling locations in (a) Chile: 1, Concepcidn Bay; 2, San Vicente Bay and Lenga Estuary; 3, Biabio river; 4, Coronel Bay; and (b) Colombia: 1, West coastal

line; 2, River mouth; 3, Magdalena river-city boundary.

at —20°C. A mixture of these standards, used for internal standard
calibration, was also prepared by diluting the individual stock
solutions.

All solvents and other reagents were provided by Merk (Darms-
tadt, Germany). N, and Ar purchased from Air Liquide (Barcelona,
Spain) were of 99.995% purity. Syringe filters (0.45 pm) were ob-
tained from Whatman (London, UK). Pressurized liquid extraction
cellulose filters were purchased from Dionex Corporation {Sunny-
vale, CA, USA).

2.3. Analytical methodology for BFRs

BFR determinations were carried out using two different analyt-
ical approaches. First of all, PBDEs together with PBEB, HBB and

DBDPE were analyzed by gas chromatography (GC) coupled to
mass spectrometry (MS) working with negative ion chemical ioni-
zation (NICI). On the other hand, HBCD isomers, TBBPA and related
compounds (BPA, MonoBBPA, DiBBPA and TriBBPA) were deter-
mined by means of liquid chromatography (LC) coupled to tandem
mass spectrometry (MS-MS).

2.3.1. Analysis by GC-MS

One gram dry weight (dw) of sediment sample was spiked with
internal standards (10 ng BDE-77, 10 ng BDE-181 and 500 ng '3C,-
BDE-209). Spiked samples were kept overnight to equilibrate. In
order to reduce time of analysis, a selective pressurized liquid
extraction (SPLE) method that automatically and rapidly achieves
quantitative and selective extraction of BFRs was used (De la Cal
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Information related with the location and physico-chemical parameters of sediment samples collected in this study.

Matrix Lecation Sample Latitude-longitude Sediment parameters

code % Clay % Sand % Gravel Texture classification % TOC
(Wentworth, 1922)

Samples collected in Chile

Ceastal sediment Concepcitn Bay CH-TC-01 SI674T 13 WIIDE 41" 29 71 0 Sandy clay leam 5.7
CH-TC-02 53674314 WY3°05'18" 31 B 1] Sandy clay leam 4.4
CH-TC03 $36°43'16" W73°05'16" 11 89 1] Loamy sand 28

Coastal sediment San Vicente Bay CH-SV-01 $36°43'32" W73°07' 50" 75 25 0 Clay 103
CH-5V-02 S36°43732" WT73°07°'49" a3 17 0 Clay 124
CH-5V-03 536°43'38" W13°07'43" 13 &7 0 Clay 121
CH-5V-04 $36°44'18" W73°07'53" 21 79 1] Sandy clay leam 3.7

Estuarine sediment  Lenga Estuary CH-LE-01 $36°46'09.0" W73°09'46.3" 42 58 0 Sandy clay 8.7
CH-LE-02 S36°46'06.5" W73 10N 7.07 45 55 1] Sandy clay 6.1

River sediment Biohio River CH-EB-01 S36°4939.4" W73 0547.57 1 99 1] Sand 13
CH-BEB-02 536746 106" WI30E24.2" 1] 10k 0 Sand <1.0
CH-BB-03 S36°46'10.4" WT3°06'28.0¢ ] 100 1] Sand <1.0
CH-BE-[4 NiHT4E'06.2 W07 142" 1] 10k 0 Sand <1.0
CH-EE-US 536°40'06.5" W/3 032057 o 100 1] Sand <1.0
CH-EE-06 $36°46'17.7" W73°10/09.7" o 100 1] Sand <1.0

Coastal sediment Corenel Bay CH-CO-01 S37°01'36" W73°09 20" 100 0.0 0 Clay 154
CH-CO-02 S3701'42" W73°0936" 5 a5 0 Sand 11.6
CH-CO-03 537°01'42" Wi3°0952" i) 12 0 Clay 174
CHCO-0d S37°02710,5° W73°08'12" 81 19 1] Clay 14.2

Samples collected in Cofombia

Coastal sediment West Coastal Line CO-WC-01 NI11°03'23.2" W74°50/34.0" o 100 0 Sand <1.0
CO-WC-02 N1 28.8" W74°57'16.3" ] 100 1] Sand <1.0
CO-WC-03 NI1(P5Y¥29.5" W45 373" 1] 10k 0 Sand 1.1
CO-WC-04 NI10°56'51.6" W75°01'41.2" ] 100 1] Sand <1.0

Estuarine sediment  Bocas de Ceniza and C0-BC-01 N11°05°38.0" W74°50'45.1" o 100 0 Sand 1.2

Mallorquin Swamp CO-MS-01 NI11°02'47.5" W74°31'11.9" ] 100 1] Sand 1.0

CO-MS-02 NIF0323.4" W74°51'12.17 ] 100 1] Sand <1.0

Estuarine sediment Magdalena River CO-MR-01 N11°02'34.8" W74°49°23.5" o 100 0 Sand 1.0
CO-MR-02 N11°02'08.1" W74°48'43.3" ] 100 1] Sand 1.0
CO-MR-03 N110035.5" W74246'44 7" o 100 0 Sand <1.0
CO-MR-04 NIF59'41.5" Wi4%46'00.17 o 100 ] Sand 1.1
CO-MR-03 N10°56'46.6" W74°45'30.9" ] 100 1] Sand 2.1
CO-MR-06 NIP57'3.12" W74°44'53.3" ] 100 1] Sand 13

et al,, 2002). Two grams copper were added to the cell to remove
sulfur interferences. SPLE was carried out using a fully automated
ASE 200 system {Dionex, Sunnyvale, CA, USA) using aluminum
oxide neutral and Hydromatrix {Varian Inc., Palo Alto, USA). The
extraction cell was heated to 100°C and extraction was carried
out using a mixture of hexane:CH.Cl: {1:1). The volume of the
resulting extract was about 35 mL. Extracts were finally concen-
trated to incipient dryness and re-dissolved with 50 pl of toluene
prior to analysis by GC-NICI-MS. GC-NICI-MS analyses were per-
formed on a trace GC ultra gas chromatograph connected to a dual
stage quadrupole mass spectrometer (Thermo Electron, Texas,
USA). A DB-5MS capillary column {15m = 025 mm id., 0.1 pm
film thickness) was used with ammonia as the carrier gas al an
ion source pressure of 1.9 x 1074 Torr. The temperature program
was from 140 °C {held for 2 min} to 325°C {held for 10 min) at
10 °C min~". Injection was carried out by splitless mode for 1 min
with an injector temperature of 250 °C (Eljarrat et al., 2004b).
Experiments were carried out monitoring the two most abundant
isolope peaks from the mass spectra corresponding to mfz =79
and 81 |Br| for di- to nona-BDEs, PEEE, HEE and DEDPE, my/
z-487 and 489 for BDE-209 and my/z = 497 and 498 for Cya-
BDE-209. The identification of selected analytes was hased on the
following restrictive criteria: {i} retention time for all monitored
ions for a given analyte should maximize simultaneously = 1s, with
signal to noise ratio >3 for each; and (ii) the ratio between the two
monitored ions should be within 15% of the theoretical value {cal-
culated upon standards). The quantification of di- to penta-BDEs,

PBEB and HBB was carried out by internal standard procedure
using BDE-77, whereas for hexa- to hepla-BDEs, BDE-181 standard
was used. In the case of deca-BDE and DEDFPE, the quantification
was carried oul using 13¢,,-BDE-209 as internal standard.

2.3.2. Analysis by LC-MS-MS

Sediment sample of 0.5 ¢ dw was spiked with 50 pL of a mix-
ture of dyg-0-HBCD and d,s-y-HBCD, and 50 pl of '*C-TBBPA, both
solutions at concentrations of 5 ng pL . Spiked samples were kept
overnight to equilibrate and extracted by sonication with 10 mL of
dichloromethane:methanol {1:9, vjv). The ohtained extracts were
cleaned with SPE C18 cartridges. Finally, extracts were concen-
trated (o incipient dryness and re-dissolved with 50 pL of dg-fi-
HBCD and 50 pl. of dys-BPA at 5ng pL=!, and 150 plL of methanol
prior to analysis by LC-MS-MS. The LC system used was an Symbi-
osis Pico {Spark Holland, Emmen, The Netherlands) with a Symme-
try C18 column (2.1 mm x 150 mm, 5 pm) preceded by a C18
guard column (2.1 x 10 mm) supplied by Waters {Massachuselts,
USA). Experiments were carried out in negative ionization mode
using HO:methanol {3:1 vfv) as eluent A and methanol as eluent
B, at a flow rate of 0.25 mLmin~". The injection volume was sel
at 10 plL. The elution program started at an initial composition of
100% A and was ramped to 0% eluent A in 8 min, then eluent A in-
creased o 10% in 17 min and initial conditions were reached again
in 3 min and returned to the starting conditions in 15 min. Mass
spectrometric analysis was performed with a hybrid triple quadru-
poleflinear ion trap Applied Biosystem MSD Sciex 4000QTRAP™
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{Applied Biosystems, Foster City, CA, USA) instrument equipped
with an electrospray (ESI) Turbo spray interface. All data were ac-
quired and processed using Analyst 1.4.2 Software. For target
quantitative analyses, data acquisition was performed in selected
reaction monitoring {SRM). The MS-MS detection conditions were
optimized previously (o afford the highest relative intensity: cur-
tain gas {CUR) at 50 psi, collision gas (CAD) at 4.5 x 107° Torr, tem-
perature of the turbo gas in the TurbolonSpray™ source {TEM) at
350°C, ion source gas 1 (GS1) and ion source gas 2 (GS2) at
50 psi {Guerra et al., 2008).

2.4. Analytical methodology for UV-F

Background contamination in the lahoratory is a common prob-
lem observed in the determination of UV-F at environmental trace
levels. As precautionary measures all glassware used was previ-
ously washed and heated overnight at 380 °C and further sequen-
tially rinsed with HPLC grade water, ethanol and acetone, and
immediately used. Furthermore, gloves were worn during sample
preparation; separate solvents and only previously unopened
packages of solvents, chemicals and other supplies, and glassware
were used. Since many of the compounds analyzed undergo photo-
dezradation and the samples may suffer the exposure to light dur-
ing the procedure, all samples and stock standard solutions were
always covered with aluminum foil and stored in the dark.

Similarly to BFR analysis, sediment samples were extracted and
purified by SPLE. Aliquots of 1 g of alumina {previously heated at
130 °C overnight, and then allowed o cool down in a desiccator be-
fore use) were placed at the outflow side of each cell onto two cel-
lulose filters. Under optimized conditions, aliquots of 1g dw
sediment were mixed in the PLE extraction cells with alumina in
order to perform the in-cell purification. Finally, the PLE extract
was brought to 25 mL with methanol. A 2 ml aliquot of this solu-
tion was passed through 0.45 pm syringe filter to a LC-vial, and
evaporated to dryness under a gentle stream of nitrogen in a Turb-
oVap LV evaporator from Zymark {Zymark, Hopkin, MA). The dried
extracts were reconstituted in 250 pl of acetonitrile containing the
IS.

Chromatographic separations were performed on a Hibar Puro-
spher® STAR® HR R-18 ec. {50 mm x 2.0 mm, 2 pm) LC column
supplied by Merck with an Acquity UPLC chromatograph {Waters).
The column temperature was kept at 50 °C. Separation was per-
formed with a binary mobile phase at a flow rate of 0.4 mL min '
The optimized separation conditions were as follows: solvent A
consisted of H,O and solvent B acetonitrile, both with 0.3% formic
acid. The gradient elution started with 5% eluent B, increasing to
80% in 2 min. and raising to 100% in the following 9 min kept con-
stant for 2 min, then return to imtal conditions in 2 min, and final-
ly three additional min to allow the equilibration of the column.
The sample volume injected was 10 pL

The ultra performance LC {UPLC) instrument was coupled o a
triple quadrupole mass spectrometer (Waters). Acquisition was
achieved in electrospray positive mode {ESI{+)) using SRM mode
recording two transitions for each compound for enhanced sensi-
tivity and selectivity. For each compound, two characteristic frag-
ments of the protonated molecule [M + H|" were monitored. The
most abundant transition was used for quantification, whereas
the second most abundant one was used for confirmation. This
procedure was in compliance with the European Council Directive
2002/657EC, that although it was initially conceived for food res-
idue analysis, it has been accepted by the scientific community for
environmental analysis. More information about the analytical
method can be found in a previous work from Gago-Ferrero el al.
{2011a).

Table 2
Recoveries, relative standard deviations (RSDs) and method limits of detection (LOD)
and quantification (LOQ) of analysis of BFRs and UV-F in sediment samples.

Compound  Recovery(¥) RSD(%) LOD*(ngg ‘dw) 1OQ*(ngg 'dw)
Brominated flame retardants
M-BDEs B7-105 7-4 2041 6/-136
Tri-BDEs 37-101 3-3 15-19 S50-63
Tetra-BDEs  64-38 0n8-8 47-11 15-36
Penla-BDEs  96-110 0.8-7 =24 2581
Hexa-BDEs  74-105 2-8 8.4-22 28-74
Hepra f2-102 06-8 Lo-13 29-43
BDLs
Octa-BDEs  66-102 2-6 21-36 f0-120
Mona-BDEs  56-71 2-B 13-18 43-61
Deca-EDE 83 6 25 37
FBEB 58 3 18 Gt
HEB B2 5 81 an
DEDFE 102 6 86 288
BPA 106 7 37 95
Moeno- B8 8 06 1.8
BEPA
Di-BRPA 105 G 20 6.7
Tri-BBPA 126 ¥ 28 92
TBBPA 110 g 27 88
a-HBCIY 53 11 16 53
B-HBCD 37 13 14 4.6
-HBCD 8% 3 22 82
UV filrers
4MBEC Y b 1.1 36
0cT 83 7 9.9 33
EHMC a0 G 41 14
0D PABA 120 4 0.7 235
BP3 125 10 04 13
BP1 58 16 46 15
4HE B0 8 0.7 2.3
4DHE 120 9 03 27

* Iralic values corresponded to LODs and LOQs expressed in pgg ' dw.

2.5. Quality assurance/quality control

Method blank samples were performed to check for interfer-
ences or conlamination from solvents and glassware. No presence
of analytes of interest was observed. Quality assurances of the de-
scribed methods were evaluated by measuring parameters as line-
arity, sensilivity, recoveries, and reproducibility. The limits of
detection (LOD) defined as three times the noise level, and the limit
of quantification {LOQ), defined as 10 times the noise level, were
calculated and presented in Table 2.

3. Results and discussion
3.1. BFR contamination levels

The levels of BFRs in sediment samples collected for this study
are presented in Table 3. PEDEs were detected in all the sediment
samples from Chile at concentrations ranging from 0.03 (o
243 ngg "' dw. The Lenga estuary and Coronel bay were the most
contaminated zones, with mean values of 1.84ngg ' dw and
1.57 ng &= dw, respectively. After them San Vicente and Concep-
cion bays presenting a similar level of contamination {mean values
of 1.01 and 0.95 ng g~' dw, respectively), and finally, the less con-
taminated area corresponded (o Biobio river {mean value of
031 ngg~' dw) (Fig. 2). This pattern of contamination was also
previously observed with other pollutants in these areas, such as
PAHs, with the highest values found in the Lenga estuary (Pozo
ef al., 2011).

With regard to the sediments from Colombia, PEDEs were de-
tected in five out of 13 analyzed samples. However, in these sam-
ples, PBDE contamination was greater than that observed for
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Table 3
Concentration levels of BFRs and UV-F in sediment samples collected in Chile and Colombia. Results expressed as range of concentrations in ng g~ ' dw.
Chile Colombia
Coneepcion San Vicente Lenga Biobio River Coronel Bay West Coastal Bocas de Ceniza and Magdalena
Bay (n=3) Bay (n=4) Estuary (n=2) (n=6) (n=4) Line (n=4) Mallorquin Swamp (n=3) River (n=6)
Brominated flame retardants
BDE-47 nd nd-0.33 nd nd 0.15-0.63 nd nd nd
BDE-100 nd-0.09 nd 0.19-030 nd-0.03 nd-0.21 nd nd nd
BDE-99 nd-0.17 nd-0.53 0.75-0.83 nd 0.19-0.73 nd nd nd
BDE-154 nd nd nd-0.59 nd nd nd nd nd
BDE-183 nd nd-0.32 nd nd nd nd nd nd
BDE-209 nd-1.72 0.73-0.93 0.50-0.51 nd-0.39 nd-0.85 ng ng-143 ng-55.8
PBEB nd-0.08 nd nd nd-0.15 nd-0.11 nd nd nd
DBDPE 1.62-2.26 nd-2.16 1.12-1.96 nd-2.23 nd-1.91 nd nd nd
Di-BBPA ng-210 1230-1328 7.83-51.3 nd-164 21.7-685 nd nd nd
Tri-BBPA 450-840 nd-6.63 ng 3.33-7.03 nd-4.25 nd nd nd-0.27
TBBPA nd nd nd nd nd nd nd-0.58 nd
v-HBCD nd nd nd nd nd nd nd nd-0.33
UV filters
BP3 nd nd-1.42 nd-2.96 nd-1.05 nd nd-2.52 nd-4.85 nd-5.38
4MBC nd nd nd nd nd nd-7.90 nd-17.2 nd
EHMC nd nd nd nd nd nd-178 nd-39.0 nd-47.1

‘ BreDEs [ |DBDPE [ JUVF ‘
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80_
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1
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Mallorquin Swamp

Magdalena
River

Fig. 2. Median values of BFRs and UV-F in each selected area of study (Chile and
Colombia).

Chilean sediments, with levels ranging up to 143 ngg ' dw. The
higher contamination was observed for estuarine sediments from
Bocas de Ceniza and Mallorquin swamp (mean value of 47.8 ngg~!
dw), followed by the sediments from Magdalena river (mean value
of 10.6ngg™"' dw). Finally, the sediment collected at the west
coastal line does not presented PBDE contamination, probably

due to the high plume dispersion and sediment transport (Fig. 2).
There are important differences in terms of circulation of water,
fluxes, and amount of particles between the Magdalena river
mouth and the estuary. Strong littoral currents predominantly flow
toward the west and are the result of open ocean swells generated
by NE trade winds, and the muddy plume of the river spans more
than 90 km in length which could explain the high dispersion of
BFRs and the consequent lower detection in the respective sam-
ples. Likewise, high rates of total solids are present in the water
at the river mouth meaning high sediment yields which also help
disperse organic pollutants. The highest value (143 ng g~ dw) ap-
peared in the sediment sample collected at the center of the Mal-
lorquin swamp. This area has historically received discharges with
non treated domestic wastes from Barranquilla. Very quiet waters
and the high sedimentation processes suffered in this wetland may
contribute to explain such levels. Another high level of contamina-
tion (55.8 ng g~' dw) was found in one of the Magdalena river sed-
iments, downstream an industrial free zone. In general, the
presence of BFRs in Colombian river systems could be probably
due to poor e-waste management since many toxic electronic
wastes are commonly disposed in landfills.

Of 38 PBDEs congeners included in our analytical work, only six
different PBDEs were detected: tetra-BDE-47, penta-BDE-99, pen-
ta-BDE-100, hexa-BDE-154, hepta-BDE-183 and deca-BDE-209.
The dominance of BDE-209 in the total PBDEs is unquestionable,
similar to findings in reported studies with sediments from
different geographical areas (Eljarrat et al,, 2004b). In this study,
BDE-209 constituted between 24% and 100% of the total PBDE
contamination. It is important to note that in all sediment samples
from Colombia with detectable PBDE levels, the pollution is due to
exclusively the BDE-209. The presence of BDE-209 indicates the
use of commercial formulations of deca-BDE in the studied area.
The presence of BDE-47, BDE-99 and BDE-100 in Chilean
sediments was attributed to the use of penta-formulations.

Unfortunately, there are no data on PBDE levels in sediments of
South America. However, there are a lot of studies reporting levels
in other geographical areas. In order to compare the levels found in
this study with those of other areas, the comparison will be made
with data published during this year (2012). Levels of PBDEs were
determined in sediments from the Scheldt estuary (the Nether-
lands-Belgium), with an average concentration of 115 ng g~' dw.
The total amount of PBDEs was mainly coming from BDE-209, in
a 99% of the cases (van Ael et al, 2012). These findings are in
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agreement with the results of the present study in Colombia.
PBDEs were also measured in sediments from Southern California
Bight, with a geometric mean and maximum levels of 4.7 and
560 ng g ' dw {Dodder et al., 2012). Although these maximum lev-
els are higher than those found in this study, the average concen-
tration is of the same order as in the Chilean samples. Several
recent studies were focused on China. PEDEs of sediment samples
from the coastal East China Sea were measured, with levels of
BDE-209 and ZPEDEs {sum of BDE-28, -47, -99, -100, -153, -154
and -182) between 0.2-44.6 and nd-8.0ng g™ dw, respectively
{Li et al,, 2012). In another study, sediment samples from rivers
of Shanghai were analyzed {Wu et al., 2013). PBDEs were detected
at concentrations from 11.0 to 64.1 ng g ' dw, with an average va-
lue of 29.7 ngg™! dw. BDE-209 was the predominant congener
accounting for more than 97% of total PBDEs. Once again, these
results are in accordance with Colombian data.

As expected due to the lower industrial use, the presence of the
non-BDE BIRs { PBEB, HBB, DBDPE, HBCD and TBBPA) is lower than
that of PEDEs. HEB was not detected in any sample, HBCD was de-
tected only in two samples from Colombia at concentration levels
lower than 0.33 ngg™"' dw, and PBEB was detected only in four
samples from Chile and at concentration levels lower than
0.15ng g~! dw. DBDPE was detected in 12 of 19 analyzed sedi-
ments from Chile {from nd to 2.26 ng g~ dw), but it was not de-
tected in Colombian sediments indicating their lack of use in that
country. DBDPE applications are similar as for BDE-209 with the
advantage of no production of dibenzo-p-dioxins and no formation
of furans under pyrolysis conditions (Jakab et al, 2003;
Kierkegaard et al., 2004). Generally, the reported levels of DEDPE
were lower than those of BDE-209 {Kierkegaard et al, 2009). In
the present study it is observed that in 58% of Chilean samples,
DBDPE concentrations are higher than BDE-209, with ratios be-
tween 2.2 and 6.2. This could indicate a higher input in the use
of DBDPL in this area.

With reference to TBBPA, this BFR was detected only in two
Colombian samples. However, high levels of their related com-
pounds were detected in Chilean sediments, with values between
nd to 1328 ngg~! dw and nd to 8.40 ng g~! dw for Di-BBPA and
Tri-BBPA respectively. The presence of these related compounds
may be due to the TBBPA degradation. Debromination of TBBPA
could occur during the wastewater treatment, or other abiotic
debromination processes {Chu el al., 2005).

3.2, UV-F contamination levels

UV-F concentrations in sediment samples analyzed are summa-
rized in Table 3. Just one out to eight compounds, BP3, was de-
tected in the sediment samples from Chile in a range of
concentration from 1.05 to 2.96 ng ¢~ dw. This compound is used
in personal care products or as an additive in materials that have to
be protected from sunlight-initiated disrupting {FDA, 1999; Coun-
cil Directive, 1976) and have been detected previously in river sed-
iment samples of Spain (Gago-Ferrero et al, 2011a) and China
{Zhang et al., 2011) in the same range of concentration.

Higher levels of UV-F were delected in several sites of Colombia.
In this case three out to eight compounds, BP3, 4MBC and EHMC,
were present in the samples. EHMC was detected at a frequency
of 38% and with the highest concentrations in the analyzed sam-
ples, ahove 47 ngg~' dw in some cases. 4MBC was present in the
23% of the samples in the range from 7.9 to 17.2ngg ' dw. BP2
was the most ubiquitous compound and its levels were higher than
in Chilean samples, 77% frequency of detection at concentrations
from <LOQ to 5.38 ng g ' dw. It is noteworthy that the highly lipo-
philic UV-F OC, which usually is the most ubiquitous UV-F com-
pound in solid environmental matrices, was not present in any

studied sediment. This fact suggests that the production and usage
profiles of UV-F are different among countries.

All these compounds have heen found to have estrogenic hor-
monal activity and multiple endocrine-disrupting activities {Fent
el al., 2008; Christen et al., 2011). Adverse effects on fecundity
and reproduction have also heen ohserved for BP3 {Coronado
et al, 2008). 4MBC has also shown high estrogenic potency and
its use in cosmetic products is not allowed in the USA or Japan leg-
islation. However, these adverse effects take place at higher con-
centrations than those detected in the published environmental
studies.

The presence of such suhstances is influenced by the extended
use of solar protection creams since sun rays are very strong in this
area. Aquatic tourist activities, which are frequent in this areq, are
also a factor to take inte account and may play an important role in
the determined levels. However, a possibly even more important
factor could be wastewater treatment plants {WWTPs) discharges,
from urban and industrial areas. Monitoring data of WWTPs indi-
cates that current techniques are not effective at all removing
UV-F. Several of them, including BP2, EHMC and 4MEC, were found
in untreated and treated wastewater in different countries {Li et al.,
2007; Negreira et al, 2009a), as well as in sewage sludge
{Gago-Ferrero et al, 2011b). Measurable values of these com-
pounds have been determined at relatively high values in raw
and treated water. This effect could be more important if, as
commented in the area of study section, historically urban and
industrial effluents have been released to the river without
cleaning treatment, which multiplies the presence of organic
anthropogenic pollutants in the water and sediments.

High differences between the low levels found in Chile versus
the levels in Colombia can be explained because the second 15 a
tropical country with high solar radiation levels, and the use of per-
sonal care products containing UV-F is probably much higher than
in Chile. Moreover, the tourism activity in Caribbean Colombian
beaches could he responsible by the higher UV-F concentrations
in water compared to the Chilean case.

4. Conclusions

The occurrence of emerging hydrophobic organic pollutants in
sediment samples from Chile {Bicbio region) and Colombia {Mag-
dalena River area) was investigated for the first time. Different
BFRs were analyzed, showing the presence of PBDEs in both se-
lected areas at concentration levels up to 2.43 and 143 ngg ' dw
in Chile and Colombia, respectively. These resulls are comparable
to those reported recently in other regions of the world. Different
PEDE patterns were observed, with Deca-BDE formulation being
the unique used in Colombia, whereas Chilean samples showed
also the use of Penta-BDE formulations. As regards the non-PBDE
BFRs, their presence was less frequent and at low concentration
levels, with the exception of DBDPE. This replacement of Deca-
BDE was detected in Chilean samples, but not in Colombian sedi-
ments indicating their lack of use in that country.

As regards UV-F presence, only three out of the total of com-
pounds included in the analytical work where detected at concen-
tration levels ranging between nd to 2.96 and nd-54.4 ngg ' dw in
Chile and Colombia, respectively. Similarly to BFRs, the contamina-
tion was greater in Colombian sites. It is also important to notice
that in almest all of the samples, UV-F levels were lower than those
found for BFRs for the same site {Fig. 2).

The present findings provide evidence that currently, emerging
contaminants such as non-PBDE BFRs and UV-F are present in the
South American environment. Further measurements are required
to better understand their fate and occurrence of these com-
pounds. Moreover, although the levels found in this study were
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not extremely high, 1t is expected that in the future the concentra-
tion levels may increase. Due to the toxicological effect of PBDEs,
their production and use has been banned in Europe and North
America. One would expect that this will be the same situation
in the near future in South American countries, in particular con-
sidering that Penta-BDE and Octa-BDE mixtures have been already
mcluded in the Stockhelm Convention and that parties should en-
force their gradual elimination. And, in order to meet the commer-
cial product fire safety standards, non-PBDE formulations, such as
DBDPE, HBB and PBEB, are likely te be used more frequently.
Therefore, it will be necessary to continue these monitoring pro-
grammmes in order (o detect a possible raise i pollution levels
due to increased use and application.
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HIGHLIGHTS

# Classical and emerging FRs were analyzed in sediments and sludge from two Iberian river basins.

¢ Halogenated norbornenes were detected in sediments from Spain for the first time.

* Although BDE-209 was still the most abundant congener, levels of DBDPE were close.

¢ Although concentration levels of halogenated norbormenes were low, its use is expected to increase during the next years.
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Classic (polybromodiphenyl ethers, PBDEs) and emerging halogenated flame retardants such as hexabro
mobenzene (HBR), pentabromeoeetilbenzene (PRER), decabromodiphenyl ethane (DEDPE), Dechlorane 602
(Dec 602), Dechlorane 603 { Dec 603), Dechlorane 604 (Dec 604) and Dechlorane plus (DP) were analyzed
in 33 sediments and 7 sludges from two Iberian river basins, Ebro and Llobregat. In sediment samples,
PBDE levels ranged between nd and 44.3 ng/g dw with BDE-209 being the most abundant congener. Lev
els of DBDPE and halogenated norbornenes ranged between nd and 31.5 ngfg dw and between ng and

g?; :I";:I;e lus 3.74ng/g dw, respectively. This is the first study to report halogenated norbornene levels in sediment
PRDES P samples [rom Spain. PBDE, DBDPE and halogenated norbornene levels in sludge ranged from 13 to 340,
DEDPE nq to 124 and 2.7 to 19ngfg dw, respectively. HBB and PBEB were not detected in any sample. Levels of

Environmental analysis. classic and emerging HFRs were compared. Our results suggest that DBDPE is the most [requently used

compound to replace BDE-209, whereas the use of halogenated norbornenes is still low,

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Flame retardants (FRs) are a group of compounds which have
been widely used for many years in order to prevent fires. One
of the most widely used FRs are the polybromodiphenyl ethers
(PBDEs), which are present in a wide range of materials such as
plastics, furniture, vehicles and electronic devices | 1]. They have
been found in the environment in different environmental matri-
ces such as air [2], sediment [ 3], water [4] and sludge [5], and also
in different biological matrices such as fish 6], bird eges | 7] and
humans [8]. Moreover, several toxic properties have been reported
for PRDEs. For example, they can act as endocrine disruptors and
affect neurological, thyroid and liver activity [9-11]. As a result,
PentaBDE and OctaBDE mixtures were banned by the EU in 2001
and since 2006 their presence in polymeric formulations and other

* Corresponding author. Tel.: +34 93 400 61 00x5222; fax: +34 93 2045904
E-maif address: eeerami@cid.csices (E Eljarrar)

0304-3894/§ - see front marrer © 2013 Elsevier BV. All rights reserved.
hittp:/ fdx.dotorg/ 10.1016/) jhazmat. 201 3.10.069

compounds is being reduced both in Europe and in North Amer
ica [12]. Furthermore, DecaBDE is also banned in Europe, although
there are exceptions for certain applications, and its production in
North America is slowly decreasing and the plan is to stop its pro-
ductionbythe end of 2013 [13]. In consequence, some new FRs have
been proposed as an alternative for PBDEs. They are called emerging
FRs and some examples are hexabromobenzene (HBB), pentabro
moethylbenzene (PREB), decabromodiphenyl ethane (DBDPE) [ 14]
and halogenated norbornenes (Dechlorane 602 { Dec 602), Dechlo-
rane 603 ( Dec 603), Dechlorane 604 ( Dec 504 ) and Dechlorane plus
(DP))[15). Thereis still alack of information regarding their behav-
ior and occurrence in the environment, but in recent years the
interest in these compounds has greatly increased. They have been
found inseveral environmental and biological matrices such as sed
iment 1G], air [17], sludge [ 18], water [19], fish [20], eggs [21] and
humans [22]. Besides, they seem to have similar toxic properties to
PBDEs [23].

The aim of this study was to evaluate the presence of both clas-
sical and emerging FRs in sediment and sludge samples from two
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Iberian river bhasins, and also to establish whether the emerging
FRs are really gaining more relevance in comparison to the banned
PBDEs. Moreover, this study provides information about the pres-
ence of emerging HFRs in Spain which might be useful when
establishing new legislation restrictions over these compounds.

2, Sampling

Within the framework of the SCARCE project sediment and
sludge samples from two Iberian river basins, Ebro and Llobregat,
were collected during 2010, Nineteen different sampling points for
sediment collection and six wastewater treatment plants (WWTPs)
for sludge were selected along the Ebro river basin, while 14 sed-
iments and one sludge sites were analyzed in the Llobregat river
basin (Fig. 1). After collection, samples were stored at —20°C prior
to lyophilization and instrumental analysis.

These two rivers have high levels of industrial activity. The
Ebro river is the most important river in Spain. It also flows into
the Ehro Delta, which was designated as Natural Park and it is in
intensive agricultural use for rice, fruit (in particular citrus), and
vegetables. The Ebro is largely regulated by dams and channels,
which have altered its hydrological and sedimentary regime. On
the other hand, the Llobregat river is the second longest river in
Catalonia and receives extensive urban and industrial waste water
discharges as well as surface runoff from agricultural areas that
cannot be diluted by its natural flow. The river is heavily managed
inits lower course and water that was previously lost to the sea is
now pumped upstream to increase the natural flow, recharge the
delta wetlands and control seawater incursion. This river is one of
Barcelona’s major drinking water resources.

3. Materials and methods
3.1. Standards

The standard mixture of PBDEs (BDE-28, BDE-47, BDE-99, BDE
100, BDE-153, BDE-154, BDE-183 and BDE-209), HBB, DBDPE and
PBEB were purchased from Wellington Laboratories Inc. (Guelph,
ON, Canada). BDE-77, BDE-181 and '3C-BDE-209, used as internal
standards, were also purchased from Wellington Laboratories Inc.

Syn- and anti-isomers of DP were purchased from Wellington
Laboratories Inc. Dec 602 (95%), Dec 603 (98%) and Dec 604 (98%)
were purchased from Toronto Research Chemical Inc. (Toronto,
ON, Canada). ¥ C-syn-DP (98%), used as internal standard, was also
obtained from Cambridge Isotope Laboratories Inc. (Andover, MA).

Alumina (0.063-0.2 mm} and copper (<63 m) were obtained
from Merck [ Darmstadt, Germany). Al-N and Silica cartridges were
obtained from Biotage. Dichloromethane and hexane, solvents for
organic trace analysis, were purchased from Merck.

3.2, Sample treatment

The methodologies applied for the sample trearment of sed-
iment and sludge were based on methods described previously
[24,25]. The methodology applied [or sludge was more complex,
since it is a dirtier matrix than sediment.

For sediment a selective pressurized liquid extraction (SPLE),
where extraction and purification are done simultaneously, was
used. Before extraction, 2g dry weight (dw) of sediment were
spiked with the surrogate standards (5 ng of BDE-77, BDE-181 and
13C_syn-DP, and 50 ng of 1*C-BDE-209) and were kept overnight to
equilibrate. SPLE was carried out using an ASE 350 system ( Dionex,
Sunnywale, CA, USA). Spiked samples were ground with alumina
and copper (1:2:2) and loaded into a 22mL extraction cell pre-
viously loaded with 8¢ of alumina. Dead volume was filled with

hidromatrix. A hexane:dichloromethane (DCM) mixture (1:1)was
used as extraction solvent, while pressure and temperature were
settled at 1500 psi and 100 °C respectively. 5min of oven heat-up
and two static cycles of 10 min were made. Final extraction volume
was aboul 35mlL. Extracts were concentrated to incipient dryness
and re-dissolved with toluene for a final volume of 40 L.

Regarding the sludge samples, 1.5g dw were spiked with the
internal standards (5ng of BDE-77, BDE-181 and ¥ C-syn-DP, and
50ng of '3C-BDLE 209) and were kepl overnight Lo equilibrate.
Spiked samples were ground with copper (1:2) and loaded into
an 11mL extraction cell. Dead volume was filled with hidroma-
trix and PLE was carried oul using the same pressure, lemperature
and conditions as for sediment samples. Resulting extracts were
treated with concentrated sulfuric acid (H2S504), and two steps of
solid phase extraction (SPE) were done in order to obtain a clean
extract. Silica (2 g) cartridges were first used, with 20 mL of hex
ane for the conditioning step and 20 mL of hexane for elution step.
Alumina (5g) cartridges were then used with 20mL of hexane for
conditioning and 20 mL ol hexane:DCM (1:2) for the elution step.
Resulting extracts were concentrated and re-dissolved as described
belore.

3.3, Insttumental analysis

PBDEs and emerging BFRs (HBB, PBEB and DBDPE) were ana
lyzed by an Agilent 7890C gas chromatograph connected to an
Agilent 5975A Network mass spectrometer, working in negative
chemical ionization mode (NCI) using NH4' as reagent gas. The
instrumental conditions and elution program had been previously
developed [3,26]. Briefly, temperature started at 140°C, was held
for 2 min and then ramped to 325°Cat 10 °C{min. Final temperature
was held 10min. Source temperature was set at 250°C. Selected
ion monitoring (SIM) mode was applied in order to enhance the
sensilivity. Experiments were carried out monitoring the two most
intense peaks [rom the NCI spectra. lons monitored were nifz 79
and 81 for all PBDEs and emerging BFRs with the exception of BDE-
209 and 3C-BDE-209, where the two ions monitored were mjz
487 and 489, and m{z 497 and 499, respectively. The most intense
peaks were used for quantification purposes, and the second ones
for confirmation.

On the other hand, halogenated norbornenes were analyzed
using an Agilent Technologies 7890A GC system coupled to 7000A
GC/MS Triple Quadrupole, working in NCI using CHg" as reagent
gas. Our previous work showed the advantages of M5-MS against
the single quadrupole MS [27]. Temperature started at 80°C, was
held for 2 min and then ramped to 300°C in 10°C/min. Final tem-
perature was maintained for 10min. Source Lemperature was set
at 175°C and electron energy and emission current were set at
200 and 150 eV, respectively. Selective reaction monitoring (SRM)
mode was applied in order to enhance the sensitivity. The two most
intense transitions were used for quantification and confirmation
purposes. The most intense transition was used for the quantifica-
tion and the second transition was used for the confirmation.

34, Quality control

Recoveries, method limits of detection (mLODs), defined as
the three times the noise level, and method limits of quantifi-
cation (ml0OQ), defined as 10 times the noise level, are showed
in Table 1. Regarding individual PBDE congeners, recoveries were
between 53% and 83% (RSD<10%) in sediments, and between 31%
and 81% (RSD<14%) in sludge. Values for emerging BFRs were
between 58% and 102% (RSD <6%) in sediments and between 30%
and 50% (RSD<12%) in sludge. Finally, recoveries of halogenatred
norbornenes were between 65% and 114% in sediments (RSD < 11%)
and between 57% and 72% (RSD< 12%) in sludge. Since sludge is a
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Fig. 1. Sampling points in the Llobregat (1) and Ebro (2) river basins for sediments (circle) and sludge (triangle ).

dirtier matrix than sediment and more complex clean-up process
is needed, the fact that the recovery values were lower than in sed-
iment was considered normal. Moreover, the mLODs obtained for
sediments were better than the ones obtained for sludge.

In sediments, mLODs for PBDEs and emerging BFRs were
between 8.1 and 41 pg/g dw and between 9.1 and 86 pg/g dw,
respectively. Values for halogenated norbornenes were lower, ran-
ging from 0.1 to 1.3 pgfg dw. Regarding to sludge, mLODs for PBDEs
and emerging BFRs ranged from 0.19 to 0.67 ng/g dw and from 0,17
to 3.63 ng/g dw, while values for halogenated norbornenes were
between 0.012 and 0.029ng/g dw.

The linearity of the method was checked using calibration curves
made from standard solutions at five concentration levels (ran-
ging from 10 pg injected to 5000 pg injected). Matrix effect was

evaluated for all the compounds. Values of the ion suppression or
enhancement were lower than 15% for sediments and lower than
35% for sludge, which was considered acceptable.

4. Results and discussion
4.1. Sediment samples

Table 2 shows the concentration levels found for PBDEs and
emerging BFRs in Ebro and Llobregat river basins. Several PBDEs
(BDE-47, BDE-100, BDE-99, BDE-154, BDE-153, BDE-183 and
BDE-209) were detected in all the samples from the Llobregat river
basinand in 18 out of 19 samples from the Ebro river basin. BDE-209
was the most abundant compound, with a contribution between

Table 1
Recoveries (%), RSD (%), mLODs and mLOQs for all the compounds in the two matrices studied.
Sediment Sludge
Recovery (%) RSD (%) mLOD (pg/e dw) mLOQ (pg/g dw) Recovery (%) RSD (%) mLOD (ngfg dw) mLOQ (ngfg dw)
Dec 602 114 4 13 43 60 12 0.018 0.06
Dec 603 86 6 01 033 66 10 0.012 0.04
Dec 604 65 6 0.2 0,67 57 11 0,029 0.10
syn-DP 86 8 03 1.00 16 7 0.017 0.06
anti-DP 104 11 0.2 0.67 12 6 0.014 0.05
BDE-28 62 6 19 63 31 13 033 110
BDE-47 14 2 9 30 63 14 0.21 0.70
BDE-100 60 1 8.1 27 46 74 0.19 0.63
BDE-99 5 2 18 61 [E] 12 0.2 0.67
BDE-154 [ 3 21 /0 30 5.8 0,21 0,70
BDE-153 68 5 29 95 3 11 0.67 223
BDE-183 53 10 41 137 38 5.9 0.21 0.70
BDE-209 83 5] 25 83 81 93 0.2 0.67
HBB 62 5 9.1 30 30 14 0.56 1.86
PBEB 58 3 18 60 50 12 0.17 0.57
DBDPE 102 6 86 286 44 6 3.63 12.09

PBDESs: Polybromodiphenyl ethers, DBDPE: Decabromodiphenyl ethane, HBB: Hexabromobenzene, PBEB: Pentabromoetilbenzene, Dec 602, 603, 604: Dechlorane 602, 603,
604, DP: Dechlorane plus, RSD: Relative standard deviation. mLOD: Method limit of detection. mLOQ: Method limit of quantification,
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Table 2
Concentrarions of PEDEs and DRDPE in sedimenrs from Llohregar and Ehro river basins (ngfo dw).
RDE-47 ROE-100 RDE-99 RDE-154 BDE-153 BDE-183 RBDE-204 EPRDEs DEDPE
Llobregat river basin
LLO1 nd nd 015 nd nd nd 238 253 7.14
112 (30 nd (153 nd nd nd 147 230 740
LLO3 o nd 0.18 nd nd 0.08 591 6.30 522
CAR1 nd nd nd nd nd nd 150 1.50 319
CAR? il nd 15 il nid 11 213 2.40 166
CAR3 nd nd nd nd nd 003 5.01 5.03 212
CAR4 L} nd nd nd nd 001 436 44.3 250
LLO4 nd 0.09 0.35 0.04 nd 0.06 126 13.2 105
LLOS nd 0.04 o1 002 nd 003 149 151 133
AN nd nd (.29 nd nd 18 184 411 154
ANO2 nd nd nd nd nd nd 291 291 nd
ANO3 nd nd nd nd nd nd 211 2 791
LLOG nd 002 0.07 nd 0.01 nd 208 218 20.8
LLO7 Nd nd 0.49 003 nd 0.18 329 336 219
Ebro river basin
ERR1 (.06 nd 348 il 0.47 il 289 33.0 154
QCA nd nd nd nd nd nd nd nd nd
ERRZ 1 nd 0.02 il nd nd 6.01 6.03 352
ZAD nd nd nd 429 nd nd 15.2 19.5 125
EBR3 nd 003 0.05 002 0.03 0.05 148 150 242
NAJ (L1 nd N il nid il 042 9.3 132
ARG 0.28 nd 0.20 nd ng nd 195 201 186
ERR4 ni nq nd ni .10 (04 ER Y] 105 669
GAL1 nd nd nd nd nd nd 209 2.09 6.36
GAL2 0.02 nd 010 nd nd nd 1.58 1.71 7.25
HUE nd nd 1.3 nd nd nd 113 243 1487
ERR& 13 nd .30 il nid il 224 229 5
MAR 16 nd 048 nd nd nd nd 64 nd
ESE il nd il il nid il 250 250 9.31
CIN1 nd nd nd nd nd nd 262 262 1.63
CIN2 1.39 nd 323 062 218 49.14 207 373 2279
RS el nd nid il nid il 106 106 6.4
ALG nd nd nd nd nd nd 301 30 nd
ERRSD 14 nd nd nd nd nd (.22 (L6 nd

nd: Below detection limit PEDEs: Polybromodiphenyl ethers. DBDPE; Decabromodiphenyl ethane.

64% and 100% of the total PEDE burden in Llobregat samples and
between 47% and 100% in Ebro samples. Total PBDE levels ranged
from 1.50 to 44.3 and from nd to 37.3ngfg dw in Llobregat and
Ebro river basin, respectively. Differences in concentration levels
between the two river basins were not significant.

Our results are consistent with other published levels in previ-
ous works. Regarding the Llobregat river basin, in 2007 Labandeira
et al. [25] reported total PBDEs levels in sediments from this river
ranging from 2.5 t0 9.8 ngfg dw. Although our values are higher than
values reported in 2007 by Labandeira et al. [25], they are lower
than those reported by Guerra et al. [ 3] (22-136 ngfg dw) in 2010,
This difference could be attributed to the fact that the use of PBDEs
has been restricted in recent years, burt also to the fact that the dif-
ferent studies do not share the same sampling points. Regarding the
Ebro river basin, Eljarrat et al. |28 | reported total PBDE levels ran
ging from 2.4 to 42 ngfg dw in sediments from four sampling sites,
which are similar to our values, but the fact that in that case 40 BDE
congeners were analyzed should be taken into account. Higher lev-
els than those we report were found (from 11.1 to 14,400 ngfg dw)
in sediments from a sampling area near an industrial park in the
Ebro river basin [29].

Some other data on PBDEs in river sediment are available. Ma
et al. reviewed the published data of PBDEs in sediment from China
until 2012 [30]. PBDEs were detected in sediments [rom dilferent
rivers in the mainland of China. Total PBDE levels ranged from 0.16
to 7340 ngfg dw, with a high variability among the different areas.
Recently, Chenetal. |31 | reported high levels of PBDEs (ZPBDE ran-
ging from 17 to 588 ngfg dw) in China, although these values were
lower than reported in 2005 in the same area [32]. On the other
hand, lower levels than we observed were found in San Francisco
Bay (USA), with a ZPBDE concentration ranging from 2 to 8 ngjg

dw [37]. Hale et al. reported low TPBDE levels (up to 0.5 ngfs dw,
BDE-209notincluded }in river sediments from Virginia. However, a
high concentration of penta-BDEs was found near toa polyurethane
foamn manufacturing facility in North Carolina (135ngfe dw) and
BDE-209 were really high (up to 3190 ngfz dw) [341]. In Europe,
tofal PBDE levels ranging from 0.06 to 84 ngfg dw were reported
by Sawal et al. [35] for 32 sediments from the Danube river and its
tributaries.

Thereis agreatvariation of PBDEs levels worldwide, with higher
levels associated to the highly industrialized areas. However, sev-
eral studies report that total PEDEs levels are decreasing year by
year [36,37], probably due to the recent restrictions over the pro
duction and use of PRDES.

Regarding emerging BFRs, HBB and PBEB were not detected in
any sample. However, DBDPE was detected both in Llobregat and
Ebro river basins (Table 2). DBDPE was detected in 13 out of 14
samples from the Lobregat river, with values ranging [rom nd to
25.6ngfg dw, and in 15 out of 19 samples from the Ebro river with
values ranging from nd to 31.5ngfg dw. These values are slightly
lower than those found by Wang et al. | 35| in river sediments from
Northern China (from 16 to 68 ngfg) and similar to those detected
by Kierkegaard et al. [39] in Western Scheldt, Netherlands (mean
value of 24 ngfe dw).

Itis interesting to study the ratio between concentration levels
of BDE-209 and their substitute DEDPE(RgpE 200/peppE » Fig. 2 shows
these Rppe-p9/peppe Values in sediment samples. For Llobregat river
basin, Rypg.200/pappe ranged from 0.1 to 2.4 with amean value of 0.8;
and, for Cbro river basin, Rpp 300/peppe ranged from 0.2 to 1.7 with
the same mean value of 0.8. Thus, BDE-200 and DBDPE levels were
quite similar. Wei et al. [40] reported a Rypg_zognrppe value of 2.1
in sediments from Arkansas. Furthermore, He et al. [11] found two
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RB DE-208/DEDFE

Llobregat Ebro
Sediment Sediment
n=14 n=19

Ebro Llobregat
Sludge Sludge
n=8 n=1

Fig. 2. Mean values {and associated standard deviations) of the ratio between brominated diphenyl ether 209 (RDE-209) and decabromediphenyl ethane {DEDPE) concen-
trations {Repe-20emeore ) in sediment and sludge samples from Ebro and Llobregat river basins.

interesting tendencies in sediments from Southern China: firstly,
BDE-209 levels were much lower in sediments collected in 2010
(from 1.3 to 2400ngf/g dw) than in sediments collected in 2002
(21 to 7340 ngfe dw). Secondly, the mean value [or DBDPE slightly
increased in those 10 years, being 153 ng/g dwin 2002 and 200 ng/g
dwin 2010, for the same sediment samples. Both facts may indicate
that the restrictions over the use of BDE-209 are being followed and
DBDPE is being used as its substitute. Unfortunately, there are no
other reported levels of DBDPE in river sediment from Spain, so
this tendency can not be confirmed with our results. Nevertheless,
BDE-209 levels seem to decrease over the years, as suggested by
Yang et al. [37].

As regards halogenated norbornenes, Dec 602, Dec 603 and both
isomers of DP were detected both in Llobregat and Ebro river basins
(Tahle 3), whereas Dec 604 was not found in any sediment sample.
Halogenated norbornenes were detected in 13 out of 14 Llobregat
river samples with total levels ranging from 0.02 to 3.68 ngfz dw,
and in 17 out of 19 of the Ebro river samples with total levels ran-
ging from nq to 3.74 ngfg dw. Like PBDEs, no difference was found
between the two river basins. However, Dec 602 and Dec 603 were
mostoften detected in Llobregat river basin { frequency of detection
of 35% and 57%, respectively) than in Ebro river basin (frequencies
of 10% and 21%, respectively). Since Llobregat is a short river with
a high density of industries and WWTPs, this behavior could be
expected. Regarding DP, rotal levels ranged from nd to 1.39ngfg
dw in Llobregat river and from nq to 1.64 in Ebro river. This is the
first study to report concentrations of halogenated norbornenes in
sediments from Spain. Regarding river sediments from other places
of the world, in China Sun et al. |12 found concentrations of Dec
602, Dec 603 and DP ranging from nd to 0.05, nd to 0.026 and nd
to 1.1, respectively, which is similar to what we found. Similarly,
Wang et al. found total DP levels up to 1.3ngfe dw in river sedi-
ments from South China [43]. On the other hand, DP was found in
sediments from Lake Ontario and Lake Erie at concentrations up
to 586 and 8.62 ngfe dw, respectively [44], which are considerably
higher than our values. This may be due to the fact that the Oxy
Chem factory, which produces the DP, is located in the Grear Lakes
[15].

Fanei values (the isomeric ratio of the two DP isomers, expressed
as the ratio of the amount of anti-DP relative to the total amount
of both isomers) were calculated and mean values were (.73 and
0.75 Tor the Ebro and the Lobregat rivers, respectively. Differ-
ences hetween F i values could indicate a different environmental
behavior of both isomers. However, in our case, Fap; values in sedi-
ment samples were similar Lo those found in commercial mixtures

(Fanri values ranging [rom 0.64 to 0.80) [45]. This is in agreement
with Swerko et al. [15] who concluded that F,p; tends to remain
similar to the commercial mixture in sediment samples.

4.2. Shidge samples

Several classical PBDEs (BDE-47, BDE-100, BDE-99, BDE-154,
BDE-153 and BDE-209) and emerging HFRs (DBDPE, Dec 602, Dec
603, syn-DP and anti- D) were detected in sludge samples collected
at different WWTPs (Table 4), BDE-209 was the most abundant
PBDE congener, with levels ranging from ng to 319 ngfg dw. Other
compounds with lower bromination levels were found at lower
concentrations (from nd to 17.2 ngfg dw), with tetra-BDE-47 and
penta-BDE-99 being the most abundant. The sample collected at
WWTP of Lleida showed the highest total PBDE level (3473 ng/g dw)
while the lowest level was [ound at Pamplona (20.7 ngfg dw). It
should be note that BDE-209, which clearly dominates the BDE pro-
file in sludge, could not be quantified in this WWTP. No correlation
was found with the total flow (m?jday) or equivalent population
(Supporting information 1)

Our total PBDE values in sludge were lower than those previ-
ously reported in Spanish sewage sludge. De la Torre et al. [46]
found values from 58 to 2606 ngjg dw in sludge collected at 31
WWTPs from Spain. Other authors found similar values, ranging
from 197 to 1185 ngfg dw [47/], from 21 to 737 ngfg dw [48] or from
nd to 2326 ngfe dw [5]. It is interesting to note that when we com
pare our results with those reported for Spanish sludge samples
collected some years ago, BDE-209 values have clearly decreased.
For example, Gorgaet al. reported levels of BDE-209 up to 2303 ngfe
dw [5] while our maximum is 319ng/g dw. This tendency could
be explained by the ban of BDE-209 usage. Comparing with levels
in other countries, higher values, with total PBDEs levels ranging
from 5.1 to 1115ng/g dw, were found in sludge samples from dif-
ferent WWTPs trom China [49]. On the other hand, reported levels
insludge [rom dilferent USA WWTPs were also considerably higher
(1085 to 8080 ngfg dw), probably due to the fact that BDE-209 was
used in the USA at higher amounts than in Europe [34].

As regards emerging BFRs, HBB and PBEB were not detected in
any sample. However DBDPE was delected in all the analyzed sam
ples with values ranging from nq ro 124 ngfg dw. These values are
quite similar to those reported by [36] in Spanish samples from
31 dilferent WWTPs (3.24 to 125ngig dw). These samples were
collected in 2006, four years before the collection of the present
study. Whereas the range of concentration was similar for both
studies, the mean value was different: 45ngie dw for the 2006
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Table 3

293

Concentrarions levels of halogenared norhomenes in sediments from Llohregar and Ebro river basins (ngjg dw).

Dec-602 Dec-607 syn-DP anii-NP Fimi EDechloranes
Llobregat river basin
LLO1 nd nd 0.02 0.08 0.77 0.11
LLO2 nd nd nd 0.02 1.00 0.02
LLO3 nd 0.02 0.05 0.09 0.64 0.16
CAR1 006 0.01 005 012 0.72 0.23
CAR2 it nil nd nil - nil
CAR3 nd 1.04 0.06 0.25 0.80 1.36
CAR4 008 0.08 019 0.24 056 059
LLO4 013 0.76 0.34 1.05 0.75 2.28
LLOS 009 012 012 0.40 077 0.73
ANO1 nd (.06 (106 .15 0713 027
ANO2 079 0.66 073 1.50 0.67 3.68
ANO3 nd nd 0.04 0.16 0.79 020
LLOG nd nd 0.08 017 0.69 0.24
LLO7 nd 0.17 034 0.95 0.74 1.46
Ebro river basin
ERR1 il ndl .06 017 0.75 0.23
QCA nd nd 003 0.09 0.72 012
ERR? il 0.02 002 .05 0.72 .10
ZAD nd nd 0.46 1.19 0.72 1.64
EBR3 nd 0.26 028 1.33 0483 148
NAJ nd nd (106 .14 070 0.20
ARG nd 0.03 011 0.22 0.67 0.36
ERR4 14 nd o4 004 (L64 .26
GAL1 nd nd 003 0.06 0.67 0.08
GAL2 nd nd 0.04 o011 0.76 0.15
HUE 1.9 nd 050 1.33 0.73 374
ERRG it it} 1| 1| - 1|
MAR nd nd 006 0.08 056 014
ESE il ndl 001 0.03 .86 .03
CIN1 nd nq nq nq - ng
CIN2 nd nq 0,001 0.0 0.89 0.0
RS il ndl Lo .16 (.68 .24
ALG nd 003 0.07 0.73 0.09
ERRY nd .30 oy [IATH 072 053

nd: Below detection limit ng: Below quantification limit. Dec 602, 603: Dechlorane 602, 603. DP; Dechlorane plus.

sampling, and 74 ngfg dw for the 2010 sampling, which may indi-
cate an increase of DBDPE use in Spain. In addition, Gorgaet al. [ 5]
found mean DBDPE concentrations of 57 ngfg dw for sludge sam-
ples collected in 2009, However, studies reporting the presence of
DBDPE in sludge are still limited. Ricklund et al. [ 50] found DBDPE
in sludge from Stockholm with values ranging from 60 to 95 ngjg
dw, matching reasonably well with our data.

fig. 2 shows the Rppg.aneypenpe values in sludge samples.
RepE z00peppe Tanged from 2.6 to 6.4 with a mean value of 4.2 for

the Ebro river basin, indicating that BDE-209 levels were higher
than those of DBEDPE. For the unique sludge sample collected at the
Llobregat river, Rppg.2g0/peppe Was 1.3; in this case, BDE-209 and
DBDPE levels were similar.

Regarding the halogenated norbornenes, Dec 602 was only
detected in one sludge sample, Tortosa, at concentration level of
0.24ngfg dw. In contrast, Dec 603 and both isomers of DI were
detected in all the samples, with values ranging from 0.08 to 0.60,
0.85 to 11.2 and nq to 11.9ngfg dw, respectively. Unlike the case

Tahle 4
Concentrations levels of PEDEs, DBDPE and halogenated norbornenes insewage sludge from different Ebro and Llobregat WWTPs (ng/fg dw).
Ebro Lobiregat
Lleida Logrofio Pamplona Tortosa Tudela Zaragoza lgualada

PREDEs and emerging BFRs
BDE-47 17.2 6.53 7.24 7.28 7.94 431 450
BDE-100 348 1.40 1.60 158 204 nd 230
BDE-849 nd B9 104 101 117 L84 641
BDE-154 nd 0.49 0.61 0.69 0.99 043 nd
BOE-153 299 nd 0.97 1.0 156 (LG5 nd
BDE-209 319 214 Jiti} 233 225 153 150
DEDPE 124 nq 112 525 351 43.7 112
Rppe-200me0PE 256 4.43 642 351 1.34
Hologenoted norbormenes
Dec-602 nd nd nd 024 nd nd nd
Dec-603 060 .08 .09 0.42 16 (L0 nil
syn-DP 11.2 0.85 2.42 216 6.94 224 1.50
anti-DP nq 1.73 6.80 3.93 119 542 341
- [y 0./4 (.65 [LL5%] 073 042
TDechloranes 116 266 931 6.75 19.0 824 531

nd: Below detection limit. ng: Below quantification limit. PBDEs: Polybromodiphenyl ether. DBDPE: Decabromodiphenyl ethane. Dec 602, 603: Dechlorane 602, 603, DP:

Dechlorane plus.
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of PBDEs, the sludge sample which showed the highest levels
of halogenated norbornenes was located in Tudela, while Lleida,
which had the highest PBDE levels, had the second highest level
of norbornenes. Similar to sediment samples, £ values in sludge
(ranging [rom 0.63 to 0.74) were similar to those found in com
mercial mixtures. Studies reporting the presence of halogenated
norhornenes in sludge are very scarce. Dela Torre et al. [51] found
slightly higher values of total DP (2.5 to 94 ngjg dw) in 31 different
sludge [rom Spain. Kolic et al. [52] found about 119 ng/g dw of DP
in sludge from one WWTP from Toronto, Canada.

5. Conclusions

PBDEs, emerging BFRs and halogenated norbornenes were ana-
lyzed in sediment and sludge samples [rom two [berian river basins.
Different PEDE congeners, DBDPE, Dec 602, Dec 603 and both iso-
mers of DI were detected. This is the first time that halogenated
norbornene levels were reported in sediment samples [rom Spain.
Gathering information regarding HFRs in sludge is important since
65% of the sludge is used for agricultural purposes. Since these con-
tarminants have been found in sludge the agricultural soils could be
affected. The new information is also useful in order to establish
new legislation over the application of sewage sludge

Our results seem toindicate that emerging FRs are slowly replac
ing the “classical” PEDEs. Whereas halogenated norbornene levels
are still lower than those of PBDEs, DBDPE concentrations seem
to have been increasing in recent years. It is expected that this
behavior will continue in the future.
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Fslow Eq. habitants Treatment Sludge Treatment
m’/day
Liobregat Igualada 20000 285660  Secondary A“*‘i;ﬁ"&%ﬂ‘;iﬁf“ *
Pamplora 129600 550000  Secondary Anaerobic digestion +
centrifugation
Anaerobic digestion
Logrono 103680 466560 Secondary +oentrifuge
Ebro Tudela 24000 80000  Secondary Aerobic digestion +
centrifugation
Zaragoza 34560 1200000 Secondary Thickening + incineration
Lleida 87500 186666  Secondary Anaerobic digestion +
centrifugation
Tortosa 10296 46827 Secondary -






Capitulo 3

3.3. Discusion

En las publicaciones #3 y #4 se describen los resultados obtenidos en el analisis de las
muestras de Chile, Colombia y Espafia. A continuacion se discuten las concentraciones
presentes en sedimento y lodos de depuradora, asi como la influencia de las diferentes
zonas de estudio. Como se ha discutido en el capitulo 1, es muy importante caracterizar
el area de estudio ya que ésta tiene una gran influencia en la presencia o no de los HFRs
en la zona, asi como la abundancia de los mismos. Por ello, es interesante comparar 2
regiones tan diferentes como Espafia, un pais miembro de la UE y por tanto suscrito a
todas las regulaciones detalladas en el apartado 1.4, con otras donde las Unicas
regulaciones vigentes son las de carécter internacional, como el convenio de Estocolmo.
Pese a que los tres paises firmaron el convenio en la misma fecha (23/05/2001), en
Chile esta firma fue ratificada en 2005 y en Colombia en 2008 (en Espafa lo fue en
2004). Ademas, las diferencias en cuanto al desarrollo industrial y nivel de vida de los
diferentes paises también juegan un papel importante y comprobar si éstas influyen en

las concentraciones de HFRs no carece de interés.

3.3.1. Sedimentos

Tanto en los sedimentos recogidos en Chile y Colombia como a lo largo de las cuencas
hidrograficas del Ebro y Llobregat, en Espafia, se detectaron diferentes congéneres de
PBDEs (BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, BDE-183 y BDE-209),
cuya presencia a lo largo del globo es de sobra conocida, aungue fue la primera vez que
se estudiaron en Chile y Colombia. Mientras que en Chile se determinaron
practicamente todos los congéneres incluidos en nuestra metodologia analitica, en
Colombia solo se detectd el BDE-209. Ademas, se detectaron algunos BFRs emergentes
como el PBEB en Chile y el DBDPE en los 3 paises. En el caso de Espafia se detectaron
varios compuestos de la familia de los HNs, el Dec 602, Dec 603 y DP, pero no el Dec
604.

Observando los resultados obtenidos en Sudamérica, es de suponer que en Colombia la
unica mezcla utilizada es la Deca-BDE mientras que en Chile también se aplicaba la
Penta-BDE, pese a que el BDE-209 presentaba la contribucion mas alta a las
concentraciones totales de PBDEs. El hecho de encontrar DBDPE y PBEB en Chile y
no en Colombia podria ser debido a que en Chile se empezaron a buscar alternativas a
los PBDEs, o por lo menos a la mezcla Penta-BDE, cosa que no ocurrié en Colombia.
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Estas muestras se recogieron entre 2009 y 2010, por lo que estos perfiles podrian haber
cambiado desde entonces. De hecho, recientemente se llevo a cabo otro estudio en la
misma bahia de Concepcidn (Chile) y los perfiles obtenidos fueron bastante diferentes
(Pozo et al., 2015). En muestras de sedimento recogidas en 2013 se vio como los
niveles de BDE-209, asi como los de otros PBDEs de menor grado de bromacion,
presentaban un perfil diferente al encontrado en la misma zona durante el estudio

realizado en esta tesis (Tabla 3.1).

Tabla 3.1. Comparativa entre concentraciones en sedimentos procedentes de la Bahia

de Concepcion (ng/g dw).

Pozo et al. (2013) Articulo #3
Sedimentos (n) 1 1 1 3
Penta-BDE 0,09 0,05 0,02 0,3
BDE-209 21 5 2 1,7

n: Nimero de muestras en cada punto de muestreo. Penta-BDE: Y BDE-47, BDE-99, BDE-100.

En 2010 hubo un fuerte tsunami que afectd a toda la zona de muestreo y de hecho
podria haber tenido influencia en este aumento de las concentraciones del BDE-209, ya
que en la bahia de Concepcion se acumularon numerosos deshechos arrastrados por el
tsunami. Si éstos contenian BDE-209 se podria esperar un aumento de la presencia del
mismo en la zona. No obstante, la disminucidn observada en las concentraciones de los
componentes mayoritarios de la mezcla Penta-BDE podria sugerir que su uso se detuvo.
El HBCD s6lo se detecté en muestras aisladas de Colombia, por lo que se podria asumir
que su uso en Sudamerica no estd muy extendido, o por lo menos no lo estaba en 2010.
Lamentablemente en el momento en el que se analizaron estas muestras no se disponia
aun de la metodologia para el analisis de los HNs y ningun otro estudio los ha analizado
en América del Sur. De cara al futuro seria interesante hacerlo, para evaluar si realmente
estan también presentes en ese continente o no.

En los sedimentos de los 2 rios esparioles, las concentraciones de HNs fueron unas 10
veces inferiores a las de los clasicos PBDEs, que al igual que en Chile estuvieron
dominadas por la presencia del BDE-209 con contribuciones siempre superiores al 64%.
Pese a no observarse diferencias significativas entre ambas cuencas en cuanto a valores
de concentracion, si pudieron observarse diferencias en cuanto a los perfiles a lo largo

de las cuencas (Figura 3.1).
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Pese a que las evidencias sugerian que la contaminacion por HFRs representaba un
problema global, los estudios en ciertas regiones eran escasos 0 inexistentes. Por
ejemplo, el articulo #3 fue el primer trabajo que reportaba concentraciones de HFRs en
sedimentos de Sudamérica. Ademas, el articulo #4 aporta nuevos datos en las cuencas
del Ebro y Llobregat que, pese haber sido monitorizadas previamente, permiten llevar
un seguimiento de la contaminacién por HFRs. En el futuro sera interesante ver si la
contaminacion de los ya prohibidos PBDEs se reduce. Mientras que la presencia de
PBDEs ya habia sido estudiada con anterioridad, esta es la primera evidencia de la
presencia de los HNs en rios espafioles. EI compuesto encontrado en mayores
concentraciones fue el DP (nd-1,82 ng/g dw) y ademas estaba presente en el 93% de las
muestras. Por otro lado el Dec 602 y Dec 603 mostraron una presencia menor, aunque
no despreciable (36 y 39%). No obstante, en la Figura 3.1 se ve claramente como las
concentraciones de HNs aun no se acercan a las de los PBDEs.

En la figura 3.2 se comparan las concentraciones encontradas para los PBDEs en
diferentes zonas estudiadas en esta tesis, utilizando los datos aqui obtenidos asi como
otros de la literatura para tener una perspectiva mas completa (Guerra et al., 2010;
Labandeira et al., 2007; Ruiz-Fernandez et al., 2014).
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Figura 3.1. Concentraciones de PBDEs entre el primer y el tercer cuartil en las diferentes zonas
estudiadas en esta tesis. Ebro 2004: Guerra et al. 2010. Llobregat 2000, 2005-2006: Labandeira et al.
2007. México: Ruiz-Fernandez et al. 2014.

Al comparar distintas zonas, la influencia del punto de muestreo puede ser de gran

importancia. Por ejemplo, las elevadas concentraciones encontradas en un punto de
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muestreo de Colombia se atribuyeron a la proximidad de este punto con Barranquilla y
al poco movimiento de agua de la zona, que favoreceria la concentracion de
contaminacion en ese punto. Al comparar la misma cuenca hidrografica y observar
como existe también gran variabilidad en los niveles encontrados se puede llegar a la
misma conclusion, ya que a lo largo de la cuenca la actividad industrial no es uniforme.
Por ejemplo, cerca de una zona de elevada carga industrial en el Ebro se hallaron
valores de hasta 14.400 ng/g dw (Eljarrat et al., 2007). Este estudio ha sido excluido de
la figura 3.2. Por otro lado, se observa un aumento de las concentraciones entre el 2000
y 2006 en el Llobregat, y una disminucion en 2011, coherente también con lo que
parece ocurrir en el Ebro. Obviando las diferencias entre puntos de muestreo y
considerando la cuenca como un global, esto podria indicar un aumento del uso de la
mezcla Deca-BDE a principios de la década, y una disminucion posterior a causa de su
inclusion en el convenio de Estocolmo. En los articulos #3 y #4 puede encontrarse una
discusién méas amplia sobre niveles en otras zonas como China o EE.UU disponibles en
la bibliografia. Las concentraciones en estas zonas son considerablemente mas altas que
las estudiadas en esta tesis (Chen et al., 2013; Hale et al., 2003; Klosterhaus et al.,
2012; Ma et al., 2013; Mai et al., 2005). En el futuro puede ser interesante realizar un
estudio similar para ver si los perfiles presentados en la figura 3.1 han cambiado.

En el caso concreto de los HNs, el articulo #4 presenta los primeros datos en sedimentos
en Espafa, demostrandose su presencia a lo largo de las 2 cuencas. De cara al futuro
sera interesante ver si las concentraciones encontradas, en el orden de los pg/g dw, van
en aumento en respuesta a la prohibicion del uso de la mezcla Deca-BDE, ya que el DP
ha sido propuesto como un posible substituto. Estos niveles son muy inferiores a los
determinados cerca de las zonas de produccion de China'y EE.UU y similares a algunos
otros estudios llevados a cabo en otras zonas (Tabla 3.2). Destacan los niveles
relativamente altos hallados en sedimentos de rio en Paquistan, que muestran de nuevo
la influencia de zonas industriales en la presencia de estos contaminantes incluso en
areas donde no habian sido estudiados hasta la fecha (Mahmood et al., 2015), hecho que
en sedimentos ha sido caracterizado previamente (Qi et al., 2010; Tomy et al., 2007;
Wang et al., 2010). Ademés en un embalse cercano a una planta de reciclado de e-waste
las concentraciones de DP superaron a las de otros contaminantes clasicos como el
PCB-153 o el BDE-47 (Wu et al.,, 2010). Respecto al Dec 602 o Dec 603 las

concentraciones encontradas en los rios espafioles son considerablemente inferiores a
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las encontradas cerca de las zonas de produccion, pero similares a las de otras zonas
(Shen et al., 2011; Sun et al., 2013; Wang et al., 2012).

El hecho de que los HNs también hayan sido identificados en diferentes zonas no
relacionadas entre si demuestra que también suponen una problematica global, al igual
que los PBDEs, por lo que mas estudios son necesarios con el fin de caracterizar
correctamente su problematica en sedimentos. Cabe recordar que, una vez acumulados
en el sedimento, pueden acumularse en diferentes organismos y entrar asi en la cadena
trofica (Li et al., 2014). Seria interesante conseguir, en un futuro, que la presumible

globalidad de los HNs esté tan bien caracterizada como la de los PBDEs.

Tabla 3.2. Comparativa entre las concentraciones de HNs en sedimentos de distintas

zonas (ng/g dw).

Pais Zona Dec 602 Dec 603 Dec 604 DP
nd-0,79 nd-1,04 nd-2,23
oparia Llobregat (0.23) (0.22) n.d (0,51)
Ebro nd-1,19 nd-0,29 nd nd-1,82
(0,19) (0,15) (0,38)
Paquistan Chenab n.a n.a n.a Oéééf
Artico King's bay nd-l,;l 0'2_3'a4 1'9_29 0.12-0.86
0,7 (1,5) (7,9) (0,35)
Songhua n.a n.a n.a nd-0,16
(0,04)
Hong Kong n.a n.a n.a 0(3582)5
. Embalse
China (Sur, Industrial) n.a n.a n.a (7590)
Huai’an 0,56-3,7 n.a n.a 1,9-8,0
(2,1) (4,9
Dailing nd-0,058 n.a n.a 0.89-2,1
(0,042) (1,2)
Lago Winnipeg n.d n.d n.d (0,03)
Lago Eire n.d n.d n.d 0,2)
Canada Lago Ontario 0,008-21  0,001-0,82 0,005-10  0,06-160
(6,3) (0,33) (3,9) (72)
Niagara 0,04-1,4  0,008-280 0,01-1,6 2,5-62
(0,36) (0,04) (0,22) (17)

2 pg/g dw. n.d: No detectado. n.a: No analizado
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3.3.2. Lodos de depuradora

Tanto los mismos congéneres de PBDEs detectados en sedimento como el DBDPE, Dec
602, Dec 603 y ambos isémeros del DP fueron detectados en los lodos de las 7 EDARs
estudiadas. No obstante, cabe destacar que el Dec 602 solo fue detectado en la
depuradora de Tortosa. En el caso del Dec 603 el articulo #4 supuso el primer trabajo
gue muestra su presencia en EDARs. De nuevo el BDE-209 fue el compuesto mas
abundante, al igual que en sedimentos y en otros estudios llevados a cabo en lodos de
depuradora de Espafia (De la Torre et al., 2011; Gorga et al., 2013). Como ya se ha
visto, la zona de estudio tiene una gran importancia. Los lodos de depuradora suelen
presentar niveles muy elevados de los contaminantes mas hidrofébicos, debido a un
efecto de concentracion, asi que no es sorprendente observar una gran variabilidad al
comparar los resultados obtenidos en el articulo #4 con los obtenidos en otras

depuradoras distribuidas por todo el territorio espariol (Figura 3.3).
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Figura 3.2. Concentraciones de PBDEs entre el 1ler y 3er cuartil encontradas en EDARS de todo el
territorio Espafiol.

Del mismo modo, al comparar las concentraciones de DP en el Ebro y Llobregat con las
publicadas por De la Torre et al. (2011) en 31 depuradoras distribuidas a lo largo de
toda Espafia, se observa también la gran variabilidad existente. Las estudiadas en esta
tesis se encuentran en el rango bajo de concentraciones, al igual que en el caso de los
PBDEs (Figuras 3.3 y 3.4). En el articulo #4 se detectaron HNs en concentraciones
comprendidas entre 2,7 y 19 ng/g dw (las concentraciones de PBDEs oscilaron entre 13

y 340 ng/g dw). Como se puede ver la diferencia no es tan abismal como en el caso de
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los sedimentos, pero aun asi los PBDEs siguen siendo mas abundantes seguramente
debido a un mayor uso. El Dec 602 se detectd en el 14% de los lodos, el Dec 603 en el
85%, el syn-DP en el 100% y el anti-DP en el 85%, siendo de nuevo el compuesto mas
abundante de la familia. De nuevo, esto demuestra su ubicuidad pese a sus
relativamente bajas concentraciones, existiendo asimismo el peligro de que un aumento

en su uso unido a la citada ubicuidad de lugar a una problematica mucho mayor.
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Figura 3.3. Concentraciones de DP encontradas en 38 depuradoras espafiolas (1-31 datos de de la Torre
etal. 2011).

Las concentraciones de DP encontradas en Espafia (2,45-18,0 ng/g dw) son inferiores a
las encontradas en una region de China con elevada carga industrial (nd-298 ng/g dw) y
a la encontrada en una sola depuradora de Canada (119 ng/g dw). Por el momento la
investigacion sobre la presencia de estos contaminantes en lodos de depuradora es
limitada. Dado que en Espafia en concreto casi el 50% se usa en la agricultura (De la
Torre et al., 2011), no es un asunto trivial y seria necesario continuar aportando nuevos

datos.

3.3.3. BDE-209 y sus substitutos
Pese a que los HFRs pueden entrar al medio ambiente incluso varios afios después de
que se hayan retirado del uso los productos que los contienen, las restricciones sobre

algunos de ellos han de afectar por fuerza a sus niveles en el medio ambiente. Por ello,

Igualada
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es interesante comparar los niveles de los retardantes de llama clésicos (PBDES) con los
de los BFRs emergentes 0 HNs. Es de suponer que transcurridos varios afios estas
diferencias seran mucho menores o incluso podrian revertirse, por lo que es interesante
aportar datos actuales que mas adelante sirvan como referencia. Ademas, en algunas
zonas ya se empieza a ver como las concentraciones de unos y otros van siendo cada
vez més similares, especialmente las del DBDPE y BDE-2009.

En las figuras 2 de los articulos #3 y #4 puede verse una comparacion entre los niveles
de BDE-209 y DBDPE, uno de los compuestos propuestos especificamente como
substituto de la mezcla Deca-BDE. En sedimentos se puede ver como las
concentraciones de DBDPE superan a las del BDE-209 en 3 de las 5 zonas estudiadas
en Chile, mientras que no se detectdo en Colombia. Esto parece sugerir que Chile ha
empezado a reemplazar el Deca-BDE por el DBDPE, mientras que en Colombia el BFR
alternativo aun no se aplica. De igual modo, las concentraciones en el Ebro y Llobregat
fueron bastante similares. Por el contrario, en fangos las concentraciones de BDE-209
fueron muy superiores, cosa gque es consistente con otros trabajos publicados en Espafia
(De la Torre et al., 2012; Gorga et al., 2013) y también en otras zonas como Corea (Lee
et al., 2014). Ademas, las concentraciones de BDE-209 suelen estar correlacionadas con
las del DBDPE, lo que sugiere que provienen de fuentes similares. En la figura 3.5 se
muestra un ejemplo de la correlacion encontrada en sedimentos del Ebro, correlacion
que también se dio en los lodos de depuradoras (p < 0.05, R*=0,704) (De la Torre et al.,
2012).
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Figura 3.4. Correlacion entre las concentraciones de BDE-209 y DBDPE (Sedimentos Ebro).
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3.4. Conclusiones

Finalmente, las conclusiones a raiz del trabajo realizado en este capitulo son las

siguientes:

- Se ha detectado por primera vez la presencia de HFRs en sedimentos de Chile y
Colombia, demostrando que estos compuestos también representan un problema en esa
region. Ademas, se ha confirmado la presencia del DP en lodos de diferentes
depuradoras espafiolas y detectado por primera vez el Dec 603 en esta matriz. Se vio
que el DP es el HN maés abundante tanto en sedimentos como en lodos.

- Existen marcadas diferencias entre distintos paises como Chile y Colombia, que
sugieren un uso diferente de las mezclas comerciales Penta-BDE y Deca-BDE, asi como
la implantacion del uso del DBDPE en el caso de Chile.

- Pese a no observarse diferencias en las concentraciones globales entre las cuencas del
Ebro y Llobregat, si se vieron diferencias en cuando a los perfiles de contaminacion a lo
largo de las mismas. Ademas, la posible aplicacion de los lodos en agricultura podria
agravar el problema siendo un foco importante de reintroduccion de los contaminantes
al medio ambiente.

- Se observo correlacion entre las concentraciones de BDE-209 y DBDPE lo que podria
indicar que se han estado utilizando en productos similares. Ademas, los niveles del
DBDPE eran similares, e incluso superiores en algunos casos, a los del BDE-209, lo que
podria indicar la aplicacion de este BFR emergente en substitucion del ya prohibido
BDE-2009.
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4.1. Introduccion

En el capitulo anterior se ha discutido la presencia de diferentes HFRs en muestras
ambientales como sedimentos y fangos. Su acumulacion en estas matrices representa su
via de entrada en las diferentes cadenas troficas. Desde alli se acumulan en diversas
especies que van desde pequefios invertebrados hasta grandes mamiferos o aves rapaces,
tanto en medio acuatico como terrestre (Weijs et al., 2015). Pese a que se ha visto que
algunos microorganismos acumulan los HFRs tras descomponer los materiales
poliméricos que los contienen, la mayoria los acumulan una vez estos han sido liberados
en el medio ambiente.

En este capitulo se pretendia demostrar la capacidad de los diferentes HFRs para
acumularse en diferentes niveles de la cadena trofica, ver si los perfiles de
contaminacion estaban influenciados por la dieta, y estudiar los procesos de
biomagnificacion. Pese a que esta informacion ya estaba disponible para los PBDES y
en menor medida para el HBCD, los datos respecto a los HNs eran muy limitados y
daban lugar a interpretaciones ambiguas. La comparacion de su comportamiento con el
de los 2 primeros, méas estudiado, dar4 una idea de la problemética real de estos
compuestos emergentes en el medioambiente.

La presencia de HFRs en 3 niveles tréficos de la Bahia de Concepcion (Chile) fue
estudiada como uno de los objetivos del proyecto “Evaluacién del impacto ambiental
de los retardantes de llama bromados en ecosistemas acuaticos de América Latina”
(BROMACUA) vy los resultados estan recogidos en la publicacion #5: Occurrence and
behavior of natural and anthropogenic (emerging and historical) halogenated
compounds in marine biota from the Coast of Concepcion (Chile). Dado que no se tuvo
la oportunidad de muestrear especies en los niveles més altos de la cadena trofica,
donde la informacion sobre posibles procesos de biomagnificacion es mas relevante, se
considerd necesario ampliar el estudio a otras especies que ocuparan niveles tréficos
superiores. Por ello, y en el marco del proyecto FLAME (“Estudio de los
contaminantes retardantes de llama (flame retardants) en el Golfo de Cadiz:
implicaciones para la conservacion”) se estudiaron 5 especies de delfines con
diferentes posiciones troficas procedentes del Estrecho de Gibraltar, Golfo de Cadiz y
Mar de Alboran. Se pudieron estudiar procesos de biomagnificacion a lo largo de una
misma cadena tréfica, constatar que incluso entre zonas muy cercanas entre si existen

diferencias significativas en las concentraciones encontradas, y también la acumulacion
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especifica de algunos compuestos en cerebro. Este trabajo se recoge en las
publicaciones #6 (Bioaccumulation and biomagnification of classical flame retardants,
related halogenated natural compounds and alternative flame retardants in three
delphinids from southern European waters) y #7 (Halogenated natural products in
dolphins: Brain-blubber distribution and comparison with halogenated flame
retardants). Con el objetivo de ampliar el estudio a organismos con una dieta
principalmente terrestre y evaluar posibles diferencias, se analizaron huevos no
eclosionados de 15 especies diferentes de aves del Parque Nacional de Dofiana, dentro
del marco del proyecto de titulo “Evaluacion del impacto sobre la fauna del Parque
Nacional de Dofiana asociado al uso de nuevos contaminantes retardantes de
Ilama” (IMPAR). Este trabajo permitié evaluar las diferencias de acumulacion entre
diferentes especies, las capacidades de biomagnificacion de diferentes contaminantes,
asi como las tendencias temporales entre 2003 y 2012, dando lugar a las publicaciones
#8 (Bioaccumulation and biomagnification of emerging and classical flame retardants
in bird eggs of 14 species from Dofiana Natural Space and surrounding areas (South-
western Spain) y #9 (Temporal trends in classical and alternative flame retardants in
bird eggs from Dofiana Natural Space and surrounding areas (south-western Spain)
between 1999 and 2013).

A continuacion se amplian o introducen algunos conceptos de importancia especifica de

este capitulo.

4.2. Bioindicadores

Los bioindicadores son especies usadas para monitorizar el estado del medio ambiente.
Son especies concretas, aungue a veces se usan conjuntos de especies, abundantes en
una misma zona, presentes en distintas regiones lo que permite realizar comparaciones,
Y que presentan unas respuestas concretas a la contaminacion. Ya sea porque acumulan
los contaminantes, porque la contaminacion afecta a su morfologia o porque su
comportamiento o poblacion se altera, estas especies permiten evaluar el estado del
medio ambiente (Carignan y Villard 2002; Niemi y McDonald 2004). También se suele
usar el concepto de “especies centinela” para referirse a los bioindicadores que se
encuentran en posiciones troficas altas, como las aves, mamiferos marinos o terrestres e
incluso animales de compafiia (Basu et al., 2007). EI aumento del desarrollo, tanto en

paises emergentes como en el primer mundo, implica un aumento de la actividad
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industrial y la demanda de recursos. Por ello, la actividad humana cada vez tiene un
impacto mayor en el medio ambiente. Asi pues, identificar correctamente las especies
que nos permiten evaluar el efecto de dicha actividad humana es de vital importancia
(Gentes et al., 2015).

4.3. Medio marino

En un primer estudio se muestrearon diferentes especies a lo largo de la Bahia de
Concepcion (Chile) durante febrero de 2010. Se trata de un area con una elevada carga
industrial ya que la industria petrolera tiene una gran presencia en la zona. Ademas, una
serie de desastres medioambientales recientes (vertido de petroleo en 2007 y terremoto
en 2010) hacen que sea interesante evaluar la presencia de HFRs en las diferentes
especies que la pueblan. Algunos de los puertos mas importantes de Chile se encuentran
alli, como los de Penco o Talcahuano. El muestreo se llevo a cabo concretamente en la
Bahia San Vicente (sistema de agua marina) y el Estuario Lenga (sistema de agua dulce
y marina). Es una zona muy rica en biodiversidad que alberga méas de 100 especies.
Entre ellas se seleccionaron diferentes organismos para cubrir diferentes niveles
tréficos: consumidores primarios, secundarios y terciarios.

Por otro lado, el estudio de la presencia de los HFRs y los HNPs en 5 especies de
delfines en aguas del sur-oeste del mediterraneo representa una parte importante de este
blogue. Los delfines son considerados buenos bioindicadores ya que su salud y
poblacion no solo refleja el estrés al que estdn sometidos ellos mismos, sino también el
de especies en niveles inferiores de su mismo ecosistema (Wells et al., 2004). Ademas,
su esperanza de vida es bastante alta y presentan una gran acumulacion de
contaminantes acumulados a lo largo de la misma. El estrés sobre los cetadceos ha
aumentado en las ultimas décadas, afectandolos a ellos y a sus presas. En consecuencia,
la comision ballenera internacional (IWC, del inglés international whaling commision)
ha promovido el monitoreo de estas especies para definir su estado de salud y como
estan siendo afectados por la contaminacion (Fossi et al., 2013).

Toda el area abarcada en el estudio sobre la presencia de HFRs en cetdceos presenta
unas caracteristicas muy singulares debido a la gran actividad humana que tiene lugar y
a su situacion geogréafica. Es un punto donde se intercambian las aguas del Atlantico y
el Mediterraneo, representado el Unico punto que los conecta. El trafico maritimo es

muy importante, sin contar la cercania a Africa (el puerto de Algeciras es uno de los
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mas importantes de Europa). Esto no es impedimento para que muchas especies de
cetaceos circulen por €l cada dia, tanto especies en proceso de migracion entre el
Atlantico y el Mediterraneo como poblaciones residentes en la zona. Esto ha afiadido las
actividades recreativas de avistamiento de cetaceos al ya de por si saturado transito
maritimo, exponiendo ain més a la fauna a la contaminacion generada por ello.
Actualmente la costa espafiola estd protegida por el Parque Natural del Estrecho
(Canadas et al., 2005; De Stephanis et al., 2008a; De Stephanis et al., 2008b; Senigaglia
etal., 2012).

4.3.1. Métodos de muestreo en delfines

Todas las especies de cetaceos se encuentran protegidas, por lo que no es ni legal ni
ético capturar individuos sea cual sea la finalidad. Por ello, existen 3 formas principales
de obtener muestras con el propdsito de estudiar estos animales: biopsias, capturas
accidentales o varamientos (Figura 4.1). EI muestreo mediante biopsia causa dafos
temporales que curan con el tiempo, ya que sélo se perfora la capa superficial de piel
del animal para obtener una pequefia cantidad de muestra de grasa (Giménez et al.,
2011; Macfarlane 2015). Dependiendo de la especie y las dificultades para aproximarse
a ella se usa un arpon con punta hueca o una ballesta con flechas también de punta
hueca (Figura 4.1).

Figura 4.1. De izquierda a derecha: muestreo por biopsia, captura accidental y varamiento.

Por otro lado, en ocasiones los delfines mueren atrapados en redes de pescadores o
aparecen varados. En ese caso, si en la zona existe algun protocolo al respecto, personal
especializado evalua el estado del individuo y tras practicar una autopsia se archivan las
muestras para su posterior uso. Las ventajas de la biopsia son obviamente que es una
técnica no invasiva, ya que no causa dafios permanentes al animal, y que permite el
disefio de un estudio a medida, pero a cambio la cantidad de muestra es pequefia, no se
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puede disponer de otros tejidos, y si se quiere mas informacion sobre el individuo en
concreto (por ejemplo el sexo) se necesitan llevar a cabo andlisis genéticos. En cambio,
el principal problema de trabajar con individuos muertos es que tanto las especies

disponibles, como la cantidad de muestras, son totalmente aleatorias.

4.3.2. Especies estudiadas

En la Bahia de Concepcion se analizaron 11 especies en total (Figura 4.2), clasificadas
en 3 niveles troficos en base a su dieta (ver apartado 4.5). Estas especies, divididas en
tres grupos, fueron, por parte de los consumidores primarios: picoroco
(Austromegabalanus pstittacus), lapa (Fisurella sp.), almeja (Venus antiqua), navaja
(Tagelus dombeii) y piure (Pyura chilensis). Secundarios: jaiba mora (Homalaspis
plana), panchote (Taliepus dentatus), bilagai (Cheilodactylus variegatus), castafiuela
comdn (Chromis crusma). Por ultimo, los consumidores terciarios fueron el rollizo
(Pinguipes chilensis) y el loco (Concholepas concholepas). Los peces se obtuvieron
mediante pesca submarina, mientras que los bivalvos y crustaceos se recolectaron
manualmente o por medio de trampas. Este muestreo fue llevado a cabo por

investigadores de la Universidad de Concepcidn (Chile).

Terciarios — Carnivoros (n=17)

Figura 4.2. Especies estudiadas en la bahia de Concepcion. De izquierda a derecha, Consumidores
primarios: picoroco, lapa, almeja, navaja y piure. Consumidores secundarios: bilagai, jaiba mora,
panchote y castafiuela. Consumidores terciarios: rollizo y loco.

Las 5 especies de cetaceos estudiadas fueron el delfin comun (Delphinus delphis), delfin

listado (Stenella coureloalba), delfin nariz de botella (Tursiops truncatus), calderon
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comun (Globicephala melas) y el calderon o delfin gris (Grampus griseus), que se
pueden ver en la figura 4.3. Diferentes muestras de comdn, nariz de botella y calderén
comun se obtuvieron mediante biopsia en 2 campafias de muestreo en 2011 y 2012 a lo
largo del Golfo de Cadiz y el Estrecho de Gibraltar, mientras que muestras de grasa y
cerebro de las 5 especies se obtuvieron de individuos varados a lo largo de la costa del
mar de Alboran entre 2004 y 2011. Todas las muestras de cetaceos se obtuvieron
gracias a la colaboracion con investigadores de la Estacion Bioldgica de Dofiana
(CsIC).

Figura 4.3. Especies de cetaceos estudiadas. 1: Delfin comun. 2: Delfin listado. 3: Calder6n gris. 4:
Calderdn comin. 5: Delfin nariz de botella.

4.4. Medio terrestre

El uso de aves como bioindicadores esta aceptado desde hace bastante tiempo, ya que
cumplen muchos de los criterios necesarios para ello. Son féciles de identificar, las
diferentes especies y su dieta estan bien caracterizadas, asi como su biologia y ecologia,
y la gran variedad de especies existentes abarca varios niveles de la cadena trofica lo
que permite llevar a cabo estudios de biomagnificacion. Por otro lado, la toma de
muestra se puede hacer sin necesidad de matar al individuo ya sea capturandolo o
utilizando huevos o plumas. Ademas, debido a que en una misma zona suelen anidar un
gran numero de individuos, se puede obtener un ndmero relativamente elevado de
muestras de una misma especie en un mismo lugar y se puede llevar a cabo un control
fiable del estado de contaminacion del mismo. Las poblaciones son relativamente
estables durante el tiempo por lo que un cambio significativo puede ser atribuido a un
episodio concreto como una contaminacion elevada o vertido. Por todo ello, los datos

sobre contaminacion en aves son abundantes y, al tener las especies presencia en
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bastantes zonas del globo existe la posibilidad de comparar entre diferentes zonas (Fox
2001; Gentes et al., 2015; Wan et al., 2008).

4.4.1. Muestreo

Las muestras de huevos no eclosionados se obtuvieron gracias a la colaboracién con el
Equipo de Seguimiento de la Estacion Bioldgica de Dofiana (CSIC), que recolectaron
los huevos que no habian eclosionado una vez acabado el periodo de cria. Este es un
método no invasivo con el principal inconveniente de que no se dispone de informacion
adicional, como por ejemplo si el huevo fue el primero o el Gltimo (en las especies que
ponen mas de un huevo por tanda) pero con la ventaja de que no pone en peligro la
poblacion de la especie. Eso si, presenta algunos inconvenientes como el hecho de
limitar la informacion a hembras en edad de reproduccién y sélo al periodo de cria. En
otros estudios se cogen huevos a priori fértiles, se captura al animal, se toma una
muestra de sangre, y se le libera de nuevo (Bertolero et al., 2015), mientras que en otros
se utilizan individuos muertos naturalmente o en centros de recuperacion, con lo que se
tiene acceso a diferentes tejidos (Chen et al., 2013). Por otro lado, mientras que en este
estudio se decidio analizar cada huevo individualmente, hay otros autores que prefieren
hacer una muestra combinada entre varios huevos de una misma especie para reducir la
variabilidad intra-especie (Wang et al., 2015). Todos estos factores deben ser tenidos en

cuenta a la hora de comparar diferentes estudios.

4.4.2. Especies estudiadas

Se estudiaron huevos de 14 especies recogidos entre 2010 y 2012 a lo largo del Parque
Nacional de Dofiana. Las especies correspondian a diferentes familias, detalladas a
continuacion: falconiformes: milano negro (Milvus migrans), milano real (Milvus
milvus), aguilucho lagunero (Circus aeruginosus), aguila calzada (Aquila pennata),
cernicalo (Falco tinnunculus) y elanio comun (Elanus caeruleus); ciconiformes: morito
comun (Plegadis falcinellus), garza imperial (Ardea purpurea) y cigiefia blanca
(Ciconia ciconia); charadriformes: gaviota picofina (Chroicocephalus genei), gaviota
reidora (Chroicocephalus ridibundus) y pagaza piconegra (Gelochelidon nilotica);
strigiformes: lechuza comun (Tyto alba); y por ultimo anseniformes: &nade fiso (Anas
strepera). Posteriormente se decidié evaluar posibles tendencias temporales y usando el

archivo de muestras de la Estacion Biologica de Dofiana se analizaron muestras
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recogidas entre 2003 y 2012 de ciglefia comin, milano negro y flamenco comun

(Phoenicopterus roseus). (Figura 4.4).

Figura 4.4. Especies de aves estudiadas. De izquierda a derecha: A (Falconiformes): milano negro,
milano real, aguilucho lagunero, 4guila calzada, cernicalo, elanio comin. B (Ciconiformes): morito
comun, garza imperial, cigiiefia blanca. C (Charadriformes): gaviota picofina, gaviota reidora, pagaza
piconegra. D (Strigiformes): lechuza comun. E (Anseniformes): 4nade fiso. F (Phoenicopteriforme):
flamenco comun.

4.5. Analisis de isotopos estables

El analisis de is6topos estables es una metodologia que permite investigar los procesos
que tienen lugar a lo largo de una cadena trofica y establecer unos niveles troficos
diferenciando desde organismos productores a depredadores en la cima de la cadena.
Normalmente se utiliza una combinacién del andlisis de isétopos de carbono y
nitrogeno. Los resultados se expresan utilizando relaciones (815N 0 613C) entre el
isétopo més pesado y el més ligero (**N/**N o **C/*?C, utilizando los mismos ejemplos)
corregidos por el ratio de unos estandares comerciales. Esta técnica ha demostrado ser
mas efectiva que las que se usaban tradicionalmente, como el andlisis de contenidos
estomacales, ya que sus resultados integran periodos de tiempo mas grandes y no
dependen sélo de la dieta mas reciente del animal (Jardine et al., 2006). El 3"°N
proporciona informacion sobre la posicion tréfica del animal, mientras que el 5C
permite hacerse una idea del tipo de dieta que seguia (Gentes et al., 2012). Evaluar la
capacidad de biomagnificacién de un contaminante o de una familia entera permite
hacerse una idea de la verdadera problemética que representa, ya que si existe capacidad

de biomagnificacién significa que los organismos en niveles troficos altos lo acumulan
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en mayor medida y por tanto estin mas expuestos a sus posibles efectos tdxicos tanto
agudos como cronicos. Ademas, da una idea del peligro que representa para poblaciones
humanas debido a una posible exposicion a través de la dieta, con lo cual esta
informacién puede ayudar a establecer una legislacion adecuada sobre contaminantes
como los HFRs (Gentes et al., 2012; Jardine et al., 2006). La combinacion del analisis
de is6topos estables con los niveles de contaminacion es una aproximacion novedosa y
que cada vez tiene mas relevancia en el estudio de los procesos de biomagnificacion.

No obstante, el analisis isotopico debe interpretarse con cuidado ya que existen algunas
fuentes de variabilidad. Por ejemplo, si el animal se encuentra en un periodo de
hambruna o en una fase de alto consumo energético vera incrementado su valor de §°N.
Es por ello que no es recomendable utilizar valores previos de 5°N o 8*3C y éstos deben
ser siempre medidos de nuevo ya que, pese a que no se producira una variacion critica,
ésta si puede ser suficiente para afectar a los resultados (Jardine et al., 2006). Ademas,
las comparaciones entre los valores de *°N deben realizarse siempre en especies que
habiten un mismo ecosistema. Si mezclamos especies de diferentes ecosistemas
podemos cometer errores. Por ejemplo, las zonas agricolas pueden verse enriquecidas
de nutrientes, provocando asi unos valores anémalos de 8*°N y conllevando a una

sobreestimacion del nivel trofico de las especies de dicho ecosistema.
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© 2013 Elsevier BV. All rights reserved.

1. Introduction

Flame retardants (FRs} are a group of compounds added or applied
o a material to increase the fire resistance of that product. The most
widely used families of compounds for this purpose are the halogenated
flame retardants { HFRs). Among them, polybrominated diphenyl ethers
{PBDEs) have been used for many years and in great amounts, and exist
in 3 main commercial mixtures: Penta-BDE, Octa-BDE and Deca-BDE.
They have been found in environmental matrices, such as sediments
(Hale et al, 2006}, air (Harner et al, 2006} or sludge (Guerra et al,
2010}, and also in biological matrices such as fish (Christensen el al.,
2002), bird eggs (Guerra et al, 2012} or breast milk (lacorte and

* Corresponding author. Tel: +34 834006100,
E-mail address: eeeqam@cill.csic.es (E. Eljarrat).

(048-9697/% - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doLorg/10.1016/j.scitoleny.2013.05.006

Ikonomou, 2009}, Diflerent loxicological properties of PBDEs have
been reported: effects on the thyroid hormone homeostasis (Freitas et
al, 2011}, interaction with the estrogenic receptor (Montaho et al,
2012} or the fact that they can act as endocrine disruptors (Simon et
al, 2010} As a result, Penta-BDE and Octa-BDE mixtures are currently
listed and consequently banned due to the Stockholm Convention
{Renner, 2004}. The use of Deca-BDE mixture in the EUwas also banned
1 2008 (Justice, 2008 } and it has been said that its production in the USA
will stop by the end of 2013 (Covaci et al., 2011},

Due to these restrictions, different compounds have been proposed
as an altemative o PBDEs, including emerging chemicals such as
decabromodiphenylethane (DBDPE}, hexabromobenzene (HEB} and
pentabromoethylbenzene (PBEB). Moreover, halogenated norbornenes
were first used as substitutes for Mirex when it was banned as FR in
1976 and now dechlorane plus (DP} has been proposed by the UE as
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an alternative to Deca-BDE. Although they have been used for many
years, they were not found in the environment until 2006 (Hoh et al,,
2006). Since then, different studies have reported levels of these con-
taminants in sediment (Shen et al, 2011b; Sverko et al, 2008}, air
(Venier and Hites, 2008} or sludge (De la Torre et al.,, 2010}, and also
in biological matrices such as fish (Shen et al, 2011a}, eggs {Guerra et
al,, 2011} or human serum (Zheng et al., 2010}. These levels are still
lower than other classical FRs such as PBDEs. However, they will prob-
ably increase due to the recent restrictions over PBDEs.

On the other hand, more than 4000 naturally-produced halogenated
molecules have been found in the marine environment, such as
methoxylated PBDEs (Me(-PBDEs). Their main sources seem to be
blue mussels, sponges and red algaes (Malmvdrn et al, 2005}, and
they have been measured at high concentrations in marine animals, es-
pecially in top predators such as dolphins {Alonso et al,, 2012} or killer
whales {(Nomiyama et al,, 2011a). Besides, some studies show that they
may have similar toxic properties to PBDEs (Wiseman et al, 2011).

The aim of this study was to evaluate the concentration levels of
“classical” and emerging HFRs, as well as naturally accurring bromi-
nated compounds, in an aquatic food web from an area in the South
Central Chilean coast. Moreover, the results will be of interest in
order to study the bioaccumulation and bioconcentration processes
of emerging FRs. To the best of our knowledge, this is the first study
which reports levels of HFRs in an industrial area from Chile. In addi-
tion, there is a lack of studies about MeO-PBDEs and halogenated
narbornenes in the Southern hemisphere.

2. Materials and methods
2.1. Study area and sample collection

The samples analyzed were collected during February of 2010 in the
frame of the BROMACUA project. In a previous sampling campaign, sed-
iments from 4 different areas were sampled in order to evaluate the
area with the highest contamination levels of FRs (Barén et al., 2013}
Thus, in the sampling campaign during the earlier 2010 the Lenga estu-
ary was chosen to carry out the study in biota samples (Fig. 1}. Howev-
er, it was not possible to collect all the biota samples in this place so

TRTw L TETW T rorw RN

samples were collected in the nearby area called Chome and Perone.
This area has a high industnal charge, being part of a large petrochem-
ical complex. In fact, an industrial growth of 2.1% was estimated
between November of 2010 and November of 2011 (INE, 2011}. In re-
cent years this area has suffered heavy environmental damages: a fuel
spill of 350 m® in 2007 and an earthquake with its epicenter at
150 km of the estuary in 2010.

A total of 55 biota samples, divided into 3 different trophic levels
(primary, secondary and tertiary consumers}, were collected. This di-
vision was made based in the alimentation source of the species. Spe-
cies listed as primary consumers were 5 different species of filtering
(they get their nutrients by directly filtrating water): giant barnacle
(Austromegabalanus pstittacus, MP}, keyhole limpet (Fisurella sp.,
FS), sea squirt (Pyura chilensis, PC}, clam (Venus untigua, VA} and
razor shell clam (Tagelus dombeii, NV). The species listed as secondary
consumers were 2 crustaceans, crab (Homalaspis plana, HP} and crab
with Spanish common name “panchote” (Taliepus dentatus, TD}, and
2 fish, peruvian morwong (Cheilodactylus variegatus, OV} and damsel-
fish {Chromis crusma, CA). These 4 species are herbivarous or they eat
small organisms. Finally, tertiary consumers were the two available
predators: sandperches (Pinguipes chilensis, PR} and Chilean abalone
(Concholepas concholepas, CC). In Supporting information 1 the num-
ber of samples collected for each species as well as the number of in-
dividuals used for each pool sample is listed.

2.2. Standards und reagents

The standard mixture of PBDEs (BDE-28, BDE-47, BDE-99, BDE-100,
BDE-153, BDE-154, BDE-183 and BDE-209}, the standard mixture of
MeQ-PBDES (5-MeQ-BDE-47, 6-MeQ-BDE-47, 4'-MeQ-BDE-49, 2'-Me0-
BDE-68, 5'-Me0-BDE-99, 5'-MeQ-BDE-100, 4'-Me0-BDe-101 and 4'-
Me0-BDE-103}, PBEB, HBB, DBDPE, BDE-181 and "*C-BDE-209, used as
internal standards, and syn- and onti-isomers of DP were purchased
from Wellington Laboratories Inc. {Guelph, ON, Canada). Dec 602 {95%),
Dec 603 (98%} and Dec 604 { 98% ) were purchased from Toronto Research
Chemical Inc. (Toronto, ON, Canada). Mirex (98%) and “*C-syn-DP (98%),
used as internal standard, were obtained from Cambridge Isotope labora-
tories Inc. (Andover, MA).
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Hg. 1. Map of Chilean coasl showing the study area [or biota collection.
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Al-N cartridges were oblained [rom Biotage. Dichloromethane and
hexane, solvents for organic trace analysis, were purchased [rom
Merck {Darmstadt, Germany).

2.3. Sumple prepuration

The sample preparation method applied had been previously opti-
mized (De La Cal el al, 2003; Labandeira et al,, 2007). Biota samples
were freeze dried. Lyophilized samples were ground and homogenized
and stored in sealed containers at — 20 °C until analysis. Before extrac-
tion, one gram dry weight (dw} of each sample was spiked with the
surrogate standards (5 ng of BDE-181, 50 ng of '*C-BDE-209 and 5 ng
of '*C-syn-DP). Samples were kept overnight to equilibrate prior to
the pressurized liquid extraction (PLE}. Spiked samples were loaded
into an 11 mL extraction cell and the death volume was filled with
diatomeus earth. PLE was carried out using hexane: dichloromethane
(1:1) as extraction solvent mixture. Two static cycles of 10 min. were
made at 100 “C and 1500 psi. Flush volume was set at 8 mL and purge
time was set at 90s. After the extraction, lipid content was determined
gravimetrically and the resulting extracts were re-dissolved in hexane.
Then, fat was removed by H,50, treatment. The clean up of the organic
phase was carried out using solid phase extraction {SPE} with alumina
cartridges {AL-N}. Cartridges were conditioned with 20 mL of hexane
and eluted with 20 mL of a mixture of hexane:DCM (1:2). Extracts
were then evaporated with N to incipient dryness and reconstituted
in 40 ul. prior to the instrumental analysis.

2.4. Instrumental analysis

PBDEs, MeO-PBDEs and emerging BFRs (HBB, PBEB and DBDPE} were
analyzed by an Agilent 7890C gas chromatograph connected to an Agilent
5975A Network mass spectrometer, working in negative chemical ioniza-
tion mode (NCI) using NH4 as reagent gas. The instrumental conditions
and elution program had been previously developed (Eljarrat et al,
2004; Guerra et al., 2010). Briefly, temperature started at 140 °C, was
hold for 2 min. and then ramped to 325 °C at 10 °C/min. Final tempera-
ture was hold 10 min. Source temperature was set at 250 °C. Selecled
ion monitoring (SIM} mode was applied in order to enhance the sen-
sitivity. Experiments were carried out monitoring the two most intense
peaks from the NA spectra. lons monitored were m/z 79 and 81 [or all
PBDES, MeQ-PBDEs and emerging BFRs with the exception of BDE-209
and *C-BDE-209, where the two ions monitored were m/z 487 and
489, and m/z 497 and 499, respectively. The most intense peaks were
used for quantification purposes, and the second ones for confirmation.

On the other hand, halogenated norbornenes were analyzed using
an Agilent Technologies 7890A GC system coupled to 7000A GC/MS Tri-
ple Quadrupole, working in NCI using CHi" as reagent gas. The advan-
tages of this methodology are showed in our previous work {Bardn et
al,, 2012}, Temperature started at 80 °C, was hold for 2 min and then
ramped to 300 °Cin 10 “C/min. Final temperature was maintained for
10 min. Source temperature was set at 175 °C and electron energy
and emission current were set at 200 and 150 eV, respectively. Selective
reaction monitoring (SRM) mode was applied in order (o enhance the
sensitivity. The experiments were carried out monitoring the two
maost intense transitions (Supporting information 2}. The most intense
transitions were used for quantification purposes, and the seconds for
confirmation criteria.

2.5. Quality wssurance/guality control

Quality parameters of the method were previously evaluated. The
method showed good recoveries for PBDEs (55 lo 69%), MeO-PBDEs (55
to B9%), emerging BFRs (50 to 98%) and halogenated norbormenes (82
to 97%} (Table 1}. The identification and confirmation of PBDEs,
MeO-PBDEs, emerging BIRs and halogenated norbomenes was based
on the following criteria: (i} Simultaneous responses to the two selected

ions or transitions (m/z1 and m/z2, or SEM1 and SRM2)} were needed,
(11} The area of signal must be al least 3 tmes higher (han the signal
noise, and (iii} the difference in the relative intensity of a peak respect
to theoretical values obtained with standard solutions can not ex-
ceed + 15%. 5 procedural blanks were made Lo prevent interferences
and contamination.

Methad detection limits {mLODs} were determined for each conge-
ner as the minimum amount of analyte which produces a peak with a
signal-to-noise ratio of 3, and the method limits of quantification
{mLOQs) were determined as the minimum amount of analyte which
produces a peak with a signal-to-noise ratio of 10. The recoveries,
mLODs and LOKs of the different families studied are showed in Table 1.

3. Results and discussion
3.1. Brominated flume retardunt levels

Table 2 shows the range of concentrations for the different BFRs
detected in the biota samples comresponding to different aguatic trophic
levels (primary, secondary and tertiary consumers). PBDEs were detected
in all the samples analyzed, whereas emerging BFRs (HEE, PEER and
DBDPE) were not detected in any sample. Seven different congeners
were detected, including BDE-28, BDE-47, BDE-99, BDE-100, BDE-154,
BDE-183 and BDE-209. Total PBDE values ranged between 24 and
86 ng/g lw.

As regards primary consumers, Lotal PBDE levels were similar for the
five different species, with values between 30 and 47 ng/g lw. BDE-100
was not detected in any sample, whereas BDE-209 was the most pre-
dominant congener in all the samples accounting from 65 to 95% of
the total PEDE contribution. {Booij et al., 2002) suggested that BDE-
209 levels measured in mussels were dominated by the concentrations
found in ingested particles in the gut. This fact could explain our high
BDE-209 levels, since our samples were not depurated (Moon et al,
2007).

Significant differences were found [or the species included as sec-
ondary consumers. A clear differentiation between crustaceans {crab
and “panchote”™ ) and fishes {peruvian morwong and damselfish} was
observed. Total PBDE levels were higher in crustaceans (72-86 ng/g
lw} than in fish (24-42 ng/g lw}. Moreover, different congener pat-
tern was also observed. Crustacean samples were dominated by
BDE-209 {with a contribution between 70 and 83% of the total}, but
also other PBDE congeners presented a significant contribution, ie.,
BDE-100 and BDE-183. In contrast, fish samples presented predomi-
nant levels of BDE-47, with lower contributions to the total PBDE
level for the higher brominated congeners BDE-183 and BDE-209
than the contribution they had in crustaceans. Moreover, other
PBDE congeners, such as BDE-99, BDE-100 and BDE-154 were not
detected. This differential behavior may be explained by the high
metabolic capacity of the fish, which could degrade the higher bromi-
nated congeners to lower ones. For instance, BDE-99 and BDE-100
could be converted to BDE-47, as has been suggested in other studies
(Athanasiadou et al., 2008; Erratico et al., 2011; Qiu et al., 2009}

Finally, total PEDE levels in the tertiary consumers are similar in the
two species studied, with values of 32 and 44 ng/g lw. Again, it was ob-
served a predominance of BDE-209, accounting 81 — 83% of the total
PBDE contribution. The BDE-209 predominance is surprising due to the

Table 1
Range of recoveries (%), mLODs and mLOQs (ng/g Iw) for the different families studied.
Recoveries mLODs mLOQs
PBDEs 55-G9 0.1-0.9 02-2.8
Mel)-PRDES 55-H49 0-02 03-0.6
Emerging BFRs 50-98 0.1-2.1 0.6-6.8
Hal. norhornenes B2-97 5.5-21* -

* pa/glw.
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Table 2
Range of concentrations (expressed in ng/g lipid weight (lw)) for the PRDE and Me() PRDES congeners.

Primary consumers Secondary consumers Tertiary consumers

MPn=7 Fs(n=3) VA(n=6) Nm=7) PCn=6) Tin=4) HP(n=1) W(n=2) (An=4) C(n=4) PR(n=13)
BDE-28 nd-25 nd nd nd nd-8.6 nd nd nd nd nd-13 nd
BDE-47 1.2-79 nd-2.0 nd 1.1-27 nd nd-3.7 1.7 5.0-58 14-42 nd-45 nd-1.4
BDE-100 nd nd nd nd nd nd-3.8 nd nd nd nd nd
BDE-93 nd-6.6 nd-0.4 nd nd nd 35-11 26 nd nd nd-3.7 nd-28
BDE-154 nd nd-0.4 nd-5.6 nil nd nd 14 nd nd nd nd
BDE-183 nd- 1.0 nd-9.8 nd nd-2.1 nd-25 nd-6.5 115 nd-1.1 nd-2.7 nd-2.2 nd-30
BDE-209 55-G3 23-38 25-35 30-46 18-30 25-131 50 78-14 15-24 26-45 11-47
SPBDES 11-111 A1-40 25-15 A2-47 18-29 28-152 170 14-20 19-67 24-58 13-69

3047 72-86" 24-427 J2-44
G-MBDE 47 2721 nd 38-849 1.8-47 nd-13 nd-30 249 30-43 28-11 28-71 nd-47
2-MBDE-68 nd-2.7 nd nd-1.6 1.7-47 nd-6.8 nd nd 5.0-7.0 28-9.8 10-46 nd-0.8
4 MBDE 49 nd nd nd nd nd nd-G3 nd nd nd nd nd
5-MBDE-47 nd nd nil-15 nd nil nd nd 0.3-1.0 05-7.5 nd nid-1.8
5-MBEDE-99  nd nd nd nd nd nd nd 24-386 nd nd nd
5-MBDE- 100 nd nd nd nd-13 nd nd nd nd nd nd nd
4-MBDE-101  nd nd nd nd nd-1.6 nd nd nd nd nd nd-1.6
4-MBDE-103  nd nd nd nd nd nd nd nd nd nd-4.0 nd
EMe(-PRDEs  2.7-21 nil 38-849 35-49 nd- 20 nd-37 29 13-14 G3-29 39-118 (.5-48

nd-12? 29-17° 6.H-64"

nd: Below limit of detection. MP: Austromegabalanus pstittacus. FS: Fisuralla sp. VA: Venus antiqua. NV: Tagelus dombeii. PC: Pyura chilensis. TD: Taliepus dentatus. HP: Homalapsis
plana. CV: Chellodactyilus variegarms. CA Chromis crisma, CC: Concholepas conchtolepas. PR: Pinguipes chilensis.

* Total range of the mean values found for each specie in the three trophic levels,

fact that it is the cangener with lower bicaccumulation capacity due to its
large molecular size. Even though this is not in agreement with most of
the published studies with biota samples, (Mufioz-Armanz et al, 2011}
also found a similar behavior in white storks from Spain, while {Moon
el al,, 2007} also found that BDE-209 was the predominant PBDE conge-
ner in different bivalves from Korean coastal waters.

Total PBDE levels were similar for all the samples analyzed, re-
gardless of whether samples corresponded to primary, secondary o
tertiary consumers. Only values found for crustaceans appear to be
slightly higher. In any case, we must keep in mind that while we
are differentiating between three levels of consumers, the differences
in their trophic level are minimal. Hence, it is difficult to conclude a
bicaccumulation along the food chain. To do this, it would be neces-
sary to expand the range of trophic levels studied, including samples
of organisms with higher trophic level than that studied here.

Total PBDE levels found in this study were compared with those
obtained in a previous work carried out in Chile {(Montory et al, 2010}
In this study, samples of chinook salmon (Oncorhynchus tshawytscha}
from Chilean Patagonia, a virgin region in Chile, were analyzed and
PBDE levels were around 25 ng/g lw, being slightly lower than those
found in our study. If we compare with studies in fish carried out in
other parts of the world, our values were higher than thase found in
the Artic for polar cod (Boreogadus saida} (3.5 ng/g lw, mean value}
(Wolkers et al, 2004}, but lower than those found in carp (Cyprinus
carpic} from Virgina watersheds, USA {about 7000 ng/g Iw, medium}
(Hale et al,, 2001). Regarding PEDE levels in mussels, our total PEDE
levels were slightly lower than the reported in bivalves from San
Frandsco (35 to 104 ng/g lw} (Oros el al., 2005} but higher than the
levels found in blue mussels from Greenland (about 5 ng/g lw)
{Christensen et al,, 2002}. {Ramu et al,, 2007} found total PBDE levels
ranging [rom 0.46 to 440 ng/z lw in mussels from Cambodia, China,
India, Indonesia, Japan and Korea, while (Bianco et al, 2010} reported
total PBDE levels ranging from 3.1 ta 106 ng/g lw in mussels from the
Mediterranean sea. Finally, (Webster et al., 2009} reported total PBDE
levels ranging from 3 to 186 ng/g lw in mussels from Scotland. As can
be seen, the contamination of mussels with PBDEs occurs worldwide.

3.2, Me()-PRDE levels

Table 2 shows the range of concentrations for the 8 dilferent
MeQ-PBDEs analyzed in the biota samples. The naturally-occurring

MeO-PBDEs were detected in all the samples with the exception of
those corresponding to keyhole limpet. For primary consumers,
total MeQ-PBDE values ranged from nd to 11.6 ng/g Iw. 6-MeQ-
BDE-47 and 2-Me(O-BDE-68 were the most abundant congeners,
with values ranging (rom nd to 10 and from nd to 2.7 ng/g lw, respec-
tively. Other methoxylated congeners were also detected but in lower
levels as well as lower frequency: 5-Me0-BDE-47 (nd to 1.5 ng/g lw},
5-MeQ-BDE-100 (nd to 1.3 ng/z lw)} and 4-MeQ-BDE-101 (nd to
1.6 ng/g lw).

Regarding secondary consumers, total MeQ-PBDE values ranged
from 2.9 to 17 ng/g lw, and differences between the two families {fish
and crustaceans} were also observed. While 6-Me0-BDE-47 was the
predominant congener in crustacean, with values ranging from nd to
30 ng/g lw, and 2-MeD-BDE-68 was not detected in any sample, fish
samples presented a similar contribution of both 6-MeQ-BDE-47 and
2-MeQ-BDE-68 congeners (from 2.9to 11 and from 2.8 to 9.8 ng/g lw,
respectively). Moreover, 5-MeQ-BDE-47 was also detected in fish sam-
ples, whereas it was not detected in crustacean samples.

For tertiary consumers, total MeQ-PBDE values ranged from 6.8 to
64 ng/g lw. Again, differences were observed between the two fish
species studied. Higher levels were found for Chilean abalone, with
6-Me(-BI)E-47 levels ranging from 29 to 71 ng/g lw and 2-Me0-BDE-
levels from 10 to 46 ng/g lw. Concentrations found for sandperches
were in the range of nd to 47 and nd to 0.8 ng/g lw for 6-MeD-BDE-
47 and 2-MeQ-BDE-68, respectively.

As it was ohserved for PBDEs, values showed significant differ-
ences between species. This may be associated to the different meta-
bolic capacity of the species (o incorporate or transform the different
Me(Q-PBDE congeners. Furthermore, the differences observed for
MeO-PBDEs among species may be explained also by the variability
in the production of these two congeners [rom natural sources.

If we compare the concentration levels obtained for the different
consumers, and in contrast with the behavior observed for PBDEs, it
seems Lhat MeO-PBDEs were bivaccumulated along the food chain:
primary and secondary consumers presented similar values, with
slightly higher values for secondary ones. However, levels for samples
corresponding Lo tertiary consumers were the highest, with an in-
crease of 5 times approximately with respect those obtained for pri-
mary and secondary consumers.

Naturally-occurring MeO-PBDE levels found in this study were com-
pared with those published in the literature. However, the number of
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studies which refer to these compounds is limited. Values obtained are
lower than the values reported on blue mussels (Mytitus edulis), with a
mean value of total MeQO-PBDEs of 250 ng/g lw (Léfstrand et al, 2011)
but higher than the values found in fish by {Losada et al,, 2010): 7.5 and
13 ng/g lw for salmon (Sulmo solor) and gilthead seabream (Sporus
aurata), respectively. Generally, 6-MeQ-BDE-47 and 2-MeQO-BDE-68 are
the most abundant Me(-PBDEs reported in hibliography. However,
other congeners have been occasionally reported {Alonso et al, 2012;
Nomiyama el al, 2011b). It seems that the MeO-tetra-PBDE levels are
normally higher than the levels for MeO-tri- or MeO-penta-PEDEs
(Covad et al., 2008}. The source of the MeQ-PBDEs could also affect to
the congeners found in the different organisms. Hence, if the
MeQ-PEDEs came from sponges or related organisms or from algaes or re-
lated organisms different congeners could be found (Vetter, 2006}, This
fact could explan the different congener profiles for MeO-PBDEs in the
different species studied.

3.3. Halogenated norbornenes

Table 3 showed the range of concentrations for the halogenated
norbornenes in the biota samples. Dec 603 and the two DP isomers
were detected, whereas Dec 602 and Dec 604 were not found in any
sample. In general, DP was detected with a higher frequency than
Dec 603, and their concentration levels were also higher.

Regarding the primary consumers, DP was detected in the 5 spe-
cies studied, with levels ranging hetween nd and 9.8 ng/g lw. The
highest levels were found in keyhole limpet and in razor shell clam.
On the other hand, Dec 603 was only detected in the sea squirt at
lower level than DP. DP was also detected in 3 out of the 4 secondary
consumers studied, with values ranging from 0.04 to 1.1 ng/g lw. In
contrast to the differences found for PBDEs and MeO-PBDES between
crustaceans and fish, for the halogenated norhornenes this difference
was not observed. Dec 603 was detected at similar DP levels in
dalmselfish and at lower DP concentrations in “panchote”. Finally,
any of the halogenated norbornenes were found in one of the tertiary
consumer species, the Chilean abalone. However, both isomers of DP
and Dec 603 were delecled in sandperches. Range values of 0.04 o
0.7, nd to 0.9 and nd to 1.2 ng/g lw were found for Dec 603, syn-DP
and anti-DP, respectively. Dec 603 levels in this tertiary consumer
were the highest found in all the analyzed species, and its detection
frequency was similar to that of DP. It seems that Dec 603 increased
with the trophic level, from maximum values up to 0.2 and 0.2 for
the primary and secondary consumers, until concentrations up o
0.7 ng/g lw for the tertiary consumers. This finding could indicate a

Table 3
Range of concentrations (expressed in ng/g lipid weight (Iw)), Fanti and frequency of
detection of DP () for halogenated norkornenes (HNs).

Dect03  Syn-DP Anii-DP - X008 Farti Fd (%) Total HNs
Primary consumers
MP(n=7) nd nd-03 nd-¢3 nd-06 ©05-09 71 nd-9.8
Fsin=73) nd OH-28 15-70 23-9H 0507 100
VA(n=6) nd nd-0.2 nd-¢3 nd-C4 ©05-07 75
NV(n=7) nd nd-05 nd-54 nd 58 0509 85
PC(n=6) 00402 nd-01 nd-02  nd-03  05-06 83
Secondary consumers
TD(n=4) 0.1 01-04 01-08 03-11 0508 100 nd-1.1
HP(n=1) nd nd nil - - ]
Win=2) nd 004 0.04-0.1 008-0.1 05-06 100
CAn=4) 01-02 001-01 00302 00403 0GO7 100
Tertiary consumers
Cin=4 nd nd nd - - [} nd-2.10
PR(n=13) 00407 nd-09 nd-12 nd 20 0405 69

nd: Below limit of detection. MP: Austromegabalanus pstittacus, FS; Fisurella sp. VA: Vems
antiqua. NV: Tagelus dombeii. PC: Pyura chilensts, TD: Taliepus dentatus. HP: Homalapsis
plana. OV Cheifodactyius varfegans. CA: Chromis crisma. OO Concholepas concholepas.
PE: Pinguipes chilensis,

biomagnification capacity for Dec 603, altought Dec 603 is not
detected in many species and more studies should be carried out in
order to confirm this behavior. This behavior was not observed for
DP. As for PEDEs, total DP levels were lower for secondary (nd —
1.1 ng/g lw) and tertiary (nd — 2.0 ng/g lw} consumers than for pri-
mary (nd - 9.8 ng/z lw} ones. This could be due to the capacty of
these species to metabolize or transform this compound. There is a
lack of information about degradation and/or metabolic products of
DP, but it has been observed that the DP molecule could break to
form DF monocadduct (DPMA} or other dechlorinated products
(Sverko et al, 2011). Future works must include the determination
of this degradation product in order to confirm this hypothesis.

There is a lack of studies reporting levels of halogenated
norbornenes in marine fish. Moreover, the studies in the literature
for river or lake fish were scarce. Our DP levels are considerably
lower than those found in Korean river fish (between 0.6 and
130 ng/g Iw} (Kang et al,, 2010} or in the Great Lakes {between 0.2
and 7.2 ng/g lw} (Sverko et al,, 2011). Furthermore, the mean value
found in Chinese oysters (Jia et al, 2011} was about 35 ng/g lw,
higher than our values in filtering species. These higher values are
expected because all these studies were done near Lo the production
sources of DF. Finally, (Siihring et al., 2013} reported DP values in eels
from twao German river basins, with values up to 34 ng/g lw. These re-
sults were lower than those found in China but higher than those in
USA or in our study in Chile.

Although DP exists as 3 different commercial mixtures (DDP-25,
DP-35 and DP-515) the only difference among them is the particle
size. The isomeric ratio (F;oq, expressed as the amount of anti-DP di-
vided by the total amount of both isomers} in the 3 mixtures is about
0.7 (Hoh et al,, 2006). However, several studies suggested a different
behavior of the two isomers: this ratio is maintained in sediments,
while in biota samples it tends to decrease, indicating a higher
biaccumulation potential for the syn-isomer or an easier degradation
or metabolization of the anti-isomer (Sverko et al., 2011; Xian el al.,
2011).

Regarding to our Fy values (Table 2}, they are similar for primary
and secondary consumers (0.60 and 0.61 respectively}, being not sig-
nificantly different from the value of commercial mixture (about 0.7}.
However, the value of F,,; for the tertiary consumers was 0.47, which
was significantly different from the value of the commercial mixture
(t test, p < 0.01}. This lowering in the F,,; value may indicate that
syn-DP is more bicaccumulative than anti-DP, or that tertiary con-
sumers can degrade the unti-DP isomer. This fact is in agreement
wilth other studies in biota (Gauthier and Letcher, 2009; Tomy el al.,
2008; Wu et al,, 2010},

3.4. Anthropoegenic vs natural levels

Due to the fact that DP and its analogues have been proposed as
substitutes of PBDEs, especially of BDE-209, it is interesting to com-
pare the levels found for the “classical” and the emerging families.
There are no specific restrictions for the use of PBDEs in Chile so, nat-
urally, the PBDE levels where higher than the dechlorane levels in all
cases (Fig. 2). It is expected that in the future, when PBDESs are banned
in South America, the levels of emerging FRs will increase and the dif-
ferences between “classical” and emerging FRs will decrease.

It is also interesting to compare levels of anthropogenic PBDES
with those of naturally-occurring MeO-PBDEs (Fig. 2). PBDE levels
were higher than MeQ-PBDEs for primary consumers, being the
PBDE contribution up to the 81.6% of the total. Similar contribution
was observed for secondary consumers, with 83% of the total corre-
sponding Lo PBDEs. However, for Lertiary consumers the contribution
of PBDEs and MeQ-PBDEs was similar (51.6% and 48%, respectively).
This may indicate that tertiary consumers are able to metabolize
PBDEs but not MeQ-PBDEs, or that MeO-PBDEs have higher
biomagnification capacity than PBDEs.
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Fg. 2. Total contribution of PRDES, Me()-PBDES and DP in primary, secondary and tertiary consumers.

3.5. Biomagnification factor

The biomagnification factor (BMF}, defined as the ratio of the con-
centrations of the predator and prey, both normalized to lipid weight
(Borgd et al., 2004}, was evaluated. A BMF > 1 means that predators
have a lower capacity to metabolize the compound than their prey, or
also that they can accumulate higher amounts. In contrast, a BMF < 1
means that the predator is able Lo metabolize the compound, or also
that it can not accumulate as much as the prey (Weijs et al., 2009}

Three different predator-pray relationships were identified between
the species selected in this study. Chilean abalone is known o have
giant barnacle and sandperches among his preys. Moreover, peruvian
morwong can feed from keyhole limpet. BMFs were calculated for
these cases. For Chilean abalone and sandperches we found a BMF = 1
for BDE-183, BDE-209, 6-MeO-BDE-47 and 2-MeO-BDE-68 (1.5, 1.3, 2.5
and 1.8 respectively). Kegarding Chilean abalone and giant barnacle,
again 2 PBDEs and 2 MeO-PBDEs had BMF > 1: BDE-28 (3.1}, BDE-209
(1.5}, 6-MeO-BDE-47 (6.8} and 2-MeO-BDE-68 (9.4). In contrast, for pe-
ruvian morwong and keyhole limpet, only BDE-47 had a BMF > 1{13.8).
In general, MeO-PBDEs had higher BMF than PBDEs. This behavior would
explain the increase in the percentage contribution of MeO-PBDEs
against PBDEs when we move from primary to the tertiary consumers,
as discussed in the previous section.

This behavior is in contrast with results obtained for seals and por-
poises from the North Sea (Weijs et al., 2009) or for bivalves, Arctic
cod, sculpin and salmon (Kelly et al, 2008}. Nevertheless, BMF = 1
have been found for MeQO-PBDEs in several studies (Kelly et al,
2008; Losada et al., 2009; Weijs et al., 2009).

4. Conclusions

PBDEs, MeQ-PBDEs and halogenated norbornenes were detected
in an aquatic food web from Chile, with total values ranging from
11 to 170, nd to 118 and nd to 5.8 g/z lw, respectively. However,
emerging brominated FRs such as HBB, PBEB and DBDPE were not
detected in any sample. As expected, “classical” PBDE levels were
higher than those of the emerging halogenated norbornenes. Further
studies must be carried out in order to assess possible changes in this
trend due to the restricted use of PBDEs and increasing use of haloge-
nated norbornenes applied as an alternative (o the formers.

Some PEDE congeners (BDE-28, BDE-183 and BDE-209) showed
biomagnification capacity, as well as MeO-PBDEs. However, BMFs of
the naturally occurring MeQ-PBDEs were higher than those obtained
for PBDES. These results could explain the increase in the percentage

contribution of MeO-PEDEs against PEDEs when we move from pri-
mary to the tertiary consumers. On the other hand, BMF > 1 was
found for halogenated norbornenes.
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Suppeorting information 1: Complete sample information.

Sampling

Site date Common name Specie (n) Pool Code name
Lenga  15/07/2010 Giant barnacle Megabalanus psittacus 3 to5 MP1
Lenga 15/07/2010 Giiant barnacle Megabalanus psittacus 3to5 MP2
Lenga  15/07/2010 Giant barnacle Megabalanus psittacus 3to5 MP3
Lenga  15/07/2010 Giant barnacle Megabalanus psittacus 3 to 5 MP4
Lenga 15/07/2010 Giant barnacle Megabalanus psittacus 3to5 MP5
Lenga  15/07/2010 Giant barnacle Megabalanus psittacus 3to5 MP6
Lenga  15/07/2010 Giant barnacle Megabalanus psittacus 3 to 5 MP7
Lenga 03/09/2010 Clam Venus antiqua 3 VAl
Lenga  03/09/2010 Clam Venus antiqua 3 VA2
Lenga  03/09/2010 Clam Venus antiqua 3 VA3
Lenga  03/09/2010 Clam Vemus antiqua 3 VA4
Lenga  03/09/2010 Keyhole limpet Fisurella spl 1 FS1
Lenga  03/09/2010 Keyhole limpet Fisurella spl 1 FS2
Lenga  03/09/2010 Keyhole limpet Fisurella sp2 1 FS3
Lenga  03/09/2010 Razor shell clam Tagelus dombeii 5 NVI
Lenga  03/09/2010  Razor shell clam Tagelus dombeii 5 NV2
Lenga  03/09/2010  Razor shell clam Tagelus dombeii 5 NV3
Lenga  03/09/2010 Razor shell clam Tagelus dombeii 5 NV4
Lenga 03/09/2010 Razor shell clam Tagelus dombeii 5 NV3
Lenga  03/09/2010  Razor shell clam Tagelus dombeii 5 NV6
Lenga  03/09/2010 Razor shell clam Tagelus dombeii 5 NV7
Lenga  15/07/2010 Sea squirt Pyura chilensis 15 t0 20 PC1
Lenga  15/07/2010 Sea squirt Pyura chilensis 15 to 20 PC2
Lenga 15/07/2010 Sea squirt Pyura chilensis 15to 20 PC3
Lenga  15/07/2010 Sea squirt Pyura chilensis 15t0 20 PC4
Lenga  15/07/2010 Sea squirt Pyura chilensis 15 to 20 PC5
Lenga  15/07/2010 Sea squirt Pyura chilensis 150 20 PCé6
Lenga 03/09/2010 Panchote Taliepus clontatus 3 D1
Lenga  03/09/2010 Panchote Taliepus clontatus 4 D2
Lenga  03/09/2010 Panchote Taliepus clontatus 3 D3
Lenga 03/09/2010 Panchote Taliepus clontatus 3 TD4
Lenga  03/09/2010 Crab Homilapsis plana 1 HP1
Lenga 15/07/2010 Damselfish Cromis Crusma 1 CAl
Lenga  15/07/2010 Damselfish Cromis Crusma 1 CA2
Lenga  15/07/2010 Damselfish Cromis Crusma 1 CA3
Lenga 15/07/2010 Damsellish Cromis Crusma 1 CA4
Lenga 15/07/2010  Peruvian morwong Chelodactilus variegatus 1 CV1
Lenga  15/07/2010  Peruvian morwong — Chelodactilus variegatus 1 Ccv2




Site Date Name Specie (n) Pool Code name
Lenga 03/09/2010 Chilean abalone Concholepas concholepas 1 CCl1
Lenga 03/09/2010 Chilean abalone Concholepas concholepas 1 CC2
Lenga 03/09/2010 Chilean abalone  Concholepas concholepas 1 CC3
Lenga 03/09/2010  Chilean abalone  Concholepas concholepas 1 CC4
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PR1
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PR2
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PR3
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PR4
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PRS
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PR6
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PR7
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PRS
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PR9
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PR10
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PR11
Lenga 15/07/2010  Sandperches Pinguipes chilensis 1 PR12
Lenga  15/07/2010 Sandperches Pineuipes chilensis 1 PR13

Supporting information 2: Transitions used for quantification and confirmation,

collision energy (eV) and ratio of the halogenated norbornenes

SRM; CE;(eV) SRM, CE,(eV) Ratio
Dec 602 612>35 35 237>35 30 2.4
Dec 603 638235 15 638>37 15 3,1
Dec 604 460>79 20 504>79 20 1.5
syn-DP 654>35 35 654>37 35 3.2
anti-DP 654>35 35 654>37 35 3.3

BCsyn-DP  664>35 30 66437 30 3.1
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Supporting information 3: Levels of PBDEs, MeO-PBDEs and Halogenated

norbornenes in each sample (ng/g Iw)

PBDLEs
Specie 28 47 100 99 154 183 209
Primary consumers

I'S1 nd 060 nd 037 043 936 229
FS2 nd nd nd nd nd 313
FS3 nd 1.96 nd nd nd nd 38.2
MP1 1.55 1.30 nd nd nd 0.96 11.9
MP2 nd 310 nd 222 nd nd 63.2

MP3 nd 704 nd 658 nd nd 46.7
MP4 nd 1.87 nd 162 nd nd 19.3
MP3 nd 222 nd 1.64 nd nd 9.70
MP6 24.7 790 nd 650 nd nd 72.7
MP7 2.08 1.21 nd 097 nd 0.77 5.45
NV1 nd 1.86 nd nd nd nd 29.6
NV2 nd 1.12  nd nd nd nd 455
NV3 nd 266 nd nd nd 2.06 35.2
NV3 nd 1.84 nd nd nd nd 329
NVe6 nd 1.46 nd nd nd nd 336
NV7 nd 1.31 nd nd nd nd 394
VAl nd nd nd nd nd nd 27.8

VA2 nd nd nd nd 5.61 nd 247
VA3 nd nd nd nd nd nd 283
VA4 nd nd nd nd nd nd 352
PC1 nd nd nd nd nd 54.5 28.6
PC3 nd nd nd nd nd nd 24.2
PC4 8.61 nd nd nd nd nd 18.6
PC5 nd nd nd nd nd nd 304
PC6 nd nd nd nd nd nd 17.6
Secondary consumers
DI nd nd nd 354 nd 252
™2 nd 209 nd 763 nd 4.66 743
TD3 nd nd 378 105 nd 6.49 132
TD4 nd 3.68 353 919 nd 3.11 52.8
HP nd .66 nd 262 139 115 49.8
CAl nd 26.1 nd nd nd nd 23.6
CA2 nd 423 nd nd nd nd 79.4
CA3 nd 293 nd nd nd 2.74 14.7
CA4 nd 1.36  nd nd nd 1.01 16.4
Cvl nd 495 nd nd nd 1.09 14.2
cv2 nd 5.77 nd nd nd nd 7.75
Tertiary consumers
CCl1 nd 193 nd 365 nd 2.24 26.4

cc2 12.62 nd nd nd nd nd 453
CC3 nd 450 nd nd nd nd 31.1
cc4 8.63 nd nd nd nd nd 399

PR1 nd 0.81 nd nd nd 0.26 14.2
PR2 nd 093 nd nd nd 30.4 373
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PR3 nd 036 nd nd nd 1.28 19.6
PR4 nd 065 nd 166 nd nd 31.2
PR35 nd 141 nd 278 nd 3.29 39.7
PR6 nd nd nd nd nd  2.68 20.1
PR7 nd 1.37 nd 1.05 nd 3.94 25.0
PRY nd 028 nd 088 nd 1.41 17.3
PRO nd 069 nd 140 nd 2.19 474
PR11 nd 0.76  nd nd nd 1.56 30.9
PR12 nd 023 nd 040 nd 0.65 11.4
PR13 nd nd nd 131 nd 293 25.4
MeO-PBDEs
Specie 6MBDE47 2MBDE68 4MBDE49 SMBDE47  SMBDE9S9  5SMBDE100  4MBDE101  4MBDE103
Primary consumers
FS1 nd nd nd nd nd nd nd nd
FS2 nd nd nd nd nd nd nd nd
FS3 nd nd nd nd nd nd nd nd
MPI 211 nd nd nd nd nd nd nd
MP2 8.60 2.68 nd nd nd nd nd nd
MP3 9.86 2.33 nd nd nd nd nd nd
MP4 482 1.82 nd nd nd nd nd nd
MP5 4,07 2.45 nd nd nd nd nd nd
MPo6 21.1 nd nd nd nd nd nd nd
MP7 2,65 nd nd nd nd nd nd nd
NV1 224 3.05 nd nd nd 1.25
NV2 1.83 1.72 nd nd nd nd nd nd
NV3 7.30 4.65 nd nd nd nd nd nd
NV5 46.5 2.2 nd nd nd nd nd nd
NV6 3.07 1.97 nd nd nd nd nd nd
NV7 3.09 2.46 nd nd nd nd nd nd
VAI 8.90 nd nd nd nd nd nd nd
VA2 6.97 1.64 nd nd nd nd nd nd
VA3 382 nd nd nd nd nd nd nd
VA4 5.80 nd nd 137 nd nd nd nd
PCI 134 6.78 nd nd nd nd nd nd
PC3 7.37 4.66 nd nd nd nd 6.21 nd
PC4 924 nd nd nd nd nd nd nd
PC5 nd nd nd nd nd nd nd nd
PCo nd nd nd nd nd nd nd nd
Secondary consumers
TDI1 nd nd nd nd nd nd nd nd
TD2 10.6 nd nd nd nd nd 3.42 nd
TD3 30.4 nd 6.34 nd nd nd nd nd
TD4 nd nd nd nd nd nd nd nd
P 2,94 nd nd nd nd nd nd nd
CAl 6.78 4.63 nd 4.91 nd nd nd nd
CA2 11.2 9.80 nd 747 nd nd nd nd
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CA3 6.27 515 nd 492 nd nd nd nd
CA4 2.91 2.82 nd (.54 nd nd nd nd
CVl1 3.02 5.00 nd 1.04 3.56 nd nd nd
CV2 433 6.95 nd 0.29 242 nd nd nd
Tertiary consumers
CC1 291 998 nd nd nd nd nd nd
CcC2 295 14.4 nd nd nd nd nd 4.04
CC3 713 463 nd nd nd nd nd nd
CcC4 34.0 15.4 nd nd nd nd nd nd
PR1 1.23 0.27 nd 0.47 nd nd nd nd
PR2 2.01 nd nd nd nd nd nd nd
PR3 0.57 nd nd nd nd nd nd nd
PR4 1.34 nd nd nd nd nd 0.95 nd
PRS 2.56 0.43 nd 1.80 nd nd 1.58 nd
PR6 10.13 nd nd nd nd nd nd nd
PR7 333 075 nd 0.74 nd nd nd nd
PR9 0.49 nd nd nd nd nd 0.37 nd
PRO 472 nd nd 0.65 nd nd 0.55 nd
PRI11 395 nd nd nd nd nd 0.00 nd
PR12 0.21 nd nd nd nd nd 0.24 nd
PR13 nd nd nd 0.70 nd nd 0.82 nd
Halogenated norborenenes
Specie Dec 602 Dec 603  Dec 604 syn-DP anti-DP
FS1 nd nd nd 2.87 6.97
FS2 nd nd nd 0.84 1.47
FS3 nd nd nd 2.79 2.52
MP1 nd nd nd 0.03 0.04
MP2 nd nd nd nd 0.02
MP3 nd nd nd 0.05 0.05
MP4 nd nd nd nd nd
MP5 nd nd nd nd nd
MP6 nd nd nd 027 0.34
MP7 nd nd nd om nd
NVI nd nd nd 0.44 0.47
NV2 nd nd nd 0.24 1.40
NV3 nd nd nd 0.32 0.63
NV4 nd nd nd 0.52 0.67
NV35 nd nd nd nd nd
NV6 nd nd nd 0.4 5.40
NV7 nd nd nd 0.49 0.68
VAL nd nd nd 0.20 0.18
VA2 nd nd nd 0.12 0.30
VA3 nd nd nd 0.08 0.1
VA4 nd nd nd nd nd



PC1 nd 0.08 nd 0.14 017
PC2 nd nd nd nd nd
PC3 nd 0.13 nd 0.07 0.16
PC4 nd 0.15 nd 0.1 0.10
PC5 nd nd nd 0.13 0.19
PCo6 nd 0.04 nd 0.06 0.07
Secondary consumers
TD1 nd nd nd 0.13 0.14
TD2 nd nd nd 0.17 0.79
TD3 nd nd nd 0.39 0.69
TD4 nd 0.11 nd 0.44 053
HP nd nd nd nd nd
CAl nd 0.14 nd 0.03 0.06
CA2 nd nd nd 013 0.17
CA3 nd 0.15 nd 0.06 0.14
CA4 nd nd nd 0.01 0.03
CVl1 nd nd nd 0.04 0.05
cv2 nd nd nd 0.04 0.04
Tertiary consumers
CCl1 nd nd nd nd nd
cC2 nd nd nd nd nd
CC3 nd nd nd nd nd
CcC4 nd nd nd nd nd
PR1 nd 0.19 nd 0.21 0.19
PR2 nd 0.07 nd 0.10 0.11
PR3 nd nd nd 0.87 0.76
PR4 nd 0.04 nd 0.05 0.06
PR3 nd nd nd 0.05 0.05
PRO nd 0.68 nd 0.86 115
PR7 nd nd nd nd nd
PRS nd nd nd nd nd
PRO nd nd nd nd nd
PR10 nd nd nd 0.39 0.23
PR11 nd 0.35 nd 0.1 0.06
PR12 nd 0.24 nd 0.22 0.15
PR13 nd nd nd nd nd
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Occurrence and behaviour of classical {PBDEs) and alternative {(HNs, HBB, PBEB, DBDPE and HBCD) flame
retardants, together with naturally produced MeO-PBDEs, were studied in short-beaked common dol-
phin (Deiphinus delphis), bottlenose dolphin (Tursiops truncatus) and long-finned pilot whale {Globice-
phala melas) in two sampling locations from Southern European waters, PBDEs, Dec 602, Dec 603, DP, -
HBCD and two MeO-PBDEs were detected in all three species. 3~PBDEs were between 17 and 2680 ng/g
lw; 3"HNs were between 1.1 and 59 ngfg Iw; »-HBCD levels ranged between 3.2 and 641 ngfg Iw;
3"MeO-PBDEs were between 34 and 1966 ng/g lw. Bottlenose dolphins were the most contaminated
species and some individuals could present health risk for endocrine disruption since levels found were
above the reported threshold (1500 nglg lw). Stable isotope analysis was used to evaluate the bio-
magnification capacity of these compounds. PBDEs, MeO-PBDEs and Dec 602 showed a significant
positive correlation with trophic position.
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1. Introduction

Odontocetes accumulate high concentrations of anthropogenic
contaminants, many considered persistent, bioaccumulative and
toxic (PBT) (Fossi et al.,, 2013a). Nowadays, there is no evidence that
PBT chemicals are provoking direct mortalities of marine mammals,
however these lipophilic contaminants cause immune and repro-
ductive dysfunction that can have consequences at the population
level (Hammond et al., 2005; Ross et al., 1995).

Flame retardants (FRs) have been used for many years in order
to prevent fires, being applied to a wide range of materials such as

* Corresponding author.
E-mail address: eceqam@cid.csices (E. Eljarrat).

http://dx.doi.org/10.1016/j.envpol. 2015.03.041
0269-7491/@ 2015 Elsevier Ltd. All rights reserved.

textiles, furniture, electronic materials and so on (Alace et al,
2003). Halogenated flame retardants (HFRs) proved to be really
effective and became one of the most used families of FRs, with an
annual production constantly increasing (Birnbaum and Staskal,
2004). Some examples are polybromodiphenyl ethers (PBDEs) or
Mirex. These compounds have been found in the environment,
both in environmental matrices such as sediment (Hu et al., 2010),
sludge (Gorga et al,, 2013) or air (Harner et al,, 2006), and in bio-
logical samples such as fish (Guerra et al,, 2010), birds (Bardn et al,,
2014b), cetaceans (Alonso et al, 2012) or even humans (Covaci
et al., 2003). PBDEs are lipophilic, persistent and toxic to wildlife
and humans (Alaee et al,, 2003; de Wit et al., 2010). In mammals,
they present potential health risks such as thyroid disruption,
neurobiological development and foetal toxicity/teratogenicity
(Alonso et al,, 2014). Due to its presence in the environment and its
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proved toxicity, Penta- and Octa-BDE mixtures were banned in
2006, while the production of Deca-BDE mixture was planned to be
stopped by the end of 2013 (Schecler el al., 2010}, As a result, other
alternative FRs were developed, and were given the name of
emerging FRs (EFRs). Some examples of brominated EFRs are hex-
abromeciclodedecane {HBCD), hexabromeobenzene {HBB}, pentab-
romoethyl benzene (PBEB) and decabromodihpenyl ethane
(DBDPE). The family of halogenated norhornenes (HNs) includes
some chlorinated FRs such as dechlorane 602 {Dec 602}, 603 {Dec
603}, 604 (Dec 604} and dechlorane plus (DP}, with ils syn- and
anti-isomers. DP was also the replacement of Mirex when this
compound was banned as FR in 1976 (Sverko et al,, 2011). With the
exception of HBCD, included in the list of global elimination com-
pounds under the Stockholm Convention in May 2013 {Al-Odaini
et al, 2015}, these compounds are still not legislated, even
though they have been found in several environmental and bio-
logical matrices (Alonso er al,, 2014; Covaciet al,, 2011; Guerraet al.,
2011; Sverko et al, 2011; Xian et al.,, 2011}. Besides, despite HBCD
was included in the Stockholm convention, its use is still permitted
in expanded polystyrene and extruded polystyrene in buildings, as
long as materials are clearly labelled, indicating that they contain
HBCD {Al-Odaini el al,, 2015). DP can interfere with the metabolism
of some species and has been associated to proteins regulating the
apoptosis and cell differentiation in liver cells (Liang et al., 2014).
DBDPE and DP have been proposed as a specific alternative for BDE-
209 (De la Torre et al., 2011; De la Torre et al., 2010} and conse-
quently their concentrations in the environment might increase in
the next years. Despite the increase of studies focussing on these
contaminants in recent years, more information regarding their
bicaccumulation and biomagnification capacities is needed. To
date, there is only one study reporting the presence of DP in ceta-
ceans from Brazil (De La Torre et al,, 2012a), while PBDESs have been
found in cetaceans at high concentrations worldwide, as reviewed
by Alonso el al. {2014}, Furthermore, some studies have revealed
that cetaceans can be sensible to some families of organic con-
taminants (Fossi et al., 2013b) and, consequently, the study of the
bicaccumulation of these contaminants, including FRs, is of special
interest.

On the ofher hand, methoxylated PBDEs (Me(-PBDEs) are
naturally produced halogenated compounds, called halogenated
natural products (HNPs). There are more than 4000 HNPs mainly
produced hy algae, sponges or bacteria (Vetter, 2006} and, conse-
quently, they are considered only a marine prablem. These com-
pounds have been found in different species like fish (Baron el al,
20173}, polar bears (Letcher et al., 2009} or cetaceans {Alonso et al.,
2012). Several studies report that its toxic potential could be similar
to dioxins {Su et al, 2012} Furthermore, MeQ-PBDEs are structur-
ally similar to compounds shown to exert toxic effects such as
endecrine disruption (Fu et al,, 1995},

One of the main concerns about Persistent Organic Pollutants
(POPs) is their hicaccumulation capacity (Alaee et al, 2007). Be-
sides, it gets worse if the contaminant can also biomagnify in wild
animal populations. Previous studies suggest that the uptake of
organohalogen compounds occurs through the diet rather than
directly from the environment (Vetter et al., 2002). Stable isotope
analysis has become a powerful tool Lo study dietary exposure and
biomagnification of contaminants in wild animal populations
(Cullon et al., 2012; Chouvelon et al., 2012). 5N is commonly taken
as indicator of trophic level {Cabana and Rasmussen, 1296}, due to
the increase of $'*N from prey to predator throughout the food web
{Jardine et al, 2006) and thus the correlation between the con-
centration of the contaminant in the sample {lipid-normalized})
with the 4N is used to evaluate the biomagnification capacity of
the cantaminant.

Despite the fact that the Southern Iberian Peninsula is of special

interest for cetaceans because of its diversity of species (Canadas
et al, 2005; De Stephanis et al, 2008; Esteban et al, 2014,
Verborgh et al, 2009} and its location as the unique natural
connexion between the Mediterranean Sea and the Atlantic Ocean,
there is only one recent study reporting FRs in the area, in striped
dolphin {Stenella coeruloalba) {Fossi et al, 2013a) Publications
about these organic conlaminants in celaceans are not rare, except
for halogenated norbornenes, however most studies were under-
taken in both west and east coasts of USA, the Baltic Sea, Japan's Sea
and the south east coast of Brazil (Alonso el al., 2014},

The aim of this work was to evaluate the presence of several
classical and emerging FRs in the blubber from three cetacean
species from southern Iberian Peninsula walters, o compare the
anthropogenic burden with the levels of naturally-produced MeO-
PBDEs and to evaluate the biomagnification capacity of these
different FR families.

2. Materials and methods
2.1, Sampling

A total of 67 blubber samples from 3 celacean species were ob-
tained by remote biopsy sampling in the Strait of Gibraltar and the
Gulf of Cadiz during 2012. Bottlenose dolphins and long-finned pilot
whales were sampled via a crossbow and a modified dart with
sterilised stainless-steel biopsy lps designed by Finn Larssen,
following the protocols described in Giménez et al. (2011 to ensure a
low impact sampling method. A pole and smaller biopsy tips were
used Lo sample bow-riding individuals of common dolphins. All
samples were collected under a special permit from the Spanish
Ministry of Environment. Adults and sub adults were the main target
and no calf under 2 years-old was sampled. In the Gulf of Cadiz, 15
samples of short-beaked common dolphin { Defphinus delphis} and 20
samples of bottlenose dolphin (Tursiops truncatus) were oblained.
Furthermore, 2 samples of short-beaked common dolphin, 20 sam-
ples of bottlenose dolphin and 10 samples of long-finned pilot whale
{Globicephala melas) were obtained in the Strait of Gibraltar.

2.2, Nifrogen stable isotope determinafion

Prior Lo the isotope determination, lipid content was extracted
from the sample with several rinses of chloroform:methanol {(2:1)
solution in order to reduce the isotopic variability due to the dif-
ferential content of lipids {(Lozan el al, 2008). Each sample was
covered with the solvent mixture for 24 h, solvent was then
removed and fresh solvent was added. This process was repeated
for at least 3 times until the solvent appeared clean. Samples were
dried at 50 °C for 24 h. Subhsamples of powdered materials were
weighed to the nearest pg and placed into tin capsules for 3N
determinations. Isolopic analyses were carried out at the “Labo-
ratorio de Isétopos Estables of the Estacion Biologica de Donana”
{LIE-EBD, Spain; www.ebd.csices/lie/index.html}). All samples were
combusted at 1020 °C using a continuous flow isolope-ratio mass
spectrometry system by means of Flash HT Plus elemental analyser
coupled to a Delta-V Advantage isotope ratio mass spectrometer via
a CONFLO IV interface (Thermo Fisher Scientific, Bremen, Ger-
many). The isotopic compositions are reported in the conventional
delta (8) per mil notation (%), relative to atmespheric Ny ('°N).
Replicate assays of standards routinely inserted within the sam-
pling sequence indicated analytical measurement errors of +0.2%.
for 5'°N. The standards used were: EBD-23 (cow horn, internal
standard), LIE-BB {whale baleen, internal standard} and LIE-PA
(feathers of Razorbill, internal standard). These laboratory stan-
dards were previously calibrated with international standards
supplied by the International Atomic Energy Agency (IAEA,
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Vienna).
2.3. Contaminant analysis

2.3.1. Sample treatment

Sample extraction methodology was based on previous works
(Eljarratet al, 2002; Guerra et al, 2010) and it is explained in detail
in the Supplementary Information,

2.32. Instrumental analysis

Instrumental analysis of PBDEs, MeO-PBDEs and emerging FRs
(HBB, PBEB and DBDPE) was carried out by gas chromatography
coupled to tandem mass spectrometry (GC-MS-MS) using an Agi
lent Technologies 7890A GC system coupled to 7000A GC/MS Triple
Quadrupole. PBDEs, MeO-PBDEs, HBB, PBEB and DBDPE were
analysed following the protocol optimized in (Baron et al, 2014a)
while halogenated norbornenes were analysed as described in
(Baron et al., 2012). Moreover, HBCD was analysed by liquid chro-
matography coupled to tandem mass spectrometry {LC-MS-MS) as
described in {Cuerra et al, 2008). Methodologies are described in
detail in the supplementary information.

Recoveries, method detection limits {(MDLs) and method quan-
tification limits (MQLs) are showed in Table 1.

2.4. Data analysis

Stable isotopes and contaminant levels were compared for
common and bottlenose dolphins in the Strait of Gibraltar and Gulf
of Cadiz to evaluate the difference between the populations
inhabiting these two areas. Comparisons between species of the
same area were also performed, Data were tested for normality and
homogeneity of variances using the Shapiro—Wilks test of
normality and an F test. Differences between groups were tested

Table 1
Recoveries (%), MDLs and MQLs (ngfg Iw) of all the analysed compounds.

R(%) RSD(% MDLs  MQLs

PBDEs BDE-28 87 1.8 0.01 0.03
BDE-47 81 1 0.01 0.03
BDE-100 77 8.1 0.06 020
BDE-99 81 6.0 0.03 0.10
BDE-154 75 8.1 021 0.70
BDE-153 71 74 0.13 043
BDE-183 56 52 1.39 463
BDE-209 62 6.1 1 3.70
MeO-PBDEs 2-MeO-BDE-68 77 7.7 0.09 0.30
6-MeQ-BDE-47 75 10 0.24 0.80
5-Me()-BDE-47 71 31 0.06 0.20
4-Me0-BDE-99 74 47 0.16 053
5-Me(-BDE-100 76 52 0.31 1.03
4-MeO-BDE-100 77 44 1.59 530
5-MeQ-BDE-99 70 4.1 047 1.57
4-MeQ-BDE-101 76 24 0.8 2867
Emerging BFRs HEB 76 78 0.06 0.20
PBEB 71 4.1 0.06 0.20
DBDPE 72 1 1.06 353
HNs Dec 602 75 8 0.05 0.16
Dec 603 80 12 0.04 0.14
Dec 604 68 14 0.15 0.50
syn-DP 87 2.7 0.02 0.07
anti-DP 84 47 0.01 0.03
HECD u-HBCD a5 31 037 123
f-HBCD 85 4.7 041 137
y-HBCD 105 8.3 0.99 333

R: Recovery. MDLs: Method detection limits. MQLs: Method quantification limits.
RSD: relative standard deviation. PBDEs: Polybromodiphenyl ethers. MeQ-PBDEs:
Methoxylated Peolybromodiphenyl ethers. BFRs: Brominated flame retardants.
HNs: Halogenated norbornenes. HBCD: Hexabromociclododecane.

using a t-test or ANOVA using p-value <0.05 to determine statis-
tical difference. Statistical analyses were conducted using the open-
source statistical programming language R v.3.1.1 (http:/fcrana-
project.org).

In order to evaluate the biomagnification capacity of these
compounds we studied the relationships between nitrogen stable
isotope and contaminant loads of different species sampled in the
same area, i.e. common dolphins and bottlenose dolphins in the
Gulf of Cadiz, and bottlenose dolphins and pilot whales in the Strait
of Gibraltar, The relationship was analysed through standard
regression. The two samples of common dolphin from the Strait of
Gibraltar were not included in this analysis due to the low sample
size.

3. Results
3.1. Nitrogen stable isotope analysis

Bottlenose dolphins had the highest §°N values of all 3 cetacean
species in both areas (mean + sd, 14.23 + 0.70%» and 13.39 + 0.36%c
for the Gulf of Cidiz and Strait of Gibraltar respectively), followed
by pilot whales (12.89 + 0.34%) and common dolphins
(12.82 + 0.33%0 in the Gulf of Cadiz and 11.89 + 0.55% in the Strait
of Gibraltar).

Since 6N values were statistically different between species
from the same area (t = —9.20, df = 29.50, p-value <0.01 for the
Gulf of Cadiz and F = 19, df = 31, p-value<0.01 for the Strait of
Gibraltar), their trophic position was considered useful to carry out
biomagnification studies: bottlenose dolphins presented the
highest trophic position followed by pilot whales, and finally
common dolphins (Fig. 1).

3.2. PBDE levels

Several PBDEs were detected in the three species and in both
locations. Congeners detected were BDE-28, BDE-47, BDE-99, BDE-
100, BDE-153, BDE-154 and BDE-209, while the emerging bromi-
nated FRs analysed, HBB, PBEB and DBDPE were not detected in any
sample (Table 2). Variation in PBDE levels among species was
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Fig. 1. Box plot of §°N values by species and sampling area.
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Table 2

Levels of PEDEs, MeQ-PBDEs, HNs and HBCD (ng/e lw) for the 3 cetacean species by area (mean [range]), and detection frequencies (DF, &).

Gulf of Cadiz Strait of Gibraltar

Common delphin Bottlenose delphin Commion delphin Bottlenose dolphin Pilot whale

(n=15) (n=20) (n=2) (n=20) (n=10)
BDE-28 6.77 [nd-14.8] 3.93 [0.44-8.65) 8.12 [7.54-8.70] 247 [nd-9.72] 291 [nd-6.73|
BDE-47 129 [nd-268] 556 [nd-1250] 116 [56.3-175) 594 [nd-1441] 178 [nd-237)
BDE-100 250 [nd 47.2] 156 [nd-403] 528 [nd-528] 248 [nd-517) 419 [nd 713]
BDE-99 23.0 [nd-43.8] 242 [nd-57.0] 265 [nd-265] 35.3 [59.7] 39.1 [nd-117]
BDE-154 249 [nd-47.9] 59.2 [nd-132] 37.0 [nd-37.0] 174 [nd-293] nd [-]
BDE-153 9.46 [nd-20.7] 95.9 [nd-177 nd [—] 2073 [nd-457) 113[155]
BDE-209 209 [nd-50.6] 18.8 [ng-73.5] 16.7 [10.5-22.9] 10.8 [nd-30.4] 12.6 [nd-35.6]
5PBEDEs 203 [nd 422 813 [17.3-1947] 199 [74.3-323) 1184 [nd-2323] 240 [nd 423]
DF PEDEs a3 100 100 95 0
2-MeQ-BDE-68 346 [nd-88.3] 72,0 [nd-387] 81.0 [nd-81.0] 16.9 [nd-71.3] 630 [nd-10.8]
6 MeQ-BDE 47 190 [nd-377| 707 [34.2-1855] 159 [nd-359] 459 [nd-1124 308 [nd-542]
3 Me()-PBDES 225 [nd-447) 775 [34.2—1966| 440 [nd-440) 475 [nd-1124] 312 [nd-553]
DF MeO-PBEDEs 93 100 30 93 70
Dec G02 176 [nd-2.83] 954 [1.22-215] 192 [nq-1.92] 109 [nd-29.6] 233 [nd-2.98]
Dec 603 1.16 [nd-5.67] 7.70 [0.84—22.5] 0.09 [ng-0.09] 2.22 [nd-8.67] 211 [nd-4.58]
syn-DP 2.74 [nd-14.2] 2.79 [nd-12.6] 760[031-149] 2.43 [nd-3.1) 1.50 [nd-4.23]
anti-DP 183 [nd-12.9] 2.15 [nd-10.1] 594 [037-11.6] 2.10 [nd-108] 118 [nd-2.93]
Fane 036 [0.11-0.54] 0.49 [0.16-0.72] 047 [044-049] 0.43 [0L02-087] 0.49 [033-071)
S0P 457 [nd-27.1] 495 [nd-22.7] 135 [061-265] 458 [nd-18.6] 267 [nd-7.17)
3 HNs 6.87 [nd 20.4] 217 [4.99-58.7] 145 [2.61-26.5) 149 [nd-34.6] 621 [nd-12.5]
DF HNs 93 100 100 93 70
o HBCD 302 [nd 70.2] 509 [nd-109] 107 [nd-107] 300 [nd G41] 144 [nd-180]
DF HECTY 4 45 50 in 20

PBDEs: Polybremediphenyl ethers. MeO-PEDEs: Methoxylated Polybromediphenyl ethers. HNs: Halegenaled nerbernenes, HECD: Hexabremocclodedecane, [y Ratio of the
concentration of anii-DP and 5" DP. DF: Frequency of detection. nd: below limit of detection. ng: below limit of quantification.

observed, but variation was also substantial within the same spe-
cies. Y PBDE mean values were similar for common dolphins and
long-finned pilot whales (mean [range], 203 [nd {below limit of
detection}-422] and 240 [nd-423] ngfg lw, respectively});
conversely bottlenose dolphins presented higher values (994 [nd-
2328] ngfg lw). No information was available on the age, sex or
body condition of the individuals, so intra-species variation can he
considered normal since individuals with different characteristics
might be pooled together. This fact implies that comparisons be-
tween species have to be made with caution since age and sex are
two important factors that can affect the concentrations.

In order (o investigate possible differences between areas, re-
sults from the same species were compared from both locations.
Y PBDE values of bottlenose dolphins from the Gulf of Cadiz {813
[17.3—1947] ngfe Iw) were similar to those of individuals from the
Strait of Gibraltar (1184 [nd-2328] ngfg Iw; t = 1.952, d.f = 38,
p>0.05). Regarding common dolphins, 3" PBDE values were similar
in the Gulfl of Cadiz {203 [nd-422] ngfe Iw) and in the Strait of
Gibraltar (199 [743-323] ngfg Iw; t = 0.049, d.f = 14, p > 0.1). On
the other hand, bottlenose dolphin presented higher levels than
common dolphin in the Gulf of Cadiz ({ = 4.405, d.f =32, p < 0.001}
and also in the Strait of Gibraltar, but in this case differences were
not significant {t = 1.984, d.f = 20, p = 0.06). However, the number
of common dolphin samples from the Strait of Gibraltar (n = 2}
limits the interpretation of these results.

Recently, Alonso et al. (2014) reviewed PBDE levels in cetacean
blubber worldwide and reported mean levels of PBDEs in common
dolphins from the NE Atlantic ranging from 422 to 758 ngfz lw,
levels higher than the obtained in the present study (203 ng/g Iw).
Furthermore, PBDE levels in bottlenose dolphins in the current
study (994 ngfe lw) are in the low range of the levels found in the
North West and East Atlantic, with mean values ranging from 30 to
7055 ngfg lw and from 7040 to 8800 ngfg Iw, respectively, but they
are higher than mean values found for individuals of the South
West Pacific, with values ranging from 80 to 209 ngjg Iw. Similarly,
mean values in pilot whales (240 ngjg Iw)} were higher than those

reported in the SW Pacific {6—32 ngfg Iw) but in the low range of
the levels reported in NE Atantic (from 51 to 3038 ngjz lw). In
addition, PBDE levels of striped dolphin from the Strait of Gibraltar
ranged from 100 to 172 ngjg Iw (Fossi et al,, 20130} heing lower
than the values of the rest of species analysed in this area. Most
values were below the upper limit of threshold level {1500 ngfg lw}
associated with thyroid endocrine disruption in juvenile grey seals
{Hall et al, 2003}, However, for the most contaminated species,
bottlenose dolphins, 6 individuals from the Strait of Gibraltar and 1
from the Gulf of Cadiz presented values higher than the threshold,
potentially putting them at risk for hyperthyroidism and associated
thyrotoxicosis. Different species can show different sensitivities o
the same chemical, but unfortunately no data is available for
dolphins.

3.3. MeO-PBDE levels

MeO-PBDEs were also detected in all the species and in both
locations studied. Only two MeQO-BDEs were detected, 2'-MeQ-
BDE-68 and 6-Me0-BDE-47, both tetra-brominated congeners
(Table 2). These two compounds are the two main MeO-PBDEs
normally found in marine mammals and in fact many studies
only focus in these two compounds, as discussed by Alonso et al.
(2014}, 6-MeQ-BDE-47 contributed between the 60% and 100% to
the > MeO-PBDEs value. Similarly to PBDEs data, variation of
3 MeO-PBDE levels within the same species was also substantial;
moreover, Y MeO-PBDEs were also similar for common dolphins
and pilot whales (240 [nd-447] and 312 [nd-553] ngjg Iw, respec-
tively), and bottlenase dolphin was the most contaminated species
{628 [nd-1966] ngjg lw).

Regarding the variation belween sampling sites, MeO-PBDEs
burden for hottlenose dolphins was significantly higher in the
Gulf of Cadiz (775 [34.2—1966] ngfg Iw} than in the Strait of
Gibraltar (475 [nd-1124] ngfg lw; t = 2257, df = 38, p = 0.03). A
different hehaviour was ahserved in common dolphin, where mean
Y- MeOQ-PBDEs values were similar in both areas; 225 [nd-447] ngjg
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lw in the Gulf of Cadiz and 440 [nd-440] ng/g lw in the Strait of
Gibraltar (t = 1.861, d.f = 13, p = 0.08). Again, it is difficult to come
to conclusions for common dolphins, but the case of bottlenose
dolphins, where more samples were available, suggests that in-
dividuals from the Gulf of Cadiz are more exposed to the naturally-
produced MeO-PBDEs,

S"PBDEs and " MeO-PBDEs levels were similar in common
dolphin and in pilot whale samples (L = 0.848, d.f = 28, p> 0.1 and
t = 0.835, d.f = 13, p > 0.1 for common dolphin and pilot whale,
respectively). Regarding bottlenose dolphins, individuals from the
Gulf of Cadiz showed no differences between anthropogenic and
natural compounds (t = 0.242, d.f = 39, p > 0.1). However we did
find differences for bottlenose dolphins of the Strait of Gibraltar,
where 3" PBDE levels were significantly higher than 3"MeO-PBDEs
(t = 4178, d.f = 37, p < 0.001) (Fig. 2).

Contrary to the numerous PBDEs studies, only a few studies
from the South West Pacific reported levels of MeO-PBDEs for the
species included in the present study {Melcher et al,, 2005; Vetter
el al, 2002). Levels in the Pacific Ocean were much higher than
our findings in southern European waters, with mean values
ranging from 1960 to 5435 ngfg lw in common dolphins (240 ng/g
Ilw in our study), from 2095 to 13,145 ng/g Iw in bottlenose dolphins
(628 ngfg lw in our study) and from 144 to 856 ngfg Iw in pilot
whales (312 ng/g Iw in our study). These differences could be
attributed to the presence of the Great Barrier Reef, which supports
many species of algae and sponges which might produce these
compounds (Vetter et al, 2002). To our knowledge, our study
represents the first report on MeO-PBDE levels in cetaceans from
southern European waters.

3.4. Halogenated norbornene levels

Dec 602, Dec 603 and both isomers of DP were detected in all the
species, while Dec 604 was not detected in any sample (lable 2).
S"HNs in common dolphin were 7.89 (nd-29.4) ng/g lw; for bot-
tlenose dolphins values were 18.4 (nd-58.7) ng/g Iw; and for pilot
whale values were 6.25 {nd-12.5) ng/g lw. DP and Dec 602 were the
most abundant compounds in common and bottlenose dolphins
from the Gulf of Cadiz contributing, when detected, between 17%
and 92% and between 23 and 94% of the total » HN value, while Dec
603 was detected in lower amounts. Similar to PBDEs and MeO-

PBDEs, bottlenose dolphins presented the highest levels of the
three species. No significant difference was found between bot-
tlenose individuals from the Gulf of Cadiz and Strait of Gibraltar
(t—1.648,d.f =38, p>01).Inaddition, Y "HNs in common dolphins
(6.87 [nd-29.4] ngfg lw) was much lower than in bottlenose dol-
phins (21.7 [4.99-58.7| ng/g lw) in the Gulf of Cadiz (t = 3.291,
d.f =32, p = 0.002) while this difference was not significant in the
Strait (t = 0.047, d.f = 20, p > 01) where Y HNs was 14.5
(2.61-26.5) ng/g Iw and 14.9 {nd-34.6) ng/g lw in common and
bottlenose dolphins, respectively.

The different behaviour of the syn- and anti-DP isomers was
evaluated by comparing the fyny values (concentration of anti-DP
divided by the total DP concentration, lipid normalized) for the
three species. While fyu; is around 0.65-0.75 in commercial
mixture, several studies have proved that this value can change in
the environment either due to a higher bioaccumulation capacity of
the syn-isomer, or because the anti-isomer can be degraded easier
(Sverko et al,, 2011; Xian et al, 2011). Values of fons in common
dolphin were lower than in bottlenose dolphin (t = 2.340, d.[ = 48,
p < 0.05) but similar to values in pilot whale {t = 1.979, d.f = 20,
p > 0.05). Furthermore, no difference was observed between bot-
tlenose dolphins and pilot whales (t = 0,079, d.f = 41, p > 0.1).
Moreover, values scemed to be lower than in the commercial
mixture, Values were 0.37 [0.11-0.54] for common dolphins, 0.49
|0.02—0.87| for bottlenose dolphins, and 0.49 [0.33-0.71] for pilot
whale. This fact has been previously reported in biota samples such
as fish (Sverko et al, 2011), but to our knowledge this is the first
time it is observed in dolphins. As further work, it would be
interesting to study the different toxic properties of both isomers of
DP in cetaceans.

Studies reporting levels of halogenated norbornenes in ceta-
ceans are still very scarce. In fact, only two other studies have been
published todate (De La Torre et al,, 2012a; Zhu etal,, 2014). Both of
them include DP but only one includes the other norbornenes as
well. Zhu et al. (2014) reported concentrations of ¥ DP ranging
from 1.74 to 63.7 ngfg Iw in blubber of Indo-pacific humpback
dolphin {Sousa chinensis), a range slightly higher than our values for
three delphinids. Moreover, De la Torre et al. (2012a) reported
levels up to 0.38 |nd-0.98] ng/g lw of Dec 602, 0.75 [0.25-1.99] ng/g
Iw of Dec 603 and 1.53 [nd-6.26)| ngfg lw of DP in liver of Fran-
ciscana dolphin ( Pontoporia blainvillei) from the south eastern coast
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Fig. 2. Box plot of the ratio between 3 PBDE and S Me0-PBDE levels in the Gulf of Cadiz (2 species) and the Strait of Gibraltar {3 species).
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of Brazil. > DP value is in the low-range of what we found in
southern European waters, while levels for Dec 602 and Dec 603 are
lower. However, since different species and matrices are studied, it
is difficult to make any conclusion in this case.

3.5, HBCD levels

HBCD was detected in all the species, with detection frequencies
ranging from 20% to 70%, Only s-HBCD was detected, which is in
agreement with other studies that show the specific accumulation
of this isomer in biota while its presence in the commercial mixture
is only 10% (Covaci et al.,, 2006). HBCD levels in common dolphins
were 37.8 [nd-107] ng/g lw; 202 [nd-641] ng/g lw for bottlenose
dolphins; and 144 [nd-180] ng/g Iw in pilot whales. Similarly to the
other anthropogenic contaminants, bottlenose dolphin was the
most contaminated species. Levels in the Strait of Gibraltar were
significantly higher than in the Gulf of Cadiz: values for common
dolphin were 30.2 [nd-70.2] ng/g Iw in the Gulf of Cadiz and 107
Ind to 107] ngfg lw in the Strait of Gibraltar {t = 3.348, d.f = 9,
p = 0.01); regarding bottlenose dolphins, mean values were 50.9
|nd-109] ng/g Iw in the Gulf of Cadiz and 300 [nd-641| ng/g lw in
the Strait of Gibraltar (t = 4202, d.f = 22, p < 0.001). HCBD is the
only anthropogenic contaminant to be higher in the Strait of
Gibraltar than in the Gulf of Cadiz, and for both dolphin species.

HBCD in cetaceans have been studied mostly in the North Sea,
China Sea and North West Atlantic (Covaci et al,, 2006). To our
knowledge, this is the first report of HBCD in cetaceans from
southern European waters. Levels of HBCD in common dolphins
from the north coast of Spain were up to 180 ngfg lw (mean), while
in England and Ireland mean levels were up to 420 ng/g lw and
1200 ngfg lw, respectively (Law et al., 2012), These levels were all
higher than the ones reported here.

3.6. Classical vs alternative FRs

Despite the fact that Penta- and Octa-BDE mixtures have been
banned since 2006 and the production of Deca-BDE mixture should
have ended at the end of 2013 (De la Torre et al., 2012b), many
studies prove that they are still present in the environment. Due to
its great stability and persistence, it is reasonable to assume that
their levels in the environment, especially in top predators (i.e.
dolphins) that have accumulated these contaminants for many
years, will not decrease immediately (Law et al, 2014), On the other
hand, levels of alternative FRs are expected to increase in the near
future, since some of them have been proposed as alternatives to
PBDEs and its use in different materials will probably increase.
Interestingly, 3 "Classic FRs (PBDE and HBCD) and » HNs ratio was
similar in the Gulf of Cadiz than in the Strait of Gibraltar. In
particular, mean ratio for common dolphin was 27 in the Gulf of
Cadiz and 23 in the Strait, and was not significantly different
(t=1.311,d.f= 14, p > 0.05). Similarly, in bottlenose dolphins mean
values were 40 and 70 in the Gulf of Cidiz and the Strait of Gibraltar,
respectively (t = 1929, d.f = 38, p = 0.06). On the other hand,
classical FRs presented higher concentrations than alternative FRs,
and Y PBDE concentrations were higher than HBCD concentrations

(Fig. 3).
3.7. Biomagnification studies

PBDEs and MeO-PBDEs proved to have biomagnification ca-
pacity {Fig. 4), PBDEs showed a significant positive correlation with
trophic level in common and bottlenose dolphins from the Gulf of
Cadiz (R? = 0.5437, p < 0.001), in the same way as MeO-PBDEs
(R? = 0.4602, p < 0.001). This is in agreement with Losada et al.
(2009) reporting the same behaviour for PBDEs and MeO-PEDEs

2000
*
1500 === — e —
1000  SPEDES
uHBCD
SHNS
500

Llebi

Common dolphin -~ Bottlenose  Commaon dolphin~ Bottlenose Pilot whale
daolphin dolphin
n=13 n=20 n-21 n=20 n=10

Gulf of Cadiz Strait of Gibraltar

Fig. 3. Comparison between 3 PBDEs, HECD and > Alternative FRs for the different
species in the Gull of Cadiz and the Strait of Gibraltar {means and confidence interval).
*: Upper level of threshold that presented health effects attributed to PBDES in grey
seals (Hall et al., 2003).

in a marine food web, and shows the additional danger of these
compounds for animals like dolphins which are at the top of their
food web. Biomagnification in the Strait of Gibraltar was also
evaluated in bottlenose dolphins and pilot whales but, surprisingly,
in this case no biomagnification was observed for any group or
individual contaminant,

Otherwise, a different behaviour was observed for HNs {Fig, 4).
HNs did not show a significant correlation when considered
together (R2 =0.1112, p > 0.1). However, while both DP and Dec 603
showed positive but low and not statistically significant correlation
(R? = 0.0974, p > 0.1 and R* = 0.0230, p > 0.1 respectively), Dec 602
was significantly correlated positively with trophic level
(R? = 0.4778, p < 0.001). Biomagnification data available in the
literature for HNs, especially for DP, are ambiguous. In particular,
Dec 602 and Dec 603 showed more biomagnification capacity than
DP in fish from the Great Lakes and in bird eggs from Spain (Baron
etal, 2014b; Sverko et al, 2011). As was suggested in these previous
studies and consistent with our data in dolphins, more attention
should be paid to Dec 602 and Dec 603 since their bioaccumulation
and biomagnification capacities seem to be higher than DF. This
also implies that future toxicological studies should focus on Dec
602 and Dec 603 as well, since, to the best of our knowledge, only
toxicological properties of DP have been studied.

4. Conclusions

Seven PBDEs, two MeO-PBDEs, four HNs and «-HBCD were
detected in three dolphin species from the Gulf of Cadiz and the
Strait of Gibraltar. This is the second study reporting PBDEs in ce-
taceans from southern European waters and the first ane reporting
MeO-PBDE and halogenated norbornene levels. In terms of exam-
ined contaminants, bottlenose dolphins had the highest levels of all
three species for all types of anthropogenic and naturally-produced
contaminants, while common dolphins and long-finned pilot
whales had similar lower values. No difference was found between
the two areas overall. Our results show that the levels of the clas-
sical FRs (PBDEs and HBCD) are higher than levels of alternative FRs
(HNs). Although most individuals were below the upper limit of
threshold level (1500 ngfe lw) associated with endocrine disrup-
tion in grey seals (Hall et al,, 2003), a total of 6 bottlenose dolphins
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Fig. 4. Correlations between concentrations of several contaminant compounds and 4N in
HBCD. D): HNs. E): DP. F): Dec 603. G) Dec 602.

of the Strait of Gibraltar and 1 of the Gulf of Cidiz could present
possible health effects but unfortunately no data are available in
dolphins, which could show different sensitivities to the same
chemicals. Moreover, the contribution of halogenated natural
compounds (MeO-PBDEs) was generally similar to the contribution
of PBDEs, which confirms the importance of these compounds in
the marine environment. With these results, baseline concentra-
tions and patterns are now available to carry out future risk
assessment studies and to monitor changes in anthropogenic im-
pacts over time in the area.

common and bottlenose dolphins from the Gulf of Cadiz. A): PBDEs. B): MeO-PBDEs. C):

Furthermore, we report correlational evidence of the bio-
magnification capacity of several compounds (PBDEs, MeO-BDEs
and some HNs). Although Dec 602 is rarely included in the
studies of halogenated norbornenes, here it showed high bio-
accumulation and biomagnification capacity and should therefore
be included in future contaminant studies.

Considering that dolphins are highly exposed to organic con-
taminants since they accumulate them during many years, and the
relative high levels found here, toxicological studies of the effects of
these compounds in cetaceans should be conducted in order to
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assess the real danger these animals are subjected to. As sentinels
of the marine environment, a monitoring of flame retardants and
halogenated natural product concentrations in celacean should be
implemented and considered under the European Marine Strategy
Framework Directive (Directive 2008/56/EC) to achieve a Good
Environmental Status and a Favourable Conservation Status under
EC Habitat Directive {Council Directive 92/43/EEC). The high levels
found in three delphinids species strongly support that actions
aiming at reducing the discharge of these compounds into the
marine environment should be undertaken urgently to limit their
bioavailability in marine food webs.
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Chemicals

a-, B- and y-IIBCD and its deuferated congeners, together with syn- and anti- 1somers of
DP and "C-syn-DP were obtained from Cambridge Isotope Laboratories Inc. (Andover,
MA, USA). Both native and mass-labelled PRDE mixtures, containing 8 PRDE congeners
(BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, BDE-183 and BDE-209, and
the C-labelled, respectively), MeO-PBDEs mixture (containing 5-MeO-BDE-47, 6-McO-
BDE-47, 4’-MeO-BDE-49, 2’-Mec¢O-BDE-68, 5’-McO-BDE-99, 5°-MeO-BDE-100, 4°-
MeO-BDe-101 and 4’-MeO-BDE-103) as well as HBB, PBEB and DBDPE were
purchased from Wellington Laboratorics Inc. (Guelph, ON, Canada). Dec 602 (95%), Dec
603 (98%) and Dcc 604 (98%) were purchascd from Toronto Rescarch Chemical Inc.
(Toronto, ON, Canada). 1:‘C-P}:’:D]:'s, djs-HBCD (0, B and ) and 13C-s_vn-L‘)P were used as
internal standards. Al-N cartridges were provided by Biotage.

Sample treatment

All the sample available (about 0.1-0.2 g) was spiked with 5 ng of BC-PBDEs and BC-syn-
DP, 50 ng of BC-BDE-209 and 5 ng of d;g-HBCD (a-, -, v-). Samples were kept ovemight
to cquilibrate prior to the pressurized liquid extraction (PLE). Samples were mixed with
diatomeus ecarth and loaded into an 11 mL extraction cell A mixture of
hexane:dichloromethane (1:1) was used for the extraction, which consisted in 2 static
cycles of 10 min at 100°C and working at 1500 psi. Lipid content was determined
gravimetrically after the extraction. Lipid content values ranged from 48 to 76% and no
significant differences were found among species. Aflerwards, organic content was re-
dissolved in hexane and treated with [12SO4 (cone.) followed by a solid phase extraction
(SPE) using alumina cartridges (Al-N, 5 g). Extracts were evaporated to incipient dryness

and reconstituted to a final volume of 40 ul. prior to the instrumental analysis.

Instrumental analysis

- Instrumental analysis of PBDEs, MeO-PBDEs and emerging IFRs was carried out by gas
chromatography coupled to tandem mass spectrometry (GC-MS-MS) using an Agilent
Technologies 7890A GC system coupled to 7000A GC/MS Trnple Quadrupole. PRDEs,
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MecO-PBDEs, HBB, PBEB and DBDPE were analysed using ¢lectron ionization mode (EI)
following the protocol optimized in (Bardn ef al., 2014a). Temperature program started at
140°C, held for 1 min, then ramped to 310°C at 10 °C/min and held for 10 min, for a total

run time of 36.5 min. Source temperature was set at 250°C,

- Halogenated norbornenes were analysed by negative chemical ionization mode (NCI)
using CH," as reagent gas (Bardn et al, 2012). Temperature program started at 80°C, held
for 2 min and then ramped to 300°C in 10°C/min. Final temperature was maintained for 10
min for a total runtime of 34 min. Source temperature was set at 175°C and ¢lectron energy

and emission current were set at 200 and 150 ¢V, respectively.

- HBCD was analyscd by liquid chromatograph coupled to tandem mass spectrometry (LC-
MS-MS) using an Agilent HP 1100 binary pump LC system (Agilent Technologics, Palo
Alto, CA, USA) coupled to a hybrid triple quadrupole/linear ion trap 4000QTRAP
(Applied Biosystems, Loster City, CA, USA) equipped with an electrospray (LSI)
Turbospray interface, as described in (Guerra et al., 2008). The elution program started at
an initial composition of 100% A (HO:MeOH 3:1 v/v) and was ramped to 10% A in
17min. Solvent B was MeOIl The initial conditions were reached again n 3 min and
maintamed for an additional 10 min for a total run time of 30 min. Source lemperature was

set at 350°C.

- Selective reaction monitoring (SRM) modc was uscd to enhance sensitivity and sclectivity
in the aforementioned methodologies, monitoring two different transitions for each
compound. The most intense was used for quantification and the second one for

conlirmation.
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| | ‘ | IN‘ I ‘ I |
- - HFRs | -
603. Moreover, some compounds (TetraBHD, BDE-153, or HBB) presented 7~ ™.
higher levels in brain than in blubber. This study evidence the high = S 0W". -
concentrations of HNPs in the marine environment, especially in top J:b'\@\ . {%’ . I i
predators. It shows the importance of further monitoring these natural — * 'y | ~7 7 ™ Ll Cl il e o i e
compounds and evaluating their potential toxicity, when most studies focus on m el o s
anthropogenic compounds only. While no bioaccumulation was found for
Y HNPs, Y HFRs increased significantly with body size for both common and

striped dolphins. Studies evaluating BBB permeation mechanisms of these compounds together with their potential neurotoxic
effects in dolphins are recommended.

© Supporting Information

ABSTRACT: Halogenated natural products (MHC-1, TriBHD, TetraBHD,
MeO-PBDEs, Ql, and related PMBPs) and halogenated flame retardants
(PBDEs, HBB, Dec 602, Dec 603, and DP) in blubber and brain are reported
from five Alboran Sea delphinids (Spain). Both HNPs and HFRs were
detected in brain, implying that they are able to surpass the blood—brain
barrier and reach the brain, which represents a new finding for some
compounds, such as Q1 and PMBPs, MHC-1, TriBHD, TetraBHD, or Dec

B INTRODUCTION environment until 2006.'* These are dechlorane 602 (Dec
Halogenated flame retardants (HFRs) have been used for 602), dechlorane 603 (Dcv:isﬁq;i), dcchloranc 604 (peclﬁoﬂ’
decades in order to reduce the flammability of a wide range of and dechlorane plus (DP). émcc_thmr first dcten‘nmatlon mn
materials such as textiles, plastics, wood, or electronic 2'0;]_6’ HNI%}]“VB bc;gn fou'.]dlén er:;’ll;nm-en’? Tlatlnclcs sucl:L .
fumniture.' One of the most widely used HFRs were se ﬁnent,ﬁ h‘ﬁt? 4 or amn ;“1 " S0 In 'C}’IUE'“ ';'1‘*“11“;?
polybrominated diphenyl ethers (PBDEs) but, due to their such as fish, - bird eggs, dolphins, — of fiuman blood.
proven bioaccumulation, persistence, wide-range transport, and Reporlfed Ie‘fels show that HNSs have b](.)accumuzlggl_;} n capacity
toxicity, technical Penta- and Octa-BDE mixtures were banned and might biomagnify among the trophic webs.

in 2006, while the production of Deca-BDE was supposed to Moreaver, over 5000 halogenated natural products (HNPs)
cease at the end of 2013 in North America and Europe.~ with different structures and thus belongin§ to different families
PBDEs have been found in several environmental and have been described through the years‘p" * It is believed that
biological samples from all over the world, such as sediment,’ some microorganisms associated with sponges and algae are the
sludge,” air,” fish," birds," cetaceans,'” and even humans." main producers of these comfounds and responsible for their

y  ally y ) ) alls. i . . 6

Presently, in response to the legal restrictions on them, other presence in the environment.”™ To date, these compounds are
brominated FRs have appeared as an alternative,' eg,
decabromodiphenyl ethane (DBDPE), pentabromoethylben- Received:  April 20, 2015
zene (PBEB), hexabromobenzene (HBB), or halogenated Revised:  July 1, 2015
norbornene derivatives (HNs), which are a family of Accepted: July 6, 2015
chlorinated FRs used for many years but not detected in the Published: July 6, 2015

ACS Publicat|on5 © 2015 American Chemical Society 9073 DOI: 10.1021 /acs.est 5h02736
W Enviran. 5¢i. Technol, 2015, 49, 90739083
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Figure 1. Location of the stranded individuals along the coastline. D. delphis (n = 10), G. melas (n = 3), G. griseus (n = 1), S. coureloalba (n = 11), and

T. truncatus (n = 1).

mostly considered a marine problem, since only few
compounds have been found scarcely in terrestrial species.””
By contrast, several HNPs have been detected in marine species
such as cetaceans,®® ™ fish,>' birds,** and mollusks.>* This
proves that these compounds have bioaccumulation capacity,
and should be included in the studies of bioaccumulation
behaviors of other halogenated compounds that occur in the
environment. Some examples of these HNPs are
(1R,25,4R,5R,1'E)-2-bromo-1-bromomethyl-1,4-dichloro-5-
(2'-chloroethenyl)-5-methylcyclohexane (MHC-1), 2,7-dibro-
mo-4a-bromomethyl-1,1-dimethyl-2,3,4,4a,9,9a-hexahydro-1H-
xanthene (TriBHD), 2,5,7-tribromo-4a-bromomethyl-1,1-di-
methyl-2,3,4,42,9,9a-hexahydro-1H-xanthene (TetraBHD), me-
thoxylated PBDEs (MeO-BDEs), 2,3,3,4,4',5,5' -heptachloro-
1'-methyl-1,2"-bipyrrole (Q1), and other polyhalogenated 1'-
methyl-1,2"-bipyrroles related with QI but with different
halogenation pattern which include substitution of chlorine
by bromine (PMBPs). These compounds are BrCl,-MBP,
Br,Cl;-MBP, and so on, until Br,-MBP. It is believed that the
presence of HNPs in the marine environments is not due to a
wide-range transport, but that they are produced worldwide by
different marine organisms.** In addition, uptake by complex
organisms, such as cetaceans, is believed to occur by diet rather
than a direct uptake from water. However, the number of
studies is still limited, and they often include a small number of
samples. More information regarding the occurrence and
behavior of these compounds is needed, especially considering
that some congeners such as Q1 have also been found in
human milk.**

Tissue distribution has been described as an important
parameter to understand the migration and transformation
processes of organic pollutants in biota, and also to identify
which organs are the most exposed to the possible toxic effects
of these compounds.>*” Despite the recent increase of the
studies focusing on the toxicological properties of these
compounds, information in marine mammals is still scarce,
especially for the HNPs. Some examples of toxic effects of
POPs in marine mammals are the depression of the immune
system, which increases the risk of infections, reproductive

2074

failure, anemia, and hypothyroidism.**™*' In particular, PBDEs
induced cancer, reproductive and developmental disorders,
endocrine disruption and alteration of the nervous system,"*
and caused thyroid hormone disruption in juvenile seals.”
Furthermore, to date, only toxicological data of MeO-PBDEs
are available. They presented multiple endocrine-disrupting
effects in three in vitro studies with terrestrial mammals.™
Further studies are needed regarding toxicity of HNPs in
mammals, since it is interesting to assess whether some HNPs
might cause similar toxicological effects as HFRs due to their
similar structures and halogenation degree, or if they have
adapted to them."*

The aim of this study was to evaluate the presence of several
HNPs together with classical and alternative HFRs in blubber
and brain from five dolphin species from Southern European
waters. Moreover, for the first time, HNPs will be studied in
brain samples of different dolphin species in order to study the
blubber=brain distribution of these compounds.

B MATERIALS AND METHODS

Sample collection. Blubber and brain samples of a total of
26 stranded dolphins were collected on the Alboran Sea
coastline between 2004 and 2011 (Figure 1). The Alboran Sea
connects the Mediterranean Sea with the Atlantic Ocean and
provides an important corridor for migratory species.® In fact,
it presents one of the highest densities of cetacean populations
in the Mediterranean Sea."”™*

Five different species were sampled: 10 individuals (3 males,
7 females) of common dolphin (Delphinus delphis) with body
lengths between 945 and 2000 mm, 11 individuals (8 males, 3
females) of striped dolphin (Stenella courcloalba) with body
lengths between 980 and 2160 mm, 3 individuals (1 male, 2
females) of long-finned pilot whale (Globicephala melas) with
body lengths between 3950 and 4700 mm, 1 individual of
Risso’s dolphin (Grampus griseus) of 2070 mm and 1 male of
bottlenose dolphin (Tursiops truncatus) of 2070 mm.
Information about the distribution of these species in the
area can be found elsewhere. "

DOL: 101021 /acs.est.5b02736
Environ. Sci. Technol 2015, 49, 90739083
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Sample Treatment. Sample extraction methodology was
based on previous \»vl.u'kz;,s"‘m and it is described in detail in the
Supporting Information (SI). Briefly, after adding the surrogate
standards to 1 g of sample, extraction was performed by
pressurized liquid extraction {PLE} followed by acid treatment
with 1,80, and solid phase extraction (SPE} using Al-N
cartridges. Lipid content was determined gravimetrically before
acid treatment. Resulting extracts were concentrated to a final
volume of 40 uL prior to instrumental analysis.

Instrumental Analysis. Instrumental analysis of PBDEs,
emerging HFRs {HEB, PBEB, DBDPE, and HNs), and one
family of HNPs (MeQO-PBDEs} was carded out by gas
chromatography coupled to tandem mass spectrometry
(GC-MS-MS) using an Agilent Technologies 7890A GC
system coupled to 7000A GC/MS Triple Quadrupole,
following Previuusly optimized protocols described in detail
in the S1.°"*2 PBDEs, emerging HFRs, and MeO-PBDEs were
analyzed by GC—-MS—MS using electron ionization (EI),
whereas HNs were analyzed by GC-MS—MS using negative
chemical ionization {NCI).

The other HNPs (MHC-1, TrBHD, TetraBHD, and
PBMPs} were analyzed by GC/NCI-MS using an Agilent
7890/3975C system in combination with an TIP 7673
automatic injector (Agilent Technologies, Waldbronn, Ger-
many),” Detailed information is given in the SL

QA/QC. Identification and confirmation of all the com-
pounds was based on three criteria: (a) simultaneous responses
for the two monitored ions or transitions must be obtained at
the same retention time than those of available standards; (b)
signal-to-noise ratios (S/N) must be >3; and (c) relative peak
intensity ratio must be within +20% of the theoretical values
obtained with standard solutions. In order to identify and
correct possible interferences and contaminations, several
procedural blanks were made. The contribution of the blank
to the signal never exceeded 5% for any compound.

Recoveries were evaluated by spiking 10 ng of each
compound in blubber samples. Four spiked replicates and
three unspiked replicates were made; sample contamination did
not exceed 10% of the spiked amount in any case. The method
showed good recoveries for PBDEs (36 to 87%), emerging
BERs (71 to 76%), halogenated norbornenes (68 to 87%),
MeO-PBDEs {70 to 77%), and the other HNPs (>70%), (SI
Table S1). Reproducibility of the method was also satisfactory
with relative standard deviations always below 15%. Method
detection limits (MDLs) were determined for each congener, as
the minimum amount of analyte which produced a peak with a
$/N of 3, and the method quantification limits (MQLs) were
determined as the minimum amount of analyte which produced
a peak with a §/N of 10. MDLs and MQLs are shown in SI
Table 81.

Data Analysis. Lipid normalized concentrations in blubber
and brain were tested for normality and homogeneity of
variances using the Shapiro—Wilks test of normality and the F
test. Data were log-converted when needed and differences
between species and/or tissues were tested using a f test
considering a p-value <0.05 to determine statistical difference.
Only common and striped dolphins were considered for the
statistical analysis since sample size of pilot whale, Risso’s and
bottlenose dolphins were too low (3, 1, and 1 individuals,
respectively). Statistical analyses were conducted using the
open-source statistical programming language R v.3.1.1

(hl‘tp://cran.r-p mject.otg).
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B RESULTS AND DISCUSSION

Lipid Content. Lipid content in blubber samples ranged
between 39% and 76% {mean 59% =+ 22%). This is in
agreement with other data in blubber of marine mammals,
where lipid content usually ranges from 30% to 90%.>
However, lipid content in brain samples was lower and more
consistent, with values ranging from 10% to 30% {mean 16% +
8%). No significant differences were found among species.
Since all these compounds are lipophilic, all data were lipid
normalized for a proper comparison between tissues.

HNPs. Results are summarized in Table 1 and in the SI {full
data). Highest concentrations were obtained for PMBPs, being
QI the most abundant compound, with values (mean [range]}
of 1390 [nd-4110] ng/g lw in common; 1560 [nd-3680] ng/g
[w in striped; 460 [440—505] ng/g lw in pilot; 3580 ng/g Iw in
Risso’s; and 700 ng/g lw in bottlenose. Common and striped
presented similar levels (£ = 0.283, d.f = 18, p > 0.05), Risso’s
was in their high value range, and concentrations found in pilot
and bottlenose were in their lower range. Moreover, the
contribution of Q1 to the total PMBP burden was similar in all
the species: 62% [40-71%] in common; 68% [53—89%] in
striped; 59% [33-76%] in pilot; 64% in Risso’s; and 61% in
bottlenose. A total of 23 HNPs were detected in the blubber of
the five delphinids, including MHC-1, both PBHDs, two MeO-
PBDEs (6-MeO-BDE-47 and 2'-MeQ-BDE-68), Q1 and 17
other PMBPs (S BrCl-MBP, 3 Br,Cl-MBP, 3 Br,CL,-MBP, 2
Br,Cl;-MBP, 2 Br,CI,-MBP, and 2 Br;CI-MBP). These values
were slightly lower than the value previously reported in
dolphins, up to 75=80%.%" Vatter et al > reported higher
values of %Q1 in common and bottlenose {89% and 75%,
respectively) in a study where 24 PMBPs were detected in
Australian waters. Here, we found lower %Q1 values but also
detected less PMBP congeners; comparing contaminant levels
between species is challenging since a wide range of factors
such as age, sex, or geographic location can affect
contamination levels and profiles. However, relative abundance
of the PMBP congeners was clearly related to its bromination
degree (BrCI-MBP > Br,Cl-MBP > Br;Cl,-MBP > Br,Cl;-
MBP > Br,Cl,-MBP > BryCI-MBP). BrCl-MBP represented
26—-39% of the EI’MBI’ burden, while the other PMEPs
presented a contribution lower than 5%. This is in agreement
with the contributions found by Vetter et al.® MHC-1 was the
less abundant HINP but, interestingly, concentrations wera
significantly higher in common {430 [nd-1,750] ng/g Iw) than
in striped {315 [nd-1,030] ng/g lw) {t = 2.184, df = 17, p =
0.05). Regarding PBHDs, TriBHD concentrations were higher
than TetraBHD for each species (t = 2408, di =17, p <005
and t = 2.802, df = 17, p < 0.05 for common and striped,
respectively).

Some HNPs such as TriBHD and TetraBHD were detected
for the first time in blubber and brain samples of marine
mammals from the Mediterranean Sea. Comparing with other
areas, Q1 was found in bottlenose from Australia at higher
concentrations (450-9,100 ng/g lw) than those reported in
our study (700 ng/g Iw).”® The Great Barrier Reef hosts a vast
amount of species which can produce HNPs, which could
explain this high levels of Q1.** Q1 was also the main PMBP in
bottlenose dolphins from Southern California Bight, proving its
ubiquity worldwide. In addition, TriBI1D and TetraBHDs were
also detected in the same bottlenose dolphins,w'm Concerning
MeQ-PBDEs, mean [range] values were 690 [nd-2510] ng/g
Iw in common, 870 [nd-1660] ng/g lw in striped, 360 [100-

DOE 101031 facsest ShO2736
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Figure 2. Length of dolphins versus concentrations of HFRs (A) and HNPs (B) in blubber. The lines are linear regression on the data. Circle:

Females. Triangle: Males.

535] ng/g Iw in pilot, 400 ng/g Iw in Risso’s, and 940 ng/g lw
in bottlenose. Data regarding the five species included in this
work are scarce and scattered around the world. Higher levels
than the ones reported here were found in bottlenose dolphins
from the Pacific Ocean'? and its contributions were also higher
than PBDEs in bottlenose dolphins from Southern California
Bight.®*" In addition, similar values of MeO-PBDEs were
found in blubber biopsies of common (240 ng/g lw), pilot (312
ng/g lw) and bottlenose (628 ng/g lw) from southern
European waters.®” Differences between the levels reported
worldwide is affected by the different HNPs producers existing
in each area, number of monitored congeners, and also by the
different preys available, since dietary uptake is the main
bioaccumulation route of these compounds. For example,
MHC-1, TriBHD, and TetraBHD have been found in several
fish species™ as well as MeQ-PBDEs, %7

Additionally, 18 HNPs were detected in brain samples of the
five species: MHC-1, both PBHDs, two MeO-PBDEs (6-MeO-
BDE-47, and 2-MeO-BDE-68), Q1 and 13 other PMBPs (5
BrCl,-MBPs, 3 Br,Cl.-MBPs, 2 Br,Cl,-MBDs, 2 Br,Cl,-MBPs,
and 1 Br;Cl,-MBP). Similarly to blubber, Q1 was the most
abundant compound in all species, with values of 135 [nd-410]
ng/g lw in common; 460 [nd-1,300] ng/g Iw in striped; 210
[71.5-340] ng/g lw in pilot; 46.0 ng/g lw in Risso’s; and 96.0
ng/g Iw in bottlenose. In this case, striped presented higher
values than common (t = 2.176, d.f = 17, p = 0.05). The
percentage contribution of Q1 to the total PMBP burden was
slightly higher than in blubber: 63% [42—70%] in common;
77% [68—100%] in striped; $8% [52—65%] in pilot; 74% in
Risso’s and 52% in bottlenose. Again, BrCl;-MBPs were the
second most abundant PMBPs after Q1 and the abundance of
the different congeners of PMBPs was also related to its
halogenation pattern, similarly to blubber. MHC-1 presented
low concentrations, but in this case no interspecies difference
was observed.

Correlation with the length of the individual has been
described as a good tool to evaluate the bioaccumulation
potential of organic contaminants when other trophic levels
cannot be sampled, since length can be related to age.”" Figure
2 shows the measured concentrations of HNPs in blubber as a
function of dolphin length. HNPs did not show a significant
correlation neither in common or striped (R* = 0.04, p > 0.05;
R* = =001, p > 0.05, respectively). This could suggest that the
bioaccumulation capacity of HNPs over time is not high,
probably due to metabolism, but they are continuously
incorporated in high amounts by the dolphins, so their high
burdens are maintained.”' The offloading of contaminants from
adult females to their offspring is a well- known phenomenon.'
However, it was not observed in this study, which can be
attributed to the low sample size or to the fact that most
females were juvenile animals. ! The relationship between
length and age in odontocetes is normally explained by the
Gompertz curves.*® In this study, we have used length as a
proxy of age, although it is true that when dolphins reach
adulthood, the length stabilizes.®® However, on the basis of the
length ranges of common (945-2000 mm) and striped
dolphins (980—2160 mm), and considering that in striped
from the Mediterranean Sea, the asymptote was approached at
a body length of 2000 mm in males and 1940 mm in females™*
(no data for common in this area are available), length was
considered an adequate proxy to age.

Halogenated Flame Retardants. Several classical and
alternative HFRs were detected in blubber of the five species
including six PBDEs (BDE-28, BDE-47, BDE-99, BDE-100,
BDE-153, and BDE-154), Dec 602, Dec 603, and both isomers
of DP and HBB. However, HBB was only detected in four
samples (Table 1 and SI). As expected, BDE-47 was the most
abundant PBDE and also the major contributor to the total
HFR burden. BDE-47 concentrations were up to 370 [20—890]
ng/g lw for common; 300 [30-725] ng/g lw for striped; 110
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Figure 3. Contributions of the different contaminants to the total HNPs (A) or HFRs (B) burdens.

[75-160] ng/g lw for pilot; 90 ng/g Iw for Risso’s; and 450
ng/g lw for bottlenose. No significant differences were observed
between common and striped neither for BDE-47 or ) ,PBDEs
(t = 06123, df = 20, p > 0.05; £ = 02130, d.f = 20, p > 0.05,
respectively). Dec 602 was the most abundant alternative HFR,
with levels of 88.0 [4.50—320] ng/g Iw in common, 100 [11.0—
370] ng/g lw in striped; 140 [3.85—355] ng/g Iw for pilot; 560
ng/g Iw in Risso’s; and 24.0 ng/g lw in bottlenose. Similar to
PBDEs, no differences were found between common and
striped (= 0.335, d.f = 20, p > 0.05 for HNs and t = 0.308, d.f
=20, p > 0.05 for Dec 602). In this case, Risso’s presented the
highest HNs burden, but the fact that it is only one individual
might mislead the interpretations. It has been documented that
some species have difficulties to metabolize organochlorinated
contaminants, but more individuals of Risso’s would be needed
to properly confirm this fact.”*

Contribution of the anti-DP to the total DP was evaluated by
the f,; ratio ([anti-DP]/ [ ¥ DP]). In the different commercial
mixtures of DP, f,.,, is around 0.7.” While this value is normally
maintained in sediments or air, it normally decreases in biota,
indicating that syn-DP might have more bioaccumulation
capacity or that anti-DP is more likely to be degraded or
metabolized."® The f,; was calculated when both isomers were
detected, and no interspecies difference was observed. Values
ranged between 0.50 and 0.65, lower than in the commercial
mixture. Unfortunately, these results have to be interpreted
with caution since the detection frequency of DP was
considerably low. Even if nearly all values were below the
upper limit of threshold level associated with thyroid endocrine
disruption, set up at 1500 ng/g Iw in juvenile gray seals,"” three
individuals of common and three individuals of striped
presented higher values in blubber. Thus, these individuals
presented a higher risk of suffering hyperthyroidism and
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associated thyrotoxicosis, although histopathological analysis
was not available to confirm it.

HFRs in blubber showed a significant positive correlation
with the length of the individual both in common and striped
(Figure 2, R* = 0.5878, p < 0.05 and R* = 04500, p < 0.05,
respectively). This could be due to the fact that HFRs are
accumulated by the dolphins over the years rather than in an
acute exposure.

To date, there is only one published study reporting PBDE
levels in this area.”® Concentrations in striped dolphin blubber
from the Strait of Gibraltar ranged from 100 to 172 ng/g lw®™
being lower than the range found in this study (100-2250 ng/g
Iw). Since the samples analyzed by Fossi et al. (2013) were
obtained by biopsy sampling, results can be biased since no
information regarding the size or sex of the individuals was
available. Concerning the other four species, no other published
levels from this area are available. Mean values in this study
were 1000, 390, and 850 ng/g lw for common, pilot, and
bottlenose, respectively, whereas mean PBDE concentrations in
blubber biopsies of the same species from the Strait of Gibraltar
and Gulf of Cadiz were 199, 240, and 1180 ng/g lw,
respectively.”” Worldwide, mean levels reported in common
blubber (422—758 ng/g Iw in individuals from NE Atlantic) are
lower'” but in the same order than mean levels found in this
study. On the contrary, our mean concentration in blubber of
pilot was in the low range of the mean levels reported in
individuals from the NE Atlantic (51-3040 ng/g Iw)."> Our
value in Risso’s (370 ng/g Iw) was lower than the mean value
reported in individuals of NE Atlantic, up to 850 ng/g lw; while
our value in bottlenose was in the same range of the mean
values reported also in NE Atlantic (30—7060 ng/g lw).

Concerning brain samples, the six PBDEs detected in
blubber, together with Dec 602, Dec 603, syn- and anti-DP
and HBB were detected (Table 1 and SI), but in this case DP
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was only detected in five samples. The most abundant
compounds were again BDE-47 of the classical HFRs and
Dec 602 of the alternative HFRs. Values of BDE-47 and Dec
602 were respectively 65.0 [6.70-175] ng/g Ilw and 67.0
[17.0-310] ng/g Iw for common; 90.0 [10.0-220] ng/g lw
and 52.0 [14.0—140] ng/g lw for striped; 29.0 [9.85-39.0] ng/
g Iw and 38.0 [16.0—69.0] ng/g Iw for pilot; 4.60 ng/g lw and
5.20 ng/g Iw for Risso’s; and finally 83.0 ng/g Iw and 64.0 ng/g
Iw for bottlenose. Mean f,,; ranged from 0.20 to 0.65 and
similarly to blubber no interspecies difference was observed.

Blubber and Brain Distribution, Contributions of the
different contaminants to the total HNPs or 3 HFRs burdens
are shown in Figure 3. Q1 and PMBPs stood for the 60—80%
of the total HNP value both in blubber and brain, with no
significant differences among species. Likewise, contributions of
MeO-PBDEs and MHC-1 did not show any significant
difference between both tissues. However, in the case of the
two PBHDs studied, a different behavior was found. While
TriBHD contributed with an average of 10%, 8%, 7%, 5%, and
6% to the 3 HNPs blubber burden of common, striped, pilot,
Risso’s, and bottlenose respectively, its contribution to the
> HNPs brain concentration was 5%, 3%, 0.8%, 2%, and 3% for
the same species. Thus, contribution of TriBHD was lower in
brain than in blubber for each species (t = 2693, d.f= 17, p <
0.05 for common and t = 2.419, d.f = 18, p < 0.05 for striped).
On the contrary, both levels and contribution of TetraBHD
were higher in brain than in blubber: while it contributed in a
really low percentage in blubber (2%, 1%, 1%, 0.4%, and 2% of
HNPs in common, striped, pilot, Risso’s, and bottlenose,
respectively), its presence in brain samples was considerably
higher (26%, 13%, 4%, 38%, and 26% of HNPs for the same
species). These differences were significant for common and
striped (f = 2.313,df= 17, p < 0.05 and t = 2.201, d.f = 18, p <
0.03, respectively) and might suggest that TetraBHD has more
affinity to the brain than the other HNDPs, being able to
penetrate the blood-brain barrier (BBB) more easily (Figure 4).
Blubber/brain ratios of TriBHD were always higher than ratios
for TetraBHD (d.f = 17, p < 0.05, = 5.02 in common and d.f=
17, p < 0.05, £ = 3.400 in striped).

Furthermore, some differences were also observed concern-
ing anthropogenic compounds (Figure 3). BDE-153 and HBB
presented higher contributions in brain than in blubber,

A) 600
W Blubber
450 W Brain
300
o = _n
B) 500

L.Ld.

TriBHD  TetraBHD BDE-47  BDE-153 HBB

Figure 4. Concentrations (ng/g Iw) found in blubber and brain of (A)
common dolphin and (B) striped dolphin.

showing more affinity for this tissue. Regarding BDE-153,
mean contributions were 12%, 12%, 13%, 8%, and 11% of
HFRs in blubber of common, striped, pilot, Risso’s, and
bottlenose, respectively, whereas contributions in brain were
20%, 29%, 36%, 0%, and 17% of HFRs in the same species
(BDE-153 was not detected in the only brain sample of
Risso’s). Contributions were significantly higher in brain of
common and striped (¢ = 4493, df = 17, p < 0.05 and t =
11.795, df = 17, p < 0.05, respectively). Moreover, blubber/
brain ratio of BDE-153 was always lower than ratio for BDE-47
(df=17,p < 0.05 t =2.815 in common and d.f = 17, p < 0.05,
t = 3.171 in striped dolphin). In addition, HBB was only
detected in two common and one striped blubber samples,
while it contributed with the 26% and 14% to the }HFR
contamination in brain (Figure 4). HBB was also detected in
blubber and brain from the single individual of Risso’s,
contributing with the 0.5% and 60% to the total HFR burden,
respectively.

With the exception of TetraBHD, BDE-153, and HBB, levels
of halogenated contaminants were higher in blubber than in
brain samples. This is in agreement with other published
studies.”™" In fact, more than 90% of the total POP burden in
cetaceans is concentrated in blubber due to its high lipid
content.” These compounds are generally highly lipophilic and
with high molecular weights, thus they are accumulated mostly
in blubber.”® However, lipid is constantly mobilized from
blubber since dolphins use it as an energy source and thus
contaminants accumulated in blubber redistribute to blood,
which is in direct contact with other tissues, and becomes the
main source of organic contaminants in tissues such as liver or
brain.”® Furthermore, levels of POPs in blubber and blood have
shown a high correlation both in captive and wild dolphins.
More precisely, it was shown that PBDEs are mobilized from
blubber to blood during blubber lipid mobilization. No
relationship was observed between PBDE concentrations
found in blubber and lipid content, either in total PBDE
concentrations or individual BDEs. This is in agreement with
the lack of relationship between PCB concentrations and lipid
content in bottlenose dolphins. In contrast, Yordy et al. found a
significant negative relationship between PCB plasma concen-
tration and blubber lipid content.”” Unfortunately, blood
samples were not available in this study, and no information
about blubber—blood distribution of HNPs or halogenated
norbornenes is available.

Concerning accumulation in brain, the existence of the BBB
should prevent the organic contaminants to enter the brain
thanks to an active transport mechanism mediated by the P-
glycoprotein.”® However, the fact that both HNPs and HFRs
were detected in brain samples implies that they were able to
surpass the BBB and reach the brain, which represents a new
finding for some compounds such as Q1 and related PMBPs,
MHC-1, TriBHD, TetraBHD, or Dec 603. Several factors, such
as molecular weight, lipid solubility, geometry, halogenation
degree, or polarity, are key factors to determine the BBB
permeation capacity of a compound.*”™" Besides, it has been
described that these pollutants could enter the BBB via two
possible mechanisms: a lipid-mediated free diffusion or carrier-/
receptor-mediated transport.”® Due to the high lipophilicity of
all molecules (ST Table S4), the first mechanism would explain
why all the compounds can be found in brain even if their high
molecular weight should be an impediment to penetrate
through the BBB.”® Morcover, the high contribution of
TetraBHD, BDE-153, and HBB to the total burden in brain
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(Figures 3 and 4) is more likely to be related to the second
mechanism since no significant correlations were found
between brain concentrations and some physicochemical
properties that might affect BBB permeability, such as
molecular weight, polarizability, or molecular volume (SI
Table S4). It has been reported that some molecules have an
unexpected affinity to some BBB carrier-mediated trans-
porters.”*’® PBurthermore, some transporters of the BBB are
regulated by P450 enzymes,”> and it has been documented that
some of these enzymes such as CYP1Al or CYPIB1 are
upregulated by environmental toxins.”” The higher contribu-
tions of some compounds in brain compared to blubber could
be due to a higher affinity to some of these transporters,
allowing specific compounds such as TetraBHD, BDE-153, or
HBB to pass through the BBB more easily than the other
congeners. This affinity might be related to the geometry or
position of the halogens in the molecule. For example, the only
difference between molecular structures of TriBHD and
TetraBHD is an extra bromine atom, which could make
TetraBHD a better target for a BBB transporter. In fact,
enantioselective transport across the BBB has been docu-
mented for (=) and (+) HCH enantiomers, which shows the
importance of molecular structure in the transport across
BBB.37

Debromination processes of hexa-BDEs (BDE-154 > BDE-
99 > BDE-47; BDE-153 > BDE-100 > BDE-49) have been
previously reported.®® Our results suggest that this debromi-
nation might occur in blubber, where contributions of BDE-154
and BDE-153 are lower, whereas it is not likely to occur in
brain. Besides, contributions of BDE-47 were higher in blubber
than in brain which could be a result of the debromination of
BDE-154 (Figure 3). However, uptake of low brominated
BDEs through diet is also another possibility and in fact
compounds such as BDE-47 and BDE-99 have been reported as
major PBDE contributors in fish.*' However, limited
information is available on the distribution of DP and its
analogues in potential target tissues such as brain, whereas to
our knowledge this is the first study reporting levels of Dec 603
in brain. Zhang et al. (2011)** studied the tissue distribution of
DP in muscle, liver and brain of two fish species, mud carp
(Cirrhinus molitorella) and northern snakehead (Channa argus),
and found higher values of f,,; in brain compared to the other
tissues. This was attributed to a high affinity of the anti-DP to
the brain, maybe due to a higher capacity to penetrate through
the BBB than the syn-DP. Our values of £, ; in brain were not
different from blubber f,.;, and, in addition, DP had a low
detection frequency, thus it was im_gnssible to come to any
conclusion. Similarly, Li et al. (2014)"" did not find a significant
syn- or anti- enrichment in brain from wild frogs (Ranna
limnocharis).

Ratio of Natural and Anthropogenic Halogenated
Compounds. Ratio between total natural and anthropogenic
burdens is shown in Figure S. In blubber, 3 HNPs/Y HFRs
value was 2.75 [0.35—6.75] for common; 4.10 [1.90-8.30] in
striped; 2.80 [2.10—-3.70] in pilot; 6.90 in Risso’s and 2.60 in
bottlenose. Moreover, values in brain were 1.30 [0.10—2.20],
2.00 [1.00-5.20], 1.60 [0.80-2.20], 4.60, and 0.80 in the same
species. No interspecific difference was observed for common
and striped neither in blubber nor brain (t = 1.551, df=18,p >
0.05 and t = 1438, df = 18, p > 0.05, respectively). However,
within the same species, the ratio in blubber was generally
higher than in brain and this difference was statistically
significant both for common and striped (t = 2.396, d.f = 19,
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Figure 5. (A) Ratio between ¥ HNPs and ¥ HFRs concentrations (B)
Ratio between Y classic and Y alternative concentrations.

p < 005 and t = 2553, df = 17, p < 0.05, respectively).
Considering that Y HNPs concentrations were higher than
Y HFRs concentrations, these results suggest that anthropo-
genic contaminants might have a higher capacity to penetrate
the BBB and accumulate in the brain, whereas natural products
might have more difficulties going through the barrier, with the
exception of TetraBHD. As discussed before the presence of
most of these compounds in the brain might be due to a lipid-
mediated free diffusion. Thus, since HFRs have higher LogP
(6.22—11.65, SI Table S4) than HNPs (5.01—7.31), they are
more likely to go through the BBB in higher amounts than
HNPs.

On the other hand, the ratio between classical and alternative
HFRs was also calculated (Figure $). Again, no interspecies
differences was found between common and striped (¢ = 0.794,
d.f =20, p > 0.05 in blubber and t = 1.743, d.f = 19, p > 0.05 in
brain) whereas ratios were higher in blubber than in brain for
each five species. Ratios in blubber and brain were respectively
12.0 [1.60-28.0] and 2.40 [0.10~7.15] (¢ = 3.837, df = 19, p <
0.05) in common; 9.85 [2.00—18.0] and 4.90 [0.20-10.0] in
striped (t = 2.127, d.f = 20, p < 0.05); 19.0 [1.40—-49.0] and
1.50 [1.00—2.15] in pilot; 0.65 and 0.20 in Risso’s and 35.0 and
220 in bottlenose. These results might suggest that the
alternative HERs included in this study have more affinity to
the brain tissue than the classical PBDEs, and thus more
information regarding its neurotoxicity is needed, Furthermore,
classical and emerging HERs were also correlated (R* = 0.4909
and R? = 0.6818 (p < 0.05) for common and striped,
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respectively) which might imply that dolphins accumulated
them through the same pathway.s'

Overall, this study presented new data regarding the
environmental behavior of HNPs and HFRs, evaluating its
distribution between blubber and brain of five cetacean species
and detecting some of these compounds in brain for the first
time. Some compounds like HBB, BDE-153, or TetraBHD,
presented higher concentrations (or contributions to total
concentrations} in brain than in blubber. These data express
the need for further study of the neurotoxic properties of these
products, and the mechanisms that allow these compounds to
surpass the BBB. Furthermore, classic and alternative TIFRs
presented some differences concerning their tissue distribution.
Although HNPs presented higher concentrations than HFRs,
there is still a huge information gap regarding the toxic
properties of natural compounds. Hence, more attention
should be paid to HNPs in the future.

B ASSOCIATED CONTENT

© Supporting Information

Detailed materials and methods, detailed HNPs and HFRs
concentrations and structures, and correlation between classic
and alternative FRs. The Supporting Information is available
free of charge on the ACS Publications website at DOI:
10.1021/acs.est.5b02736.

Bl AUTHOR INFORMATION

Corresponding Author
#Phone: +34 934006100 ext. 5222; e-mail: eceqam{@cid.csic.es.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS
This work has been financially supported by the Spanish

Ministry of Science and Innovation through the project
SCARCE (Consolider Ingenio 2010 CSD2009-00065), by the
Generalitat de Catalunya {Consolidated Research Groups 2014
SGR 418—Water and Soil Quality Unit), by Loro Parque
Foundation (Project Flame}, CEPSA, EcoCet Project
{CGL2011-25543), and by Rescarch National Plan from the
Spanish Ministry of Economy and Competitiveness. R. de
Stephanis and J. Gimeénez were supported by the Spanish
Ministry of Economy and Competitiveness through the Severo
Ochoa Programme for Centres of Excellence in R+D+1 {SEV-
2012-0262), and Renaud de Stephanis by the “Subprograma
Juan de la Cierva”. Thanks are due to the “Consejeria de
Agricultura, Pesca y Medio Ambiente” and the “Agencia de
Medio Ambiente y Agua” of the “Junta de Andalucia” for the
sample collection in their programme “Gestion sostenible del
medio marino andaluz”. Biotage is acknowledged for providing
SPE cartridges.

B REFERENCES
(1) Alaee, M,; Arias, P; Sjadin, A; Bergman, A An overview of

commercially used brominated flame retardants, their applications,
their use patterns in different countries/regions and possible modes of
release. Environ. Int. 2003, 29 (6), 683—689.

(2) Alaee, M.; Wenning, R. ]. The significance of brominated flame
retardants in the environment: Current undcmtanding, issues and
challenges. Chemosphere 2002, 46 (), 579-582.

{3) Birnbaum, L. S; Staskal, D. F. Brominated flame retardants:
Cause for concern? Environ. Health Perspect. 2004, 112 (1), 9-17.

9081

(4) Covaci, A; Harrad, S; Abdallah, M. A. E; Ali, N; Law, R. ]
Herike, D; de Wit, C. A Novel brominated lame retardants: A review
af their analysis, environmental fate and behaviour. Environ. Int. 2011,
37 (2), 532-556.

(5) Covaci, A; Voorspoeels, 8.; Ramos, L; Neels, H.; Blust, R. Recent
developments in the analysis of brominated flame retardants and
brominated natural compounds. J. Chrematogr. A 2007, 1153 {1-2),
145-171.

{6) Mufioz-Arnanz, J.; Siez, M; Aguirre, J. I; Hiraldo, F; Baos, R
Pacepavidus, G.; Alace, M,; Jiménez, B. Predominance of BDE-209
and other higher brominated diphenyl ethers in eggs of white stork
{Ciconia ciconia) colonies from Spain. Environ. Inf. 2011, 37 (3),
571576,

(7) Guerra, P; Eljarrat, E; Barceld, I, Analysis and occurrence of
emerging brominated flame retardants in the Llobregat River basin. J.
Hydrol. 2010, 383 (1-2), 39—43.

(8) Gorga, M.; Martinez, E.; Ginebreda, A; Eljarrat, E.; Barceld, D.
Dietermination of PEDEs, HER, PRER, DEDPE, HRCD, TBEPA and
related compounds in sewage sludge from Catalonia {Spain). Sei. Total
Environ, 2013, 444, 51-59.

(9) Moller, A; Xie, Z.; Cai, M.; Sturm, R.; Ebinghaus, R. Brominated
flame retardants and dechlorane plus in the marine atmosphere from
Southeast Asia toward Antarctica. Enviren. Sci. Technol 2012, 46 (6),
31413148,

(10) Barén, E; Rudolph, I; Chiang, G, Barra, R; Eljarrat, E;
Barcel6, D. Occurrence and behavior of natural and anthropogenic
{emerging and historical) halogenated compounds in marine biota
from the Coast of Concepcion {Chile). Sci. Total Environ. 2013, 461—
462, 2158264,

(11) Guerra, P; Alace, M.; Jiménez, B.; Pacepavicius, G,; Marvin, C.;
MacInnis, (i; Eljarrat, E; Barceld, D.; Champoux, L; Fernie, K.
F.mc-.rging and historical brominated flame retardants in peregrine
falcon (Falco peregrinus) eggs from Canada and Spain. Environ. Int.
2012, 40 (0), 179186,

(12) Alonso, M. B.; Azevedo, A,; Torres, ]. P. M.; Dorneles, P. R;
Eljarrat, E; Barceld, D.; Lailson-Brito, J.; Malm, O. Anthropogenic
{PBDE) and naturally-produced (MeQ-PBDE) brominated com-
pounds in cetaceans - A review. Sci. Total Environ. 2014, 481 (1), 619—
634.

(13) Siddique, S.; Xian, Q.; Abdelouahab, N.; Takser, L.; Phillips, S.
P; Feng, Y.L; Wang, B,; Zhy, |. Levels of dechlorane plus and
puly}:mminai.ﬂl di|‘1he.nyle.1.]1ﬁ'.m in human milk in two Canadian cities.
Environ. Inf. 2012, 39 (1), 50-55.

(14) Hoh, E.; Zhu, L; Hites, R. A. Dechlorane plus, a chlorinated
flame retardant, in the Great Lakes. Environ. Sci. Technol. 2006, 40 (4),
11841189,

(15) Sverka, E,; Tomy, G. T; Reiner, E. I; Li, Y. F.; McCarry, B. E,;
Amat, |. A; law, R. J; Hites, R A, Dechlorane plus and related
compounds in the environment: A review. Environ. Sci. Technol. 2011,
45 (12), S088—5098.

(16) Sverko, E.,; Tomy, G. T.; Marvin, C. H.; Zaruk, D.; Reiner, E.;
Helm, P. A; Hill, B; McCarry, B. E. Dechlorane plus levels in
sediment of the lower great lakes. Environ. Sci Technol 2008, 42 (2),
361-366.

(17) Wang, L.; Jia, H; Liu, X; Yang, M.; Hong, W.; Sun, Y; Su, Y;
Qi, H; Song, W; Lin, J; Li, Y.-F. Dechloranes in a river in
northeastern China: Spatial trends in multi-matrices and bioaccumu-
lation in fish {Enchelyopus elongatus). Ecotoxicol. Environ. Saf. 2012,
84 (0), 262-267.

(18) De la Torre, A; Pacepavidius, G.; Shen, L; Reiner, E.; Jimenez,
B; Alaee, M.; Martinez, M. A Dechlorane plus and related compounds
in Spanish air. Organchalegen Compd. 2010, 72, 929-932.

(19) Guerra, I; Fernie, K.; Jiménez, B; Pacepavicius, G,; Shen, L
Reiner, E; Eljarrat, E; Barceld, D.; Alace, M. Dechlorane plus and
related compounds in peregrine falcon (Falco peregrinus) Eggs from
Canada and Spain. Environ. Sci Technol 2011, 45 {4), 1284—1290.

(20) De La Torre, A,; Alonso, M. B.; Martinez, M. A.; Sanz, P.; Shen,
L; Reiner, L. ]; Lailson-Brito, ]; Tarres, |. P. M.; Bertozzi, C.; Marigo,
J;; Barbosa, L; Cremer, M; Secchi, E; Malm, O.; Eljarrat, E; Barceld,

DR 1001021 facsest ShOE736
Esvviran, i Technol 20015, 49, 90739083



/pubs.acs.org

Downloaded by CSIC on August 25, 2015 | huy
Publication Date (Web): July 16, 2015 | doi: 10.1021/acs.est. 5b02736

Bioacumulacion y biomagnificacion en biota

Environmental Science & Technology

1. Dechlorane-related u)lnpmmds in franciscana sfulphin (l'uni.npuria
blainvillei) from southeastern and southern coast of Brazil. Environ. Sci.
Technol 2012, 46 (22), 12364—12372.

(21) Cequier, E; Marcé, R. M; Becher, G.; Thomsen, C.
Determination of emerging ha]uge.nai.e.d flame retardants and
polybrominated diphenyl ethers in serum by gas chromatography
mass spectrometry. Journal of Chromatography A 2013, 1310, 126—
132

(22) Barén, E; Mafiez, M; Andren, A. C; Sergio, F,; Hiraldo, F,
Eljarrat, E; Barcelo, D. Bioaccumulation and biomagnification of
emerging and classical flame retardants in bird egEs of 14 species from
Doiana Natural Space and surrounding areas {South-western Spain).
Environ. Int. 2014, 68, 118126,

(23) Peng, H.; Wan, Y.; Zhang, K.; Sun, |; Hu, J. Trophic transfer of
dechloranes in the marine food web of Liaodong bay, North China.
Environ. Sci. Technol. 2014, 48 (10), 5458 3466.

(24) Gribble, G. W. Naturally Oceurring Organohalogen Com-
pounds. Acc. Chem. Res. 1998, 31 (3), 141-152.

{25) Gribble, G. W. Naturally Occurring Organohalogen Com-
pounds-A Comprehensive Update. Fortschritte der Chemic organischer
Naturstoffe 2010, 41, no.

{(26) Melcher, ]; Janussen, D.; Garson, M. J; Hiebl, |.; Vetter, W.
Polybrominated hexahydroxanthene derivatives (PBHDs) and other
halogenated natural products from the Mediterranean sponge
Scalarispongia scalaris in marine biota. Arch. Environ. Confam. Toxicol
2007, 52 (4), 512-518.

{27) Gribble, G. W. The natural production of organobromine
compounds. Environ. Sci. Pollut. Res. 2000, 7 (1), 37—49.

(28) Hauler, C.; Martin, R.; Knilker, H. J.; Gaus, C; Mueller, J. F;
Vetter, W. Discovery and widespread occurrence of polyhalogenated
1,1'-dimethyl-2,2"- bipyrroles {PDBPs) in marine biota. Environ. Pollut.
2013, 178, 329335,

(29) Hoh, E; Dodder, N. G.; Lehotay, 8. J; Pangalla, K. C; Reddy,
€. M.; Maruya, K. A. Nontargeted comprehensive two-dimensional gas
chrulnulugruphy,"ﬁ.me-uf—ﬂigl‘.t mass spectrometry method and soft-
ware for inventorying persistent and bioaccumulative contaminants in
marine environments. Emviron. Sd. Technol 2012, 46 {15), 8001
8008,

(30) Shaul, N. J; Dodder, N. G.; Aluwihare, L. I; Mackintosk, S. A;
Maruya, K. A; Chivers, S J; Danil, K; Weller, D. W,; Hoh, E.
Nomntargeted Biomonitoring of Halogenated Organic Compounds in
Two Ecotypes of Bottlenose Dolphins {Tursiops truncatus) from the
Southern California Bight. Environ. Sci Technol. 2015, 49 (3), 1328
1338.

(31) Rosenfelder, N.; Vetter, W. Stable carbon isotope compaosition
(6 13C values) of the halogenated monoterpene MHC-1 as found in
fish and seaweed from different marine regions. J. Environ. Monit.
2012, 14 (3), 845-851.

(32) Vetter, W.; von der Recke, R.; Herzke, D; Nygard, T. Natural
and man-made organnhmminr.-. onmpmlnds in marine biota from
Central Norway. Enviren. Int 2007, 33 (1), 17-26.

(33) Hauler, C; Rimkus, G.; Risacher, C.; Kndlker, H. J.; Vetter, W.
Concentrations of halogenated natural products versus PCB 153 in
bivalves from the North and Baltic Seas. Sci. Total Environ. 2014, 490,
994-1001.

{34) Vetter, W,; Haase-Aschoff, P.; Rosenfelder, N.; Komarova, T.;
Mueller, ]. F. Determination of halogenated natural products in passive
samplers deployed along the Great Barrier Reef, Queensland/
Australia. Environ. Sci Technol 2009, 43 (16), 6131—-6137.

(35) Vetter, W.; Alder, L; Kallenborn, R.; Schlabach, M.
Determination of Ql, an unknown organochlorine contaminant, in
human milk, Antarctic air, and further environmental samples. Environ.
Pollut. 2000, 110 (3), 401—409.

{36) Peng, H; Zhang, K; Wan, Y; Hu, ]. Tissue distribution,
maternal transfer, and age-related accumulation of dechloranes in
Chinese sturgeon. Enviren. Sci. Technol. 2012, 46 (18), 9907-9913.

(37) Hoydal, K. §; Letcher, R. ]; Blair, D. A. D; Dam, M.; Lockyer,

C.; Jenssen, B. M. Legacy and emerging organic pollutants in liver and

9082

plasma of long-finned pilot whales (Globicephala melas) from waters
surrounding the Faroe Islands. Sci. Tofal Environ. 2015, 520, 270285,

(38) Ross, P, Seals, Pollution and Disease: Envir tal Contaminani
Induced Immunosuppression; Clip-Data Koninklijke Bibliotheet: The
Hague, 1995.

(39) De Swart, R. L.; Ross, P. S.; Vos, J. G.; Osterhaus, A. D. M. E.
Impaired immunity in harbour seals (I’hnca vitulina) e’xpnsed ta
bioaccumulated environmental contaminants: Review of a long-term
feeding study. Enviren. Health Perspect. 1996, 104 (SUPPL. 4), 823
818,

(40) Schwacke, L. H,; Voit, E. O.; Hansen, L. J; Wells, R S;
Mitchum, G. B.; Hohn, A. A.; Fair, P. A. Probabilistic risk assessment
of rr.-.pmr]ud.ivc effects of pn]ychlnrinatcd bipheny]s on bottlenose
dolphins {Tursiops truncatus) from the southeast United States coast.
Environ. Toxicol. Chem. 2002, 21 {12), 2752-1764.

(41) Schwacke, L. H; Zolman, E. 8; Balmer, B. C.; De Guise, S.;
George, R. C,; Hoguet, |; Hohn, A A; Kucklick, J. R; Lamb, S;
Levin, M. Anaemia, hypothyroidism and immune suppression
associated with polychlorinated biphenyl exposure in bottlenose
dolphins (Tursiops truncatus). Proc. R Soc. London, Ser. B 2012,
279, 48.

(42) Hana, B F; Stephen, B.; Richard, . A.; Carol, . E. Toxicological
profile for polybrominated diphenyl ethers. Agency for Toxic Substances
and Disease Registry (ATSDR) 2004, 619.

{(43) Hall, A. J; Kalantzi, O. L; Thomas, G. O. Polybrominated
diphenyl ethers (PRDEs) in grey seals during their first year of life -
Are they thyroid hormone endocrine disrupters? Environ. Polfut. 2003,
126 (1), 29-37.

{44) Hu, W,; Liu, H; Sun, H; Shen, O; Wang, X; Lam, M. H. W;
Giesy, J. P; Zhang, X; Yu, H. Endocrine effects of methoxylated

brominated diphenyl ethers in three in vitro models. Mar. Pollut. Bull.
2011, 62 (11), 2356-2361.

(45) Vetter, W,; Stoll, E; Garson, M. ].; Fahey, S. J; Gaus, C.; Miiller,
J. F. Sponge halogenated natural products found at parts-per-million
levels in marine mammals. Emdron. Texicol. Chem. 2002, 21 {10),
20142019,

(46) Rubin, J. P; Cana, N Prieto, L; Garcia, C. My Ruiz, |
Echevarria, F.; Corzo, A; Galver, |. A; Lozano, F; Alonso-Santos, J.
C.; Escanes, |; Judrer, A; Zabala, I.; Herndndez, F.; (Garcla Lafuente,
J; Vargas, M. The structure of the pelagic ecosystem related 1o
oceanographic and topographic features in the Gulf of Cadiz, Straits of
Gibraltar and Alboran Sea (northwest sector) during July 1995.
Informes Tecnicos del Instituto Fspanol de Oceanografia 1999, 175, 1-73.

{(47) Canadas, A; Sagarminaga, R; De Stephanis, R.; Urquiola, E;
Hammend, P. S. Habitat preference modelling as a conservation tool:
I’mpnsalﬁ for marine prntecte.d areas for cetaceans in southern Spanish
waters. Aguatic Conservation: Marine and Freshwaier Ecosystems 2005,
15 (5), 495-521.

(48) Cailadas, A; Sagarminaga, R.; Garcia-Tiscar, S. Cetacean
distribution related with dcpth and slopr.-. in the Mediterranean waters
off southern Spain. Deep Sea Res, Part I 2002, 49 (11), 2053-2073.

(49) Caiiadas, A; Vizquez, |. A Conserving Cuvier's beaked whales
in the Alboran Sea (SW Mediterranean)): Identification of high density
areas to be avoided by intense man-made sound. Biolagical
Conservation 2014, 178, 155—162.

(50) De La Cal, A; Eljarrat, E; Barceld, D. Determination of 39
polybrominated diphenyl ether congeners in sediment samples using
fast selective pressurized liquid extraction and purification. Journal of
Chromatography A 2003, 1021 {1-2), 165—173.

(51) Baron, E.; Eljarrat, E.; Barceld, D. Gas chromatography/tandem
mass  speclrometry method for the simultaneous a.ual)rs.is of 19
brominated compounds in environmental and biological samples.
Anal. Bivanal Chem. 2014, 406, 7667,

(52) Bardn, E.; Eljarrat, E; Barceld, I. Analytical method for the
determination of haing&nai.ed norbornene flame retardants in
environmental and biota matrices by gas chmmatngraphy mup]ed ta
tandem mass spectrometry. Journal of Chromatography A 2012, 1248,
154-160.

DR 1001021 facsest ShOE736
Esvviran, i Technol 20015, 49, 90739083



Downloaded by CSIC on August 25, 2015 | http://pubs.acs.org
Publication Date (Web): July 16, 2015 | doi: 10.1021/acs.est. 5b02736

Environmental Science & Technology

Capitulo 4

(33) Vetter, W,; Gaul, S; Olbrich, D; Gaus, C. Monobrome and
higher brominated congeners of the marine halogenated natural
product 2,3,3'4,4',5,5 -heptachloro-1'-methyl-1,2"-bipyrrole {Q1).
Chemosphere 2007, 66 {10}, 2011-2018.

(54) Reijnders, P. |; Aguilar, A; Borrell, A. Pollution and marine
mammals. In F..m,j:{;ln!mdia of Marine mammals; Academic Press: 2008;
pp 890—-898.

(55) Teuten, E. L; Pedler, B. E.; Hangsterfer, A. N.; Reddy, C. M.
Identification of hig]ﬂy brominated ana]nguej of Q1 in marine
mammals. Environ. Pollut. 2006, 144 (1), 336-344.

(56) Vetter, W.; Scholz, E; Gaus, C; Miiller, J. F; Haynes, D.
Anthropogenic and natural organohalogen compounds in blubber of
dolphins and dugongs (I)ugﬂng dugnn} from Northeastern Australia.
Arch, Environ. Contam. Toxicol. 2001, 41 (2), 221-231.

(57) Barén, E; Giménez, J.; Verborgh, P; Gauffier, P';; De Stephanis,
R.; Eljarrat, E; Barceld, D. Bioaccumulation and biomagnification of
classical flame rr.-.lardants, related ha]ngmnateﬁ natural compmlnds and
alternative flame retardants in three delphinids from Southern
European waters. Environ. Pellut. 2015, 203, 107-115.

(58) Losada, S.; Roack, A.; Roosens, L.; Santos, E. ]+ Galceran, M.
T.; Vetter, W,; Neels, .; Covaci, A. Biomagnification of
anthropogenic and naturally-produced organobrominated compounds
in a marine food web from Sydney Harbour, Australia. Environ. Int
2009, 35 (8), 1142—1149.

(59) Ben Ameur, W; Ben Hassine, S.; Eljarrat, E.; El Megdiche, Y
Trabelsi, S.; Hammami, B.; Barcelo, D.; Driss, M. R. Polybrominated
diphenyl ethers and their methoxylated analogs in mullet {Mugil
cephalus) and sea bass {Dicentrarchus labrax) from Bizerte Lagoon,
Tunisia. Mar. Environ. Res, 2011, 72 (3), 258—264.

(60) Manchester-Neesvig, |. B; Valters, K; Sonzogni, W. C.
Comparison of polybrominated diphenyl ethers (PBDEs) and
polychlrinated biphenyls (PCBs) in Lake Michigan salmonids. Ernviron.
Sci. Technol. 2001, 35 (6), 1072—1077.

(61) Haglund, . S; Zook, D. R; Buser, H. R.; Hu, |. Identification
and gquantification of polybrominated diphenyl ethers and methoxy-
polybrominated diphenyl ethers in baltic biota. Environ. Sci. Technol.
1997, 31 {11), 3281-3287.

(62) Méndez-Fernandez, P.; Webster, L.; Chouvelon, T.;
Bustamante, P; Ferreira, M,; Gonzilez, A F; Lopez, A; Moflat, C.
F; Pierce, G. |; Read, F. L; Russell, M; Santas, M. By Spitz, |5
Vingada, J. V; Caurant, F. An assessment of contaminant
concentrations in toothed whale species of the NW Iberian Peninsula:
Part L. Persistent organic pollutants. Sci. Total Environ. 2014, 484 (1),
196-203.

(63) Murphy, 8 Rogan, E. External morphology of the short-beaked
common dolphin, Delphinus delphis: growth, allometric relationships
and sexual dimorphism. Acta Zool. 2006, 87 (4), 315-329.

(64) Calzada, N; Aguilar, A; Grau, E; Lockyer, C. Patterns of
gruwﬂl and physical maturity in the western Mediterranean striped
dolphin, Stenella coerilecalba {Cetacea: Odontoceti). Can. [ Zool
1997, 75 (4), 632-637.

(65) Doidge, 1. Age-length and length-weight comparisons in the
beluga, Delphinapterus leucas. Can. Bull. Fish Aquat Sci. 1990, 224,
5968,

(66) Perrin, W.; Holts, D.; Miller, R. Growth and reproduction of the
eastern spinner dolphin, a geographical form of Stenella longirostris in
the castern tropical Pacific. Fishery bulletin 1977, 75 {4), 725—750.

(67) Xian, Q. Siddique, S.; Li, T.; Feng, Y. L; Takser, L.; Zhu, .
Sources and environmental behavior of dechlorane plus - A review.
Environ. Int. 2011, 37 (7), 1273-1284.

(68) Fossi, M. C; Panti, C.; Marsili, L.; Maltese, S.; Spinsanti, G.;
Casini, 8; Caliani, L; Gaspari, 8; Mufioz-Arnanz, J.; Jimenez, B;
Finoia, M. G. The Pelagos Sanctuary for Mediterranean marine
mammals: Marine Protected Area {(MPA) or marine polluted area?
The case study of the striped dolphin (Stenella coerulecalba). Mar.
Pollut. Bull 2013, 70 (1-2), 64-72.

{69) Carsolini, $;; Ancora, 8; Bianchi, N.; Mariotti, G; Leonzio, C;

Christiansen, J. 8. Organotropism of persistent organic pollutants and

9083

heavy metals in the Greenland shark Somniosus microcephalus in NE
Greenland. Mar. Pollut. Bull. 2014, 87 (1-2), 381.

(70) Zheng, X.-B; Luo, X.-J; Zeng, Y.-H; Wu, J-P; Mai, B.-X.
Sources, gastrointestinal absorption and stereo-selective and tissue-
specific accunulation of Dechlorane Plus {DP) in chicken. Chemo-
sphere 2014, 114 (0), 241-246.

(71) Li, L; ‘Wang, W.; Lv, Q; Ben, Y.; Li, X. Bioavailability and tissue
distribution of Dechloranes in wild frogs (Rana limnocharis) from an
e-wasle recycling area in Southeast China. | Enviren. Sci. 2014, 26 (3),
636642,

(72) Yordy, J. E; Wells, R. $; Balmer, B. C,; Schwacke, L. I;
Rowles, T. K; Kucklick, J. R. Partitioning of persistent organic
pul]uianlx between blubber and blood of wild bottlenose ({nlphinx:
Implications for biomonitoring and health. Environ. Sci. Technol. 2010,
44 {12), 4789—4795.

(73) Pardridge, W. M. The blood-brain barrier: Bottleneck in brain
drug development. NeuroRx 2003, 2 (1),3-14

{74) Grumetto, L.; Russo, G.; Barbato, F. Indexes of polar
interactions between ionizable drugs and membrane phospholipids
measured by IAM-HPLC: Their relationships with data of Blood-Brain
Barrier passage. Eur. . Pharme. Sci 2014, 65, 139-146.

{75) Pardridge, W. M. Drug transport across the blood—brain barrier.
J. Cereb. Blood Flow Metab. 2012, 32 {11), 1959—1972.

(76) Ballabh, P; Braun, A; Nedergaard, M. The blood-brain barrier:
An overview: Structure, regulation, and clinical implications. Newrobiol.
Dis. 2004, 16 (1), 1-13.

(77) Dauchy, S.; Miller, F.; Couraud, P. O.; Weaver, R. ].; Weksler,
B.; Romero, L A; Scherrmann, ]. M.; De Waziers, L; Decléves, X.
Expression and transt.'riplinna] rﬂgulal.iun of ABC transporters and
cytochromes P450 in hCMEC/D3 human cerebral microvascular
endothelial cells. Biochem. Pharmacol. 2009, 77 {5), 897—909.

(78) Xue, M Shen, G; Yu, | Zhang, D; Lu, 7.; Wang, B; Lu, Y
Cao, J; Tao, 8. Dynamic changes of a-hexachlorocyclohexane and its
enantiomers in various tissues of Japanese Rabbits (Oyctolagus
cuniculus) after oral or dermal exposure. Chemosphere 2010, 81
{11), 14861491,

{79) Yang, D; Li, X; Tao, S; Wang, Y.; Cheng, Y; Zkang, D.; Yu, L.
Enantioselective behavior of ¢-HCH in mouse and quail tissues.
Environ. Sci Technol 2010, 44 {5), 1854 1850.

(80) Tkonomou, M. G, Rayne, S; Addison, R. F. Exponential
increases of the brominated flame retardants, polybrominated diphenyl
ethers, in the Canadian Arctic from 1981 to 2000. Environ. Sci. Technol.
2002, 36 (9), 18861892,

{81) Labandeira, A; Eljarrat, E.; Barceld, D. Congener distribution of
polybrominated diphenyl ethers in feral carp (Cyprinus carpio) from
the Llobregat River, Spain. Environ. Pollut 2007, 146 (1), 188—195.

(82) Zhang, Y; Wy, |. P,; Luo, X. |;; Wang, |; Chen, S. J.; Maj, B. X.
Tissue distribution of Dechlorane Plus and its dechlorinated ana]ugx in
contaminated fish: High affinity to the brain for anti-DP. Enviren.
Pollut. 2011, 159 {12), 3647-3652.

(83) Mufoz-Amang, J; Saes, M; Pacepavicius, G, Alaee, M,
Jiménez, B. Dechlorane plus and possible environmental metabolites

in white stork eggs. Organchalogen Compd. 2010, 72, 933-936.

DR 1001021 facsest ShOE736
Esvviran, i Technol 20015, 49, 90739083



Bioacumulacion y biomagnificacion en biota

HALOGENATED NATURAI PRODUCTS IN DOLPHINS: BRAIN-BLUBBER
DISTRIBUTION AND COMPARISON WITH HALOGENATED FLAME
RETARDANTS

Barén E.', Hauler C.% Gallistl C.%>, Giménez 1.>, Gauffier, P.*, Castillo, J. J.°, Fernandez-

Maldonado, C.%, de Stephanis R4, Vetter W2, Eljarrat E.", Barcelo D.!

Supporting information content

Page S2: Table S1. Selected SRM or m/z, recoveries (%), MDLs and MQLs (ng/g lw) of the

analysed compounds.
Pages S3-55: Table S2. Levels of HNPs in blubber and brain of the 5 species
Pages S6-S8: Table S3. Levels of anthropogenic FRs in the 5 species.

Page S9: Table S4. Compounds analysed and properlies estimated by ACDLabs and

ChemAxon

Page 510: Figure S1. Structures of all the compounds studied with the exception of MBPs
related to Q1; Figure S2. Classic IIFRs concentrations versus emerging HIRs concentrations

in blubber. The lines are linear regression on the data.
Page S11: Nitrogen stable 1sotope determination
Page 512: Chemicals and reagents; Sample treatment

Pages S13-S14: Instrumental analysis

S1



Capitulo 4

Table 81: Selected SRM or m/z, recoveries (%), MDLs and MQLs (ng/g w) of the analysed
compounds.

R RSD  SRMI  SRM2  MDLs  MOQLs

Compound (%) (%0) m/z1 m/72 (ng/glw) (ng/glw)

BDE-28 87 1.8 408-246  408-248 0.01 0.03

BDE-47 81 11 486>326 486328 0.01 0.03

BDE-100 71 8.1 4006297 564>404 0.06 0.20

PRDES BDE-99 81 6.0 406297 564>404 0.03 0.10

BDE-154 75 8.1 486377 0644>484 0.21 0.70

BDE-153 71 74 486377 644-484 0.13 0.43

BDE-183 56 52 7212562 T21>564 1.39 4.63

BDE-209 62 6.1 298220 361>280 1.11 3.70

Dec 602 75 8 612=35  612-37 0.05 0.16

Dec 603 80 12 638-35  638=37 0.04 0.14

HNs Dec 604 68 14 460>79  504>79 0.15 0.50

syn-DP 87 2.7 65435  654>37 0.02 0.07

anti-DP 84 4.7 65435  654>37 0.01 0.03

Emerging HBB 76 7.8 468-308 468>310 0.06 0.20

BERs PBEB 71 4.1 500-485  485>406 0.06 0.20

DBDPE 72 11 485-406  325>165 1.06 3.53

2-MeO-BDE-68 77 7.7 5162356 516=358 0.09 0.30

6-MeO-BDE-47 75 10 516-356 516>358 0.24 0.80

5-MeO-BDE-47 71 3.1 5162356  516>358 0.06 0.20

4-MeQ-BDE-49 74 47  516=356 516>358 0.16 0.53

5-McO-BDE-100 76 3.2 396434 594>436 0.31 1.03

4-McO-BDE-100 77 4.4 396434 594>436 1.59 5.30

5-McO-BDE-99 70 4.1 596-434  594>436 0.47 1.57

4-McO-BDE-101 76 24 396434 594>436 0.80 2.67

INPs MHC-1 >70%  <5%* 79 81 0.03 0.10

TriBHD >70%  <5%* 79 81 0.18 0.61

TetraBIID =70%  <5%% 79 81 0.12 0.41

Q1 =70%  <5%% 386 388 0.02 0.05
BrCl6-MBPs ST0%  <5%* 432 434 - -
Br2CI5>-MBPs ~ =70%  <5%* 476 478 - -
Br3Cl4-MBPs ~ >70%  <5%%* 520 522 - -
Br4CI3-MBPs ~ >70%  <5%%* 563 565 - -
Br5CI2-MBPs ~ =70%  <5%%* 607 609 - -
Br6CI-MBPs >70%  <5%* 653 655 - -

PBDEs: Polybromodiphenyl ethers. HNs: Halogenated norbornenes. MeO-PBDEs:
Methoxilated Polybromodiphenyl ethers. R: Recovery. MDLs: Method detection limits.
MQLs: Method quantification limits. RSD: relative standard deviation. * Recovery rates were
estimated from results obtained in the German laboratory using a similar methodology
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Bioacumulacion y biomagnificacion en biota

Table S4: Compounds analysed and properties estimated by ACDLabs and ChemAxon

Compound Source Molecular LogP* Polari;abi ]i%ty"‘ J;’;E::La Volu:nch
weight (10* em?) (em®) (A%
BDE-28 Anthropogenic ~ 406.895  6.70/35.78 30.0/29.4 208.6 216.6
BDE-47 Anthropogenic  485.791  7.39/6.55 33.1/325 224.8 234.8
BDE-99 Anthropogenic  564.688  8.19/7.32 36.1/35.7 240.9 253.1
BDE-100 Anthropogenic  564.688  8.03/7.32 36.1/35.7 240.9 253.2

BDE-153 Anthropogenic  643.584  8.98/8.09 38.9/39.2 257.1 271.4
BDE-154 Anthropogenic  643.584  8.83/8.09 39.2/38.9 257.1 271.4
BDE-183 Anthropogenic  722.480  9.49/8.85 422/42.2 2733 289.7

HBEB Anthropogenic  551.488  5.85/6.59 28.7/29.2 186.5 192.0
PBEB Anthropogenic  500.645  6.40/6.77 29.4/293 203.2 207.7
DBDPE Anthropogenic 971222 11.1/122 5447545 344.8 370.2
Dec 602 Anthropogenic  613.617  8.38/7.01 45.7/46.1 299.5 356.1
Dec 603 Anthropogenic  637.681  8.24/7.85 49.7/50.0 3244 3888
Dee 604 Anthropogenic  692.505  9.01/8.84 45.4/45.1 282.5 328.9
syn-DP Anthropogenic  653.724  9.51/9.07 52.4/525 358.1 415.4
anti-DP Anthropogenic  653.724  9.51/9.07 52.4/52.5 338.1 415.5
5-MeO-BDE-47 Natural 515.817  6.66/6.39 35.7/35.1 2488 260.9
6-MeO-BDE-47 Natural 515.817  6.34/6.39 35.7/35.1 248.8 260.8
4-MeO-BDE-49 Natural 515.817 6.80/6.39 35.7/35.1 248.8 260.8
2-McO-BDE-68 Natural 515.817  6.33/6.39 35.7/35.1 248.8 261.0
5-McO-BDE-99 Natural 504714 7.46/7.16 38.8/383 264.9 279.2
5-MeO-BDE-100 Natural 504714 7.46/7.16 38.8/383 264.9 279.2
4-MeO-BDE-101 Natural 394714 7.46/7.16 38.8/383 264.9 279.2
4-MeO-BDE-103 Natural 594714  7.46/7.16 38.8/383 264.9 279.2
MIIC-1 Natural 399377  5.05/4.97 30.2/295 232.1 242.8
TriBHD Natural 467.034  7.10/6.02 37.1/36.3 2772 204.7
TetraBHD Natural 545930  7.63/6.79 40.2/394 293.4 313.0
Ql Natural 387305 6.56/5.70 31.3/30.9 206.4 235.4

* (ACDLabs / ChemAxon) *: ACDLabs °: ChemAxon
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Figure S1: structures of all the compounds studied with the exception of MBPs related to Q1
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Figure S2: Classic HFRs concentrations versus emerging HFRs concentrations in blubber,

The lines are linear regression on the data.
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Bioacumulacion y biomagnificacion en biota

Nitrogen stable isotope determination

Procedure: Isotopic analyses were carried out at the Laboratorio de Isétopos Estables of the
Estacion Biologica de Dofiana (LIE-EBD, Spain; www.ebd.csic.es/lie/index html). The
isotopic compositions are reported in the conventional delta (J) per mil notation (%), relative
to atmospheric Nj (6"°N). Prior to the isotope determination, lipid content was extracted from
the sample with several rinses of chloroform: methanol (2:1, v/v) solution in order to reduce
the isotopic variability due to the differential content of lipids." Subsamples of powdered
materials were weighed to the nearest pg and placed into tin capsules for &°N
determinations. All samples were combusted at 1020 °C using a continuous flow isotope-ratio
mass spectrometry system by means of Flash HT Plus elemental analyzer coupled to a Delta-
V Advantage isotope ratio mass spectrometer via a CONFLO IV interface (Thermo Fisher
Scientific, Bremen, Germany). The 1sotopic compositions are reported in the conventional
delta (4) per mil notation (%), relative to atmospheric Na ((SISN). Replicate assays of
standards routinely inserted within the sampling sequence indicated analytical measurement
errors of £0.2 %o for §°N. The internal standards used were: EBD-23 (cow hom), LIE-BB
(whale baleen), and LIE-PA (feathers of razorbill). These laboratory standards were
previously calibrated with international standards supplied by the International Atomic

Energy Agency (IAEA, Vienna).
Results: Stable isotope analysis

Risso’s dolphin (n=1) had the highest 6'°N. 13.5%o, followed by pilot whale (n=3) with a
value of (mean [range|) 13.4%o [12.2-15.3%o), bottlenose dolphin (n=1) with 13.2%, striped
dolphin (n=11) with 12.1%o [10.9-15.0%0], and finally common dolphm (n=10) with 11.8%o
[10.6-13.6%0]. Biomagnification studics could not be carricd out since no diffcrence was

found between common and striped dolphins (t=0.621, d.£=20, p=0.03), and sample size of
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pilot whale, as well as Risso’s and bottlenose dolphin was insufficient. These resulls are

given with the only purpose of characterizing the species studicd.

Chemicals and reagents

Both native and mass-labelled PBDE mixtures, containing 8 PBDE congeners (BDE-28,
BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, BDE-183 and BDE-209, and the C-
labelled, respectively), MeO-PBDEs mixture (containing 5-MeO-BDE-47, 6-McOQ-BDE-47,
4’-MeO-BDE-49, 2°-MeO-BDE-68, 5°-MeO-BDE-99. 5°-MeO-BDE-100, 4’-MeO-BDe-101
and 4’-MeO-BDE-103) as well as IIBB, PBER and DBDPE were purchased from Wellington
Laboratories (Guelph, ON, Canada). Syn- and anti- isomers of DP and HC-S}?J?-DP were
obtained from Cambridge Isotope Laboratories (Andover, MA, USA). Dec 602 (95%), Dec
603 (98%) and Dec 604 (98%) were purchased from Toronto Research Chemical (Toronto,
ON, Canada). *C-PBDEs and "*C-syn-DP were used as internal standards. AI-N cartridges
were provided by Biotage (Uppsala, Sweeden). HNPs were synthesized or isolated from

algae or sponges as reported elsewhere.’
Sample treatment

1 g of lyophilised sample was spiked with the surrogate standards (5 ng of *C-PBDEs and
BC.syn-DP, 50 ng of *C-BDE-209) and was kept overnight to equilibrate prior to the
pressurized liquid extraction (PLE) using an ASE 350 system (Dionex, Sunnywale, CA,
USA). A mixture of hexane: dichloromethane (1:1) was used for the extraction, which
consisted of 2 static cycles of 10 min at 100 °C and working at 1500 psi. Lipid content was
determined gravimetrically after the extraction. Afterwards, organic content was re-dissolved
in n-hexane and treated with H,SO, (cone.) followed by a solid phase extraction (SPE) using

alumina cartridges (Al-N, 5 g). Extracts were evaporated to incipient dryness, then
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perdeuterated  ©-1,2,3,4,5,6-hexachlorocyclohexane (a-PDHCH) was added as internal
standard for HNP compounds, and reconstituted to a final volume of 40 uL prior to the

mnstrumental analysis.
Instrumental analysis

PBDEs, MeO-PBDEs, HBB, PBEB, DBDPE: These compounds were analysed using electron
ionization mode (EI). Temperature program started at 140 °C, held for 1 min, then ramped to
310 °C at 10 °C/min and held for 10 min, for a total run time of 36.5 min. Source temperature

was set at 250 °C. Column used was a DB-5ms capillary column (15m x 0.1 mm i.d, 0.1 um

film thickness).

HNs: These compounds were analysed by negative chemical ionization mode (NCI) using
CH, as reagent gas. Column used was a DB-3ms capillary column (15m x 0.1 mm i.d, 0.1 pm
film thickness). Temperature program started at 80 °C, held for 2 min and then ramped to 300
°C in 10 °C/min and held for 10 min for a total run time of 34 min. Source temperaturc was
set at 175 °C. Selective reaction monitoring (SRM) mode was used to enhance sensitivity and
selectivity in the aforementioned methodologies, monitoring two different transitions for each
compound. The most intense was used for quantification and the second onc for

confirmation.

Other HNFs: GC oven was programmed as follows: 60 °C held for 2 min, ramped at 10
°C/min to 300 °C and held for 24 min for a total run time of 30 min. Source temperature was
set at 150 °C. Selective 1on monitoring (SIM) was used for the detection and quantification of
the different compounds using the two most abundant ions of the molecular ion for cach
compound. In this case, quantification was done using a response factor to the internal
standard «-PDIICIL MBPs related to Q1 were quantified using the response factor obtamed

for Q1 since there were no available standards of these compounds.
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The occurrence of classical {polybrominated diphenyl ethers, PBDEs) and emerging FRs {dechloranes,
hexabromobenzene (HBB), pentabromoethyl benzene (PBEB) and decabromodiphenyl ethane (DBDPE}} in un-
born eggs of 14 different species from Dofiana Natural Space and surrounding areas was studied.

PBDESs, Dec-602, Dec 603 and DP were detected in all the species, whereas HBB, PBEB, DBDPE and Dec- 604 were
not detected in any sample. SPBDE and EDechlorane levels ranged from 1.40 1o 90.7, and from 0.77 to 260 ng/g lw,

gz’:g:ies respectively. BDE-209 was the most abundant BDE congener in almost all the species, whereas Dec-602 was the
PRDES predominant among dechloranes. In general, levels of PRDEs and dechloranes were similar and even higher for
Isulope analysis dechloranes, probably indicating the increasing use of dechloranes as a result of legal restrictions on PBDEs. In
Binmagnification both cases, the most contaminated spede was the white stork. Using stable isotope characterization, differences

among species and possible biomagnification processes were also evaluated. PBDE levels increased as the trophic
position increased, showing hiomagnification capacity. The same behavior was observed for Dec-602 and
Dec 603; however, DP levels were not linearly correlated with trophic level. These results show that more atten

tion should be given to emerging FRs such as dechloranes since they show similar environmental behavior as

PBDEs.

@ 20114 Elsevier Lrd. All rights reserved.

1. Introduction

Flame retardants (FRs} have been used for many years in order o
prevent fires. Among them, halogenated compounds have shown
great efficiency (Alaee et al,, 2003). Polybrominated diphenyl ethers
(PBDEs} have been used in greal amounts for many years and their
presence has been reported in different environmental and biological
matrices such as sediment, sludge, dust, fish, bird eggs or cetaceans
{Chen and Hale, 2010; Covaci et al, 2003; Tang et al., 2008). Due to
their bioaccumulation capacity and toxic properties, the Penta- and
Octa-BDE formulations were banned in Europe and North America in
2001 and since 2006 their presence in polymeric formulations is being
reduced (Schecter et al,, 2010}, Furthermore, the Deca-BDE mixture is
already banned in Europe and its production in North America is
going Lo be stopped al the end of 2013 (Hess, 2009). On the other
hand Mirex, a chlorinated compound used also as FR, was also banned
in 1976 (Sverko et al,, 2011).

* Corresponding author, Tel: + 34 93 400.61.00x5222; fax: +34 93 204.59.04.
E-mail address: eceqam@cid.csices (E. Eljarrat).
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Since the [ire safely regulations needed to be reached, new
compounds were developed and, consequently, they are considered
emerging FRs. Sume examples of emerging brominated FRs (BFRs) are
hexabromobenzene (HBB}, pentabromoethyl benzene (PBEB} or
decabromodiphenyl ethane (DBDPE}. These compounds have been
found in different environmental and biological matrices (Covad el al.,
2011; Gorga et al, 2013; Guerra et al., 2012; Papachlimitzou et al.,
2012}. On the other hand, dechlorane 602 (Dec-602}, dechlorane 603
{Dec-603), dechlorane 604 {Dec-604} and dechlorane plus {DP} were
developed as an alternative for Mirex when it was banned (Shen et al.,
2011}, Despite the fact that they have been used for many years, they
were found in the environment for the first time in 2006 (Hoh et al.,
2006}. Since then, they have proved their ubiquity as they have been
found in different environmental and biolegical samples around the
world. For instance, dechloranes have been [ound in sediment (Sverko
et al., 2008}, air (De la Torre et al.,, 2010a}, dust (Zhu et al, 2007} or
sludge (De la Torre ef al., 2011). Regarding biofa, dechloranes have
been found both in aquatic and terrestrial organisms such as fish
(Sverko et al,, 2010}, eels (Sithring et al., 20173}, dolphins {De La Torre
el al., 2012} or bird eggs (Guerra el al,, 2011; Mufioz-Arnanz el al,
2010, 2011a,b}. Morevver, most of the studies aboul DP are done close
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to the production sources located in the Great Lakes and China, where
the concentrations are much higher than in other areas (Feo el al,
2012; Sverko et al, 2011; Xian et al, 2011}. The number of studies in
areas far away from the production sources is stll scarce and more in-
formation is needed. In particular, in Spain DP and its analogs have
been found both in environmental matrices, air and sludge {De la
Torre et al., 2010a, 2010b}, and in eggs from 4 different bird species
(Guerra et al, 2011; Mufioz-Amanz et al,, 2010, 2011a, 2012).

In terms of biotic impacts, an additional problem is that birds can as-
similate persistent organic pollutants {POPs) through the diet and, af-
terwards, transfer them Lo the eggs, with polential consequences for
offspring (Bustnes et al., 2008}. Thus, eggs are considered reliable
bicindicators of POPs in birds (Weseloh et al, 1990}. These compounds
can affect bird behavior, the correct development of the chicks, causing
malformations and reducing the shell thickness (Morales et al,, 2012},
or reproductive viability (Helander et al., 2002). The aim of this study
was o evaluate the occurrence of the classical (PBDEs) and emerging
FRs {dechloranes, HBB, PBEB and DBDPE} in unhorn eggs of 14 different
species from Dofiana Natural Space and surrounding areas. Using stable
isotope characterization, differences among species and possible
biomagnification processes were also evaluated.

2. Sampling

Dofiana Natural Space and surrounding areas, located in south-
weslern Spain, is considered a sanctuary for more than 300 bird species
{(Mufioz-Arnanz et al., 2010}. Due to its important location, between 2
continents and close to the Atlantic Ocean and Mediterranean Sea, this
area represents a strategic point where numerous birds breed, winter
or stage during their migration (UNESCO, 2013} (Supporting informa-
tion 1}.

Table 1
Sample inventory, leeding and migratory behavior of the 14 bird species under study.

Several bird eggs that had failed to hatch were collected during three
sampling campaigns in 2010, 2011 and 2012. Table 1 shows the infor-
mation related to the different species studied, as well as main feeding
habits and migratory behavior. Moreover, information regarding
sampling locations, date of sampling, nest substrate, egg size, ¥H,0
and % lipid weight (lw) is presented in Supporting information 2. In
total, 115 egg samples were collected corresponding to 14 different spe-
cies. These species are grouped into five different orders. Within the
order of falconiformes, samples were collected [rom 7 different species:
black kite { Milvus migrans), red kite { Milvus milvus), western marsh har-
rier (Circus ueruginosus}, booted eagle (Aquilu pennata}, common kestrel
(Falco tinnunculus} and black-winged kite (Elunus caeruleus). Three dif-
ferent species of Ciconiiformes were also sampled: glossy ibis (Plegadis
fulcinellus}, purple heron (Ardeu purpurea} and white stork (Ciconiu
ciconia}. Three other species belonging to the Charadriiformes were
sampled: slender-billed gull {Chroicocephalus genei}, black-headed gull
(Chroicocephalus ridibundus) and gull-billed tern ( Gelochelidon nilotica).
Finally, the Strigiform bam owl (Tyto alba) and the Anseriform gadwall
(Anus strepera} were also included in the study. Egg samples were col-
lected opportunistically during nest checking and chick ringing opera-
tions, so that the number of samples per species depended on local
abundance in the three study years. All the eggs were frozen and sent
to the laboratory in individual and protected containers.

3. Malerials and methods
3.1. Standards
The standard PEDE mixture, containing BDE-28, BDE-47, BDE-99,

BDE-100, BDE-153, BDE-154, BDE-183 and BDE-209, as well as HEB,
DEDPE and PBEB were purchased from Wellington Laboratories Inc.

Order Species Scientific name N Feeding habits Migratory behavior of breeding population
Falconiformes Black kite Miteus migrans 22 Predator and scavenger. It feeds on rabbits, birds Migratory, wintering in sub-Saharan Africa
(especially young ), reptiles, amphibians, fish,
insects and carrion (including meat from rubhish
dumps, and road killed animals).
Red kite Mibvus mifvis 2 Predator and scavenger. It feeds on small or medium- Resident and dispersive
sized mammals, birds, reptiles, amphibians, large
insects and carrion (including meat from rubbish
dumps, and road killed animals).
‘Western marsh Cireus geruginosus 1 Itfeeds mainly on rabbits, rodents, medium-sized Resident and dispersive
harrier birds, their offsprings and eggs.
Booted eagle Aguila pennata 6 It feeds mainly on medium-sized birds; rabhbits, Migratory, wintering in sub-Saharan Africa.
reptiles and occasionally large insects.
Common kestrel Falco tinnunculus 13 Their preys are usually small size mammals, Resident and dispersive, and possibly

small birds. reptiles and insects.
It feeds on small-sized mammals, birds and lizards.

Black-winged kite  Elanus caentleus 1

partially migratory
Potentially resident, but some individuals
make large-scale nomadic movements

1t feetls mamly on aguatic beetles and dragonfly
larvae; also Sharp-ribhed salamanders

(Pleurodeles waltl) and small Carp (Cyprinus carpic).
It feeds mainly on fish, amphibians, Odonata nymphs
and aquatic beetles. Cecasionally birds.

It feeds on red-swamp crayfish (Procambarus clarkii),
large insects, rodents, lizards, snakes, frogs,

fish, hird eggs and nestlings, remains of human fond.
1t feetls mainly on small mammals, Pelobates culinipes

Mainly fish and invertebrates (brine-shrimps Artemia
spp.. Diptera larvae, beetle larvae and adults).

Mainly insects and earthworms, but commonly
supplemented by plant material and household

1t feeds mamnly on insects and cruslaceans; also

Geoniiformes Glossy ihis Plegndis falcinelhs 4
Purple heron Ardea purpurea 3
‘White stork Ciconia ciconia 4
Strigiformes Barn owl Tyte alba 1
and small birds.
Charadriiformes  Slender-billed gull  Chroicocephalus 3
Zenel
Black-headed gull Chrodcocephaius 7
ridibundus
or industrial waste.
Gull-illed tern Gelochelidon nilotica 8
amphibians and fish.
Anseriformes Gadwall Anas strepera i

It mainly feeds on the vegetative part of plants (roots,
leaves, tubers, bud and seeds of aquatic plants) and algace,
with infrequent animal material probably accidental

Migratory and dispersive. Part of the
population winters in Dofana

Migratory, wintering in sub-Saharan Africa

Mainly migratory, but a part of the
population is resident

Resident, but young birds make
dispersive movements

Mainly migratory, but a small part of
the population is resident

Dispersive or partially migratory

Migratory, winlenng in sub-Saharan Africa

Resident
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{Guelph, ON, Canada). BDE-77, BDE-181 and '*C-BDE-209, used as in-
ternal standards, where also purchased from Wellington Laboratories
Inc. Dec-602 (95%), Dec-603 (98%) and Dec-604 (98%) were purchased
from Toronto Research Chemical Inc. (Toronto, ON, Canada ). Syn- and
anti-isomers of DP, together with "*C-syn-DP, were obtained from
Cambridge Isotope Laboratories Inc. (Andover, MA). Al-N cartridges
were oblained from Biotage and dichloromethane (DCM} and hexane
were purchased from Merck.

3.2. Sample treatment

Egg samples were measured (larger diameter) and broken. The egg
content was weighted, homogenized and freeze dried. Lyophilized sam-
ples were weighted and homogenized again and stored at — 20 "Cuntil
analysis.

The sample extraction method applied had been previously opti-
mized (De La Cal et al, 2003; Labandeira et al., 2007}. 1.5 g dry weight
{dw} of sample was spiked with 5 ng of BDE-77 and BDE-181, 50 ng
of *C-BDE-209 and 5 ng of 1*C-syn-DP. Spiked samples were kept over-
night to equilibrate. Pressurized liquid extraction {PLE} was used as ex-
traction method. Samples were loaded into an 11 ml.extraction cell and
the dead volume was filled with diatomeus earth. PLE was carried out
using a mixture of hexane: DCM (1:1) with 2 static cycles of 10 min at
100 °C and 1500 psi. Flush volume and purge time were 8 mL and 90 s
respectively. After the extraction the lipid content was determined
gravimetrically and the resulting extracts were re-dissolved in hexane
and treated with H2504 (conc.} Lo remove fat. After the acid treatment
the organic phase was cleaned by solid phase extraction {(SPE} using
Al-N (5 g} cartridges conditioned with 20 mL of hexane and eluted
with 20 mL of hexane:DCM ( 1:2). Extracts were evaporated to incipient
dryness and reconstituted to a final volume of 40 ul. prior to the instru-
mental analysis.

3.3. Instrumental analysis

PBDESs and emerging BFRs (HBB, PBEB and DBDPE} were analyzed by
an Agilent 7890C gas chromatograph connected to an Agilent 5975A Net-
work mass spectrometer, working in negative chemical ionization mode
(NI} using NH4 as reagent gas. The instrumental conditions and elution
program were based in our previous works (Eljarrat et al., 2002, 2007).
The elution program started al a temperature of 140 °C, was held for
2 min and then ramped o 325 °C at 10 °C/min. Final temperature was
held for 10 min. The injector and source lemperatures were set at 280
and 250 °C respectively. In order to enhance the sensitivily, selected ion
monitoring (SIM} mode was applied. The two most intense peaks from
the NCI spectra were monitored. lons monitored were m/z 79 and 81
for all PBDEs and emerging BFRs with the exception of BDE-209 and
3 BDE-209, where the two ions monitored were m/z 487 and 489,
and m/z 497 and 499, respectively. The most intense peaks were used
for quantification purposes, and the second anes for confirmation.

On the other hand, our previous work (Bardn et al, 2012} showed the
advantages of M5-MS against the single quadrupole MS regarding the
analysis of halogenated norbornenes. Thus, halogenated norbornenes
were analyzed using an Agilent Technologies 7890A GC system coupled
to 7000A GC/MS Triple Quadrupole, working in NCI using CH as re-
agent gas. Temperature program started at 80 °C, was held for 2 min
and then ramped to 300 °C in 10 °C/min. Final temperature was main-
tained for 10 min. Source temperature was set at 175 °C and electron en-
ergy and emission current were set at 200 and 150 eV, respectively. In
order to enhance the sensitivity and selectivity, selective reaction moni-
toring (SRM} mode was applied. The most intense transition was used
for the quantification and the second transition was used for confimma-
tion. Transitions monitored were 654 =35 and 654 > 37 for syn- and
anti-DP, 460 > 79 and 504 > 79 for Dec-604, 638 > 35 and 638 > 37 for
Dec-603, 612 > 35 and 612 > 37 for Dec-602, and 664 > 35 and
664 > 37 for *C-syn-DP.

34.QA/QC

Recoveries were evaluated by spiking 5 ng of each compound in pur-
chased eggs. 4 replicates were made and the compounds found in the
blank samples did not exceed a 5% of the amount spiked in any case.
The methad showed good recoveries for PBDEs (55 to 81%), emerging
BFRs (57 to 79%) and halogenated norbornenes (73 to 89%). The identi-
fication and confirmation of PBDEs, emerging BFRs and halogenated
norbornenes were hased on the following criteria: (i) simultanecus
responses to the two selected ions or transitions were needed, (ii} the
area of signal must be at least 3 times higher than the signal noise,
and (iii} the difference in the relative intensity of a peak respect to the-
oretical values obtained with standard solutions cannot exceed + 15%.
In order to prevent interferences and contamination several procedural
blanks were made. The contribution of the blank to the signal never
exceeded 5%

Method detection limits (MDLs} were determined for each congener
as the minimum amount of analyte which produces a peak with a signal-
to-noise ratio of 3, and the method quantification limits (MQLs) were de-
termined as the minimuwm amount of analyte which produces a peak
with a signal-to-noise ratio of 10. For PBDEs, MDLs ranged from 0.05 to
0.45 ng/g lw and the MQLs ranged from 0.17 o 1.45 ng/z lw. For emerg-
ing BFRs MDLs ranged from 0.10 to 5 ng/g lw and MQLs ranged between
0.33 and 16 ng/g lw. Finally, MDLs for dechloranes ranged from 0.01 w
09 ng/g lw and MQLs ranged from 003 to 3.0 ng/g lw.

3.5.5"C and 6™N determinations

Since the lipid content might interfere in the isotope determination,
the fat was extracted from the sample using chloroformn:MeOH (2:1).
Approximately 0.5 g of sample was covered with the solvent mixture
for 24 h, then the solvent was removed and [resh solvent was added.
This process was repeated for at least 3 times until the solvent appeared
clean. Samples were dried at 50 °C for 24 h. Subsamples were weighed
to the nearest ug and placed into tin capsules for §'3C and &'°N
determinations. Isotopic analyses were carried out at the Laboratorio
de Isétopos Estables of the Estacidn Bioldgica de Dofiana (LIE-EBD,
Spain; www.ebd.csic.es/lie/index.html}. All samples were combusted
al 1020 °Cusing a continuous flow isolope-ratio mass spectromelry sys-
tem by means of a Flash HT Plus elemental analyzer coupled to a Delta-V
Advantage isolope rativ mass spectrometer via a CONFLO [V interface
{Thermeo Fisher Scientific, Bremen, Germany ). Stable isotope ratios are
expressed in the standard §-notation (%} relative to Vienna Pee Dee
Belemnite (6'3C) and atmospheric N, (5'°N). Replicate assays of labora-
tory standards routinely inserted within the sampling sequence, and
previously calibrated with international standards, indicated analytical
measurement errors of +0.1% and +0.2% for §3C and &N,
respectively.

4. Results and discussion
4.1. PBDEs

PBDEs were detected in all the species, with total levels ranging from
1.40 {black-headed gull} to 90.7 ng/g lw {white stork) (Table 2}. The
most contaminated specie was the white stork with a mean value of
34.5 ng/g lw, followed by purple heron {mean value of 23.6 ng/g lw)
and western marsh harrier (23.4 ng/g lw). Note that for the latter only
one egg was collected. The next most-contaminated species were the
booted eagle {mean value of 18.3 ng/g Iw}, red kite (14.2 ng/g lw},
black kite (mean value of 13.6 ng/g lw), common kestrel (mean value
of 12.7 ng/g lw} and glossy ibis {mean value of 11.1 ng/g lw}. Finally,
the least contaminated species were the charadriiformes, anseriformes
and strigiformes, with mean values between 5.03 and 6.62 ng/g lw.
However, the lowest 2PBDE value corresponded to the unique available
sample of black-winged kite (1.72 ng/g lw).
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Table 2
Mean value (expressed in ng/g Iw), associated standard deviation and range of PRDE concentrations in bird egg samples.
Species BDE-47 BDE-99 BDE- 100 BDE-153 BDE-209 ZPBDEs % BDE-209
Falconiformes Black kite 368 (388) nd 726 (895) 342 (2.89) 940 (7.57) 136 (10.7) 78 (18)
nd-143 nd nd-136 nd-7.38 nd-22.1 nd-38.7 38-100
Red kite 155 nd nd nd 127 142 88 (—)
nij-1.55 nil nrl nd (nd-127) (med-14.2)
Western marsh harrier 415 498 210 nd 122 234 52
Booted eagle 396 (2.56) 39 () 200 (248) 403 (6.73) 104 (741) 183 (8.33) 54 (27)
ng-7.78 nd-3.98 nd-4.80 nd-9.69 nd-187 nd-30.7 17-83
Common kestrel 332(230) nd 425 (0.57) 262 (1.57) 9.99 (8.57) 12.7 (9.37) 77 (29)
nd-.7.59 nd nd-4.65 nd-4.70 nq-32.6 ng-386 15-100
Black-winged kite nij nil nrl nd 172 172 o0
Geoniiformes Glossy ihis 242(10) nil ali] 120 (0.72) 6.54 (2.29) 11.1 (2.39) 57 (97)
121-3861 - - ng-2.00 3.78-448 549-142 H4-65
Purple heron 234 (107) nd 149 (5.13) 344 (0.34) 402 () 23,6 (945) 17 (=)
nq-3.08 903-184 ng-3.7 nd-4.02 131-313 017
White stork 508(4.28) 1.68 (0.04) 831(752) 170 (142) 282 (15.2) 345 (21.0) 80 (16)
nd-213 nd-2.75 nd-228 nd-4.82 ng-49.8 ng-90:7 50-100
Strigiformes Barn owl nil nil nrl nd 5.20 5.20 o0
Charadriiformes Slender-hilled gull 306 (156) nil nrl nd 197 (0.61) 5.03 (1.00) 42 (2)
145-3.14 - - - 130-2.47 A4i-5249 2-B3
Black-headed gull 322(149) 1.24 (103) 100 (C.04) nd 3.82 (1.98) 598 (1.99) 67 (32)
nd-4.75 nd-1.98 nd-1.05 140-6.86 140-118 32-100
Gull-billed tern 214(163) nd nd nd 475 (1.64) 6,62 (3.19) 78 (17)
nq-4.97 292-835 369-132 60-100
Anseriformes Gadwall 217 (064) 1.85 (0.54) nd nd 165 (0.48) 5,66 (1.20) 36 (23)
126297 1.08-253 - - 096-2.26 370-723 18-100

nd: below limit of detection; ny: below limit of quantification.

The variation in PBDE levels among different species was consid- Several studies have reported PEDE levels in bird eggs around the
erable, but variation was also substantial within species. Such vari- world. Here only some examples are given regarding other studies with
ability is shown in Fig. 1. This fact has been reported in other similar species analyzed. Some studies have been carried out in Spain.
studies about lyphofilic contaminants and is attributed to differences Mufioz-Amanz et al. (2011b) reported ZPBDE values ranging from 2.92
in diet composition {Voorspoels et al., 2007 }. In birds, factors such as to 129 ng/g Iw in white stork eggs collected during 1999-2000 from
age, hady condition and habitat may affect the contaminants accu- [dofiana National Park, which are slightly higher than those reported in
mulated by the female, which are transferred to the egg (Herzke the present work (from ng to 90.7 ng/g lw}. Morales et al. (2012} report-
et al., 2002}). High intraspecific variability was obhserved between ed total PBDE levels ranging from 31.9 to 42.8 ng/g ww in eggs from two
levels obtained for species such as while stork, black kite, booted gull species (Yellow-legged gull and Audouin’s gull} from the Ebro river
eagle and common kestrel. This variation could be explained by the {Spain}.

migratory behavior of some of these species (see Table 1). Moreover, Gauthier et al. {2007} reported total PBDE levels ranging from 1860
in the case of white storks, additional variation may be further pro- to 4980 ng/g olw in eggs of European herring gull {Laurus argentatus)
moted by the fact that part of the population migrates while another from the Great Lakes. These values are much higher than the ones re-
part winters in the regional surroundings of Dofiana. On the con- ported in our study. Moreover, in this case the BDE profile was dominat-
trary, resident species such as gadwall seem to show less inter- ed by low-brominated compounds such as BDE-47 or BDE-99. The
individual variation. higher values could be explained by the fact that sample collection

Five PBDE congeners were detected, including BDE-47, BDE-99, was carried out between 1982 and 2006, time of very high use of
BDE-100, BDE-153 and BDE-209, whereas BDE-28, BDE-154 and BDE- PBDE formulations, especially in North America. The different profile
183 were nol detected in any sample. Moreover, BDE-209 was the could be due (o a great use of the Penta-BDE formulation in North
most abundant BDE congener in almost all the species, with a percent- America (Morales et al, 2012 }. In addition, Guerra et al. {2012} reported
age contribution to the total ZPBDE values ranging from 30% in gadwall really high PBDE levels in peregrine falcons from the Great Lakes, with
to 100% in black-winged kite and barn owl. The different feeding habits levels ranging from 530 to 38,000 ng/g lw. Recently Sun et al. (2014} re-
for gadwall, which correspond to an exclusively aquatic food web, could ported total PBDE values ranging from 53 to 423 ng/g lw in eggs from 4
explain the low contribution of BDE-209 in this specie. Normally, the different species collected in China between 2010 and 2012: light-
PBDE profile in biota samples presented a high contribution of the vented bulbul {Pycnonotus sinensis), yellow-bellied prinia (Prinia
low-brominated BDEs, such as BDE-47, which present a higher bivaccu-  flaviventris}, plain prinia (Priniu inornata}), and dark green white-eye
mulation capacity than the high brominated congeners. This has been {Zosterops japonicus). These values are higher than our values but
specially found in aquatic food webs (Mufioz-Arnanz et al., 2011b}, lower than those reported in the Great Lakes. In addition, the contribu-
but it is not so evident in terrestrial food webs. Nevertheless, birds tion of BDE-209 was about 60% of the total PEDE burden, which agrees
might be exposed to BXE-209 by other routes such as the ingestion of  with what we found in our study.
the dust on the feathers (Voorspoels et al., 2006}, Moreover, the pre-
dominance of BDE-209 in birds from Dofiana National Park was also 4.2, Dechlaranes and emerging BFRs
found by Mufioz-Arnanz et al. (2011b}, who found a BDE-209 contribu-
tion of 44% Lo the total PBDE values in while storks. This high contribu- The three emerging BFRs included in our work, HBB, PBEB and
tion has been attributed to different uptake routes rather than a DBDPE, were not detected in any sample. On the other hand, Dec-602,
different metabolic capacity. Furthermore, Morales et al. (2012} report- Dec-603 and DP were delected, whereas Dec-604 was not detected in
ed a contribution of BDE-209 to the total PBDE value of 89%, in eggs from any sample. Dechloranes were detected in all the species with total
two gull species, Yellow-legged gull (Laurus michahellis) and Audouin’s values ranging from 0.77 to 260 ng/g lw (Table 3). The most contami-
gull (Laurus audouinii} from the Ebro river (Spain}. nated specie was the western marsh harrier {161 ng/g lw) but such
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Fig. 1. Box plot for PRDE and dechlorane levels for each specie. 1 = Falconiformes; 2 = Cioniiformes; 3 = Strigiformes; 4 = Charadriiformes; 5 = Anseriformes.

Table 3

Mean value (expressed in ng/e Iw), associated standard deviation and range of Dechlorane concentrations in bird egg samples.

Species Dec-602 Dec-603 sm-DP antt-DP DP Total Fars EDechloranes
Falconiformes Black kite 17.4 (7.98) 115 (7.80) 5.19(3.42) 109 (7.24) 16.1 (104) 0.68 (0.06) 30.9(19.1)
nd-32.7 0.71-293 ng-10.6 ng-24.3 ng-344 0.59-0.77 751-744
Red kite 274 (1.06) ng 4.50(148) 14.0(349) 18.5 (497) 0.76 (0.01) 45.9(3.91)
26.7-28.2 ng 3.46-5.55 11.5-163 15.0-22.0 0.75-0.77 43.2-487
Western marsh harrier 839 69.2 0.85 1.1 276 .69 161
Booted eagle 499 (—) 124 (4.90) 443 (299) BBY(5.12) 133 (7.73) 068 (0.08) 299 (277)
nid-49.9 ng-165 [.H3-K.05 AHI-145 3.65-220 0.55-0.75 3B5-R3H
Common kestrel nd 588 (5.57) 245 (4.02) 215 (1.78) 433(521) 080 (0.17) 888 (7.18)
nil 1.02-1889 nd-123 nd-4.72 nd-17.0 0.2R-0.80 102-19.6
Black-winged kite nd (=) 209(-) 063 (-) 108(-) 1.72(-) 063 (-) 226(-)
Ciconiiformes Glossy ibis ng{-) 5.35(345) 251(130) 3.96(1.80) 648 (3.10) 062 (0.03) 11.8(3.59)
1.20-905 1.00-3.99 1.89-4.81 259-10.0 0.60-0.67 702-150
Purple heron ngq{-) 12.2(530) 2.84(240) 3.86(2.98) 6.71(538) 062 (0.07) 14.9(133)
- Mg-16.0 0234495 0.54-631 077-113 0.56-0.70 077-373
white stork 416 (307) 126 (136) B76(9.14) 158 (14.6) 241 (220) 065 (0.10) 6.1 (576)
nd-139 nd-54.2 nd-453 nd-734 nd-102 C.4-0.81 nd-260
Strigiformes Barn owl nd () 131(-) 307(-) 238(-) 544() 044 () 725(-)
Charadriifformes Slender-billed gull 33111 5.39(4.19) 0.41(0.37) 047 (0.27) .87 (063) 0.57 (0.10) 384(116)
226-445 253-102 0.12-0.83 0.17-0.71 0.28-1.53 0.46-0.65 264433
Black-headed gull 354 (14.7) 216 (145) 130 (1.26) 3.10(3.74) 440 (439) 068 (0.05) 634 (305)
B.R5-551 1.69-3498 024-3.91 0.55-113 0.79-152 OB0-074 433-989
Gull-tilled tern nd (—) 20.8 (16.3) 1.17(1.07) 1.64(0.61) 231 (151) 064 (0.17) 23.6(166)
- 10.2-60.0 0.16-3.38 0.06-2.56 1.25-5.70 0.41-0.88 13.3-635
Anseriformes Gadwall 1.87 (040) L13(052) 0.94 (0.20) 199 (0.92) 293 (054) 0.66 (0.10) 593 (1.33)
1.22-238 0.68-2.12 0.61-1.20 1.20-3.75 200-493 0.53-0.81 429-8.27
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value should be treated with caution because only one egg of this specie
was collected. Excluding this unique sample, and similarly to PBDEs,
the highest levels corresponded to the white stork, with a mean
value of 66.1 ng/g lw, followed by black-headed gull {mean value of
63.4 ng/g lw}, red kile (mean value of 45.9 ng/g lw} and slender-billed
gull {mean value of 39.4 ng/g lw}. Then, similar values were obtained
for black kite, black-winged kite and booted eagle (mean values of
30.9, 30.7 and 29.9 ng/g lw, respectively). Slightly lower levels were
found for gull-billed tern and barn owl (mean values of 23.6 and
22.6 ng/g lw). Finally, the lowest levels were for purple heron {mean
value of 14.9 ng/g lw}, glossy ibis {mean value of 11.8 ng/g lw), common
kestrel (mean value of 8.88 ng/g Iw) and gadwall {mean value of
593 ng/g lw).

As discussed for PBDEs, inter- and infra-specific variations are as-
sumed as a result of different feeding habits and migratory behavior of
each species (Table 1 and Fig. 1). Also, the variation in the compounds
contribution was quite remarkable. In sume species such as black kite,
common kestrel or barn owl the contribution of DP in the total
dechlorane burden represented 59%, 64% and 75% respectively. On
the other hand, in other species, specifically the three species of
charadriiformes (slender-billed gull, black-headed gull and gull-hilled
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Fig. 2. Correlations between PBDEs and Dec-602 (A), Dec-603 (B) and DP (C), with the
Spearman's coefficient (Rs).

tern}, DP represented only the 2%, 7% and 12% of the total dechloranes.
3P has been the mast studied compound of the dechlorane family, but
the fact that it might not be the most predominant compound has
been pointed out in some other studies {Barén et al,, 2013; Guerra
el al,, 20171; Sverko et al,, 2010}, In fact, in our study levels of Dec-602
and 603 were often higher than DP levels, with maximum values for
Dec-602 of 138 ng/g lw in white stork and 69.2 ng/g lw for Dec-603 in
western marsh harrier. Although it has not been studied in birds, studies
on fish samples indicated that Dec-602 might have more bioaccumula-
tion and biomagnification potential than DP (Sverko et al,, 2011). More-
over, the potential metabolic capacities of the different species must be
also taken into account. Some dechlorination products have been de-
scribed for DP (Guerra et al,, 2011}, Mufioz-Arnanz et al. (2011a) stud-
ied this possible dechlorination products in white storks from Dofiana
National Park, but only one compound was detected (anti-DP-1C1} in
about 10% of the samples. Thus, different metabolism mechanisms
could also affect the compound distribution in each species.

The ratio between the syn- and anti-DP isomers was evaluated by
comparing the f,., values (amount of anti-DP divided by the total
amount of both isomers} obtained for each bird egg sample. Table 3
showed that mean f,,,;, values ranged from 0.57 to 0.76, being similar
Lo those found in commercial mixtures (between 0.65 and 0.75} (Xian
et al., 2011}). f,,,x has been studied in different species showing a wide
range of results. While some studies reported values lower than the
values in commercial mixture (Bardn et al., 2013; Sverko et al., 2010},
indicating that the syn-DP has more bioaccumulation potental or that
the anti-DP is easily degraded, other studies reported a predominance
of the anti- isomer {De La Torre et al., 2012}, This fact is especially
clear in birds, for which all published studies reported f,; values similar
to those of commercial mixtures, indicating that in birds the isomer spe-
cific accumulation of the syn-isomer does not occur. For example,
Munioz-Arnanz et al. (2011a) reported fing values ranging from 0.55 o
.73 and from (.40 to 0.87 in white storks from Madrid and Dofiana Na-
tional Park, respectively. These values are similar to those found in our
white stork eggs, with values ranging from 0.44 to 0.81.

The number of studies reporting dechlorane levels in bird eggs is still
quite limited, and most of them are focused only on DP. Besides, the dif-
ferent species studied usually complicate comparisons. Mufioz-Armanz
el al (2011a) reported DP values in while stork eggs [rom Madrid {col-
lected in 2005) and Dofiana National Park {collected between 1999 and
2000} ranging from 0.79 to 19.5 and 0.04 to 6.39 ng/g lw respectively.
These values are considerably lower than those observed for owr white
stork samples (from nd to 102 ng/g lw}, suggesting that the use of DP
is increasing in the Dofiana area. Another study analyzed peregrine
falcon eggs from Spain with levels of Dec-602, Dec-603 and DP of
8.36 ng/g lw, 398 ng/g lw and 1.78 ng/g Iw respectively (Guerra et al,,
2011). These values were consistent with our low level range levels.
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Fig. 3. Flot of the mean 6'°N and 6"*C values ( +5D) from stable isotope analysis of bird
eggs analyzed in this study.
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Finally, DP was analyzed in eggs from two gull species from the
Chafarinas Islands, in the south-western Mediterranean Sea. Mufioz-
Arnanz et al. (2012} found DP levels in yellow-legged gull and Audouin's
gull ranging from (1.52 to 6.05 and 0.06 to 1.75 ng/g lw, respectively.
These species have an aquatic-based diet, similar (o the slender-billed
gull. As a result, the values found for this specie were similar {from
0.28 to 1.53 ng/g Iw) Lo the other two gull species, while values from
black-headed gull were clearly higher (0.79 to 15.2 ng/g lw) possibly
due to the fact that it follows a more opportunistic diet.

Other authors have focused their research in the Great Lakes area.
Guerra et al. (2011} analyzed dechloranes in peregrine falcon eggs from
Canada, and found levels of Dec-602, Dec-603 and DP of 73.0, 35.6 and
364 ng/a lw, respectively. Gauthier and Letcher (2009} analyzed DP in
eggs from herring gulls and reported total DP levels ranging from 5.10
(0 67.9 ng/g lw, which are higher than our values in gulls. It is worth men-
tioning that one of the two known praduction sources of DP is located in
the Greal Lakes, which explains why the values are often higher than in
other places of the world (Sverko et al, 2011}, In China, Sun et al
(2013} reported levels of DP in eggs of light-vented bulbul (P. sinensis),
yellow-bellied prinia (P flaviventris}, plain prinia (P. inornata}, and dark
green white-eye (7. japonicus} ranging from 4.60 to 268 ng/g lw, which
are in general higher than our values for DP.

4.3. PRDEs vs dechloranes

Since the three commercial mixtures of PBDEs have already been
banned in Europe, it is Lo be expecled that their environmental levels
will decrease and, consequently, levels of alternative FRs such as
dechloranes will rise. In this study we compared the total concentration
levels of both FR families {Tables 2 and 3}. In general, levels of PEDEs
and dechloranes were similar and, in some cases, dechlorane levels
were even higher. For example, in western marsh harrier the ZPBDEs
were 23.4 ng/g lw while ZDechloranes were 161 ng/g Ilw. The same
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situation was observed for white stork, where ZPBDEs were 27.7 ng/
g lw and *Dechloranes were 62.8 ng/g lw. Further studies should be
done in order to confirm this trend, which might confinm the increasing
uses and applications of dechloranes as a result of legal restrictions on
PBDEs.

Fig. 2 shows the mean concentration values of ZDechloranes in each
species studied versus the corresponding mean concentration of
ZPBDEs. As can be seen, Dec-602 and Dec-603 were slightly comrelated
with the ZPBDE values (Spearman’s test, Rs — 0.27 for Dec 602 and
Rs = 0.34 for Dec-603) while for DP a stronger correlation was found
(Spearman's test, Rs = 0.72). This could indicate that DP and PBEDEs
come from the same sources. In fact, the positive correlation was main-
tained when BDE-209 and DP were compared (Rs = 0.73}, which could
show the use of DP as a substitute of BDE-209. Mufioz-Arnanz et al.
(2011a} found a positive correlation between PBDE and total DP con-
centration in white stork eggs from Dofiana National Park, which was
attributed to the fact that the contamination sources in the area are
quite scattered.

4.4. Biomugnification study through stable isotope analysis

Stable isotope analysis has become a powerful tool to study dietary
exposure and biomagnification of contaminants in wild animal popula-
tions. The trophic position is defined with &'°N, based on the enrich-
ment of '°N throughout the food web. On the other hand, 8C is
related to the food sources, providing information about the average
diet of individuals over a long period. §*C values provide information
regarding the source of dietary carbon, Le. aquatic or terrestrial
(Jardine et al, 2006},

Inputs of nutrients from exogenous sources, both natural (such as
nitrification or denitrification} and anthropogenic (such as human sew-
age and agriculture}, are common in many ecosystems. These nutrients
often have distinct isotopic ratios and, as a result, can cause changes in
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baseline isotope ratios. Fluctuating baseline 5'°N have the potential to
confound interpretation of trophic differences within species when
one compares across systems (Jardine et al., 2006). Precisely, water
that flows from the Dofiana National Park are suscepfible of NO3 con-
tamination from small urban areas in the surroundings of the park
and agricultural practices allowed in the ecotone, where farming of
strawberries and rice is common (Torlosa et al, 2011}, That is why we
must be cautious in assessing trophic levels from our 5'°N values.

Fig. 3 illustrated mean values of 6'*C and &'°N in the different species
studied. As regards 8'°N data, it is surprising, for instance, the high
values observed for gadwall. These high values may be due to the high
levels of nitrogen in the aquatic system where this species inhabits.
Therefore, we cannot compare &'°N data from all the species inhabiting
different systems with a different baseline &'*N. If we now look at the
8'3C values, we can see significant differences between species, with
data ranging from —16.6 for slender-billed gull (Chroicocephalus
genei} Lo —29.1 for purple heron (A purpurea). Thus, and based on
5'3C values, bird species could be assigned to different habitats. How-
ever, if you look at the falconiformes, the different species presented
similar values of §'*C { between —21.40 and — 26.32), indicating a sim-
ilar behavior with regard to the diet. On the other hand, these species
presented 6N dissimilar values {between 8.95 and 14.98) enough to
evaluate biomagnification processes of contaminants along trophic
chain.

Fig. 4 showed the representation of total PEDE and dechlorane
values in front 6'°N. A positive correlation was found (R* = 0.70},
which indicates that PEDE levels increase as the trophic position in-
creases, showing biomagnification capacity. This has been shown in
other studies (Losada et al,, 2009). Furthermore, a positive correlation
was also found for dechloranes when the total concentration was repre-
sented against 6'°N (R? = 0.67). As discussed above, this might show
possible bivmagnification behavior. However, since only one sample
was available for two species of the group these results should be
interpreted with caution.

Furthermore, it is important to note the different behaviors showed
by different dechloranes. As shown in Fig. 4, DP levels were not linearly
correlated with 8'°N (R? = 0.04), while a good correlation was ob-
served for Dec-602 (R® = 0.75). We can conclude that Dec-602, similar
to PBDEs, biomagnifies along the food chain, while this behavior is not
clear for DP. In fact, previous studies showed similar conclusions
(Sverko et al., 2010, 2011}, Unfortunately, there is still a lack of informa-
tion about the environmental behavior of dechloranes in the environ-
ment. However, our results show that more attention should be given
to these compounds since they show similar biomagnification behavior
as historically shown for PEDEs.

5. Conclusions

PBDEs and dechloranes were detected in bird eggs of several dilfer-
ent species from Dofiana Natural Space and surrounding areas, some of
them of high conservation concern {e.g. the extinction-threatened red
kite}. Our dechloranes data are interesting because the number of stud-
1es reporting dechlorane levels in bird eggs 1s limited, and over-locused
on DP only. Our results showed that it is important to include also
Dec-602 and Dec-603, because Dec-602 was the predominant among
dechloranes, followed by Dec-603, and finally DP. Moreover, levels of
PBDEs and dechloranes are similar and even higher for dechloranes,
probably indicating the increasing use of dechloranes as a result of
legal restrictions on PBDEs. Further studies should be implemented in
order to evaluate fime trends.

In addition to dechlorane occurrence, we reported correlational evi-
dence of biomagnification capadity for Dec-602 and Dec-603. However,
biomagnification was not clear [or the case of DP. These results indicate
the need for further studies focused on the ecological impact of these
emerging contaminants. More attention should be paid to dechloranes
since they show similar environmental behavior as PBDEs.

Taking into account the potentially toxic effects of dechloranes and
the exposure to these pollutants by all the bird spedies analyzed, further
investigation of dechloranes effects on avian biota are urgently needed.
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HIGHLIGHTS

GCGRAPHICAL ABSTRACT

« HFRs detected in bird eggs
corresponding to two different time
periods.

« Decrease of the contribution of the
components of Penta-BDE in birds
from South Spain.

« Ratio between HNs and PBDEs in each
sample was higher in contemporary
samples.

« Presence of PBDEs is still higher than
the presence of HNs.

« Percentage contribution of «-HBCD
increased between the two time
periods.
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Several halogenated flame retardants were detected in black kite, white stork and greater flamingo
unborn eggs [rom Dofiana Natural Space (Spain) collected in 1999, 2003, 2011 and 2013. The main com-
ponents of Penta-BDE commercial mixture (BDE-47, -99 and -100) showed a decrease in the studied time
interval, concurring with the ban of this mixture in the European Union (EU) in 2006. On the other hand,
BDE-209, the main component of Deca-BDE mixture showed a clear trend in black kites but further mon-
itoring is needed since its production ceased at the end of 2013. Besides, even if Dechlorane Plus (DP) was
proposed by the EU as an alternative to BDE-209 no time trends were observed. Furthermore, total con-
centrations of PBDEs (classical FRs) are still higher than concentrations of hexabromocyclododecane
(HBCD) and alternative FRs halogenated norbornenes (HNs), which are theoretically substitutes of the
already banned PBDEs.

© 2015 Elsevier Ltd, All rights reserved.

* Corresponding author.

1. Introduction

Polybrominated diphenyl ethers (PBDEs) have been widely
applied in a wide range of materials and represent one of the main
groups of halogenated flame retardants (HFRs) in the environment

E-mail address: eceqam@cid.csic.es (E. Eljarrat).

http:{fdx.doiorg/10.1016fj.chemosphere.2015.06.013
0045-6535/@ 2015 Elsevier Ltd. All rights reserved.
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{Alaee et al., 2003). Its production increased considerably after
polyhrominated bhiphenyls {(PBBs) were banned and were first
detected in the environment in 1970 {DeCarlo, 1979). Back then,
three commercial mixtures were availahle: Penta-BDE, Octa-BDE
and Deca-BDE. PBDEs are highly lipophilic, resistant to degradation
and can lixiviate from the products that contain them {Hites,
2004). Thus, they are ubiquitous in the environment and have been
found both in envirconmental samples such as sediment {Eardn
et al., 2014c¢), air {Piazza et al, 2013) or soil {Covaci et al., 2005),
and in biolegical matrices such as fish {Labandeira et al., 2007),
birds {Muioz-Arnanz et al, 2011ab), cetaceans (Alonso et al,
2014) and humans (Morén and Meironyté, 2000). Thus, they were
classed as persistent organic pollutants {POPs) under the
Stockholm Convention. In addition Penta-BDE and Octa-BDE mix-
tures were banned in the European Union (EU) in 2004, their pro-
duction was ceased by manufactures in the United States the same
year and also banned in Canada n 2006 {Munoz-Arnanz et al.,
2011a,b). Furthermore, Deca-BEDE mixture was banned in the EU
in 2008 and its production was restricted and supposed to phase
out production by the end of 2013 in the USA {Wiger et al,
2012). To our knowledge, except for EU and North America, there
are no other restrictions on the use of PEDEs.

Consequently, restrictions over PBDEs resulted in a market
demand of alternative and non-regulated FRs Lo replace them
{Covaci et al,, 2011). For example, the hexabromocyclododecane
{HBCD) technical mixture, with three main diasteroisomers
{a-, B- and v-HBCD) has been produced for many years and was
considered a sericus alternative to Penta- and Octa-BDE after they
were hanned (Al-Odaini et al,, 2015). Its physicochemical proper-
ties are similar to those of PBDEs and it was first detected in the
environment in 1995 {Sellstrom et al, 1998). Since then, it has
been detected in a wide range of environmental and biological
matrices, proving its ubiquity in the environment {Covaci et al,
2006; Guerra et al, 2008; Law et al., 2012). HBCD was included
in the list of global elimination compounds under the Stockholm
Convention in May 2013 {Al-Odaini et al., 2015). However, its
use is still permitted in expanded polystyrene and extruded poly-
styrene in buildings, as leng as materials are clearly labelled indi-
cating that they contain HBCD {UN, 2013). Other new compounds
such as hexabromobenzene {HEE), pentabromoethyl benzene
{PBEB), decabromodiphenyl ethane { DBDPE), and halogenated nor-
bornenes {HNs) or dechloranes: Dechlorane 602 {Dec 602), 603
{Dec 603), 604 {Dec 604) and Dechlorane Plus {DP} have been
considered as further alternatives to classical FRs. HNs have been
produced for about 40 years and at the beginning they were used
as replacements of Mirex, banned as FR in 1976 (Sverko et al.,
2011). In addition, DP was recently proposed as an alternative to
the mostly used PBDE mixture, Deca-BDE mixture (Xian et al,
2011). DP is considered a high production volume chemical in
USA and a low production volume chemical in the EU, and has been
included in Canada’s domestic substance list, while Dec 602, Dec
603 and Dec 604 have been included in Canada's non domestic
substance list (Sverko et al, 2011). This shows, at least for North
America, that attention is being put over them. To date, no restric-
tions over dechloranes have heen proposed. Nonetheless, dechlo-
ranes have proved Lo be present in the environment and, since
their first detection in 2006 {Ioh et al.,, 2006), dechloranes have
been found in several environmental samples such as sediment
{Sverko el al., 2008), sludge (De la Torre et al., 2010b), air {De la
Torre et al, 2010a), fish (Sverko et al, 2010), birds
(Murioz-Arnanz et al., 2012), cetaceans (De La Torre et al., 2012)
and also in humans {Siddique et al., 2012). This means that they
can lixiviate out the materials and enter various environmental
compartments, and some studies have shown that they might have
hiomagnification potential, similarly to PBDEs {(Barén et al., 2014b).
Even though there is still a lack of information regarding their

behaviour in the environment, restrictions over other FRs might
cause a raise of their preduction and use, thus their environmental
impact is expected to expand. All these compounds alter bird beha-
viour, malformations in chicks and reduce egg shell thickness
(Morales et al,, 2012). Furthermore, they reduce reproductive via-
bility and thus having a critical effect on bird populations
(Helander et al., 2002).

Given the above, the aim of this work was to evaluate possible
time trends in the concentrations of classical and alternative FRs in
three bird species from Dofana Natural Space {south-western
Spain). This protected area is classified as World Heritage Site for
UNESCO and is a renowned bird sanctuary hosting more than
300 different species. Thus it is relevant to evaluate if legal restric-
tions over PBDES have had an effect on local environmental
concentrations. On the other hand, since alternative FRs are sup-
posed to become substitutes of PEDEs, it is important to see if their
levels have increased since PBDEs were banned. Previous studies
have proved the bicaccumulation and possible biomagnification
of FRs in hirds from Dofiana Matural Space {Barén et al,, 2014h;
Guerra et al, 2011, 2012; Munoz-Amanz et al, 2011a,b), which
shows the need of further surveillance studies since Fis have heen
found in more than 10 different bird species.

2. Materials and methods
2.1. Sumpling

Several hird eggs that had failed te hatch were collected in
1999, 2003, 2011 and 2013. Egg samples were collected oppor-
tunistically during nest checking and chick ringing operations, so
that the number of samples per species depended on local
abundance in each sampling year {Fig. 1). Eggs were frozen and
sent to the laboratory in individual and protected containers.
Three different species of three different families were sampled:
one falconiiform, the hlack kite {Milvus migrans), one circoniiform,
the white stork (Ciconia ciconia) and one phoenicopteriform, the
greater flamingo {Phoenicopterus roseus). In 1999, 10 samples of
black kites and 10 of while storks were collected; 10 samples of
greater flamingos were collected in 2003 ; while 39 and 29 samples
were collected in 2011 for black kites and white storks, respec-
tively. Finally, 10 samples of greater flamingos were collected in
2013.

Black kite is a predator and scavenger. It feeds young and sick
rabbits, birds {especially young), reptiles, amphibians, fish {usually
dead, dying or diseased), insects, carrions, remains of human foed,
and even road killed animals. Their clutch size is normaly of 2 or 3
aas and its length does not exceed 50-60 cm. White stork feeds
on red-swamp crayfish, large insects, rodents, snakes, lizards,
snakes, frogs, fish, bird eggs and nestlings and remains of human
food. Normally they lay four eggs and their size averages 120 cm.
Greater flamingo feeds on small shrimp, seeds, blue-green algae,
microscopic organisms and mollusks. They lay only one egg and
have a size of 110-150 cm.

2.2, Sumple treatment

Egg samples were measured and broken and their content was
weizhed, homogenized and freeze-dried afterwards. Lyophilized
samples were weighed and homogenized again and stored at
—20 °C until analysis.

The sample extraction method applied was based on our previ-
ous work (De La Cal et al, 2003; Eljarrat et al, 2007) and it is
described in detail in the SI Briefly, 1 £ of sample was spiked with
internal standards and extracted by pressurized liquid extraction
{PLE). After lipid content determination, extracts were treated with
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Fig. 1. location of Dofiana Natural Space and sampling sites. Great flamingos: Marisma de Hinojos (20 eggs); Black kites: Matasgordas (39 eggs); White storks: Dehesa de
Abajo and Pinar de Peralta (49 eggs). Red line: Dofiana Natural Space limits. (Map generated by LAST-EBD). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

H,S0,4 and clean-up was performed using solid phase extraction
(SPE). Resulting extracts were evaporated to incipient dryness
and concentrated to a final volume of 40 pL.

2.3. Instrumental analysis

Analysis of PBDEs and HNs were performed by gas chromatog-
raphy coupled to tandem mass spectrometry following previously
optimized methodologies, described in detail in the SI (Barén et al.,
2012, 2014a). PBDEs were analysed using GC-MS-MS using elec-
tron ionization (EI) and HNs were analysed by negative chemical
ionization (NCI) using CH, as reagent gas. HBCD was analysed by
liquid chromatography coupled to tandem mass spectrometry
using electrospray ionization (ESI), following the protocol opti-
mized by Guerra et al. (2008) (Table S1). In all cases selecting reac-
tion monitoring (SRM) was used, monitoring the two most intense
transitions. First transition was used for quantification and second
transition was used for confirmation.

24. QalQc

Recoveries, method detection limits {(MDLs) and method quan-
tification limits (MQLs) are given in Table S1. Recoveries were eval-
uated by spiking 6 replicate samples of a pool of several
commercial eggs with 10 ng of PBDEs, HBB, PBEB, DBDPE, HNs
and HBCD {o-, p- and y-isomers) and extracted following the pro-
cedure described in Section 2.3, Three procedural blank samples
were made and the concentration in these samples never exceeded
the 4% of the spiked concentration. MDL was defined as the con-
centration which gave a signal to noise ratio (S/N) of 3, while
MQL was defined as the concentration which gave a S/N of 10,

2.5. Data analysis

Data were tested for normality and homogeneity of variances
using the Shapiro-Wilks test of normality and an F test. Data were
log-transformed to meet normality criteria when they were not
normally distributed. Differences between time periods and species
were tested using a t-test or an ANOVA combined with Tukey's test,

using p-value <0.05 to determine statistical difference. Statistical
analyses were conducted using the open-source statistical

programming language R v.3.1.1 (http://cran.r-project.org).

3. Results and discussion
3.1. Classical and alternative FR levels

Seven PBDEs (BDE-47, BDE-99, BDE-100, BDE-154, BDE-153,
BDE-183 and BDE-209) were detected in the three species.
37-PBDEs ranged from 32.2 to 311 ng/glw and from 2.05 to
251 ng/g Ilw in white storks from 1999 and 2011, respectively. In
black kites, values ranged from 7.80 to 259 ng/glw and from
1.80 to 172 ngfglw in 1999 and 2011, respectively. Finally, in
greater flamingos values ranged from nd to 78.9 ng/g Ilw and from
nq to 25.9 ng/g lw in 2003 and 2013, respectively (Table 1). No sig-
nificant differences were found between concentrations in white
stork and black kites or between concentrations in black kites
and greater flamingo, whereas concentrations in white storks were
significantly higher than in greater flamingo (ANOVA and post hoc
Tukey's test, p < 0.05). This profile was the same for the two time
periods. Interestingly, BDE-209 was the most abundant compound
in all cases. Even though the bioaccumulation capacity of BDE-209
was considered low, recent studies have shown that it can domi-
nate PBDEs contamination profile in animals with a terrestrial
based diet (Bardn et al., 2014b; Mufioz-Arnanz et al., 2011ab).
Our results for white storks are within the same range of values
previously reported for this species from Dofiana Natural Space,
ie. 292 ngfg lw to 129 ng/glw (Mufioz-Arnanz et al, 2011ab)
and nq to 90.7 ng/g lw (Bardn et al., 2014b). Regarding black kites,
previous work in Dofiana Natural Space reported levels ranging
from nd to 39.7 ngfg lw (Bardn et al, 2014b), which are in the
lower portion of the range reported in this study. To our knowl-
edge, this is the first report of PBDEs in greater flamingos.

HBB, PBEB and DBDPE were not detected in any sample, Dec
602, Dec 603 and both isomers of DP were detected in all three spe-
cies while Dec 604 was not detected in any sample. Y"HNs in white
storks ranged from 41.7 to 121 ngfglw and from 0.92 to
260 ng/g Iw in 1999 and 2011, respectively. In black kites, values
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Table 1

Levels (Median [range|} of PBDEs, HNs and HBCD (ngf¢ Iw) found in the three species between 1999 and 2013,

White stork Black kite Greater flamingo

1958 2011 1989 a0m 2003 2013
BDE-47 16.3 (nd-26.6) 4.2% (nd-21.3) 10.6 (ng-63.9) 4.02 (nd-28.0) 28.2 (nq-28.6) -
BDE-99 56.2 (nd- 148) 332 (nd-16.9) 16.0 (nd-35.4) 11.5 (nd-20.2) 4.45 (nq-20.6) 7.68 (nd-22.7)
BDE-100 149 (nd-49.1) 525 (nd-22.9) 5.82 (ng-58.2) 7.11 (nd-48.5) - -
BDE-154 312 (nd-7.65) 270 (nd-2.8) B.82 (nd-21.8) 5.25 (nd-304) - -
BDE-153 8.16 (nd-10.8) 1.64 (nd-4.82) 6.03 (ng-36.7) 6.77 (nd-43.8) 481 (nd-6.82) 272 (nd-7.72)
BDE-183 4.00 (nd-5.11) 5.26 (nd-6.57) 2.28 (nq-2.77) 5.11 (nd-8.46) - -
BDE-209 57.0 (nq-98.5) 316 (nq-235) 184 (nq-254) 153 (nq-474) 11.8 (nq-51.1) 8.18 (nq-10.5)
5.-PBDEs 78.0(32.2-311) 414 (2.05-231) 55.0(7.80-258) 185 (1.80-172) 11.0 (nd-78.9) 8.95 (nq-25.9)
Dec 602 4B.7 (nd-64.2) 345 (nd-138) 311 (ng-74.9) 148 (nd-32.7) 292 (8.98-204) 262 (5.24-115)
Dec 603 20.2 (nd-40.4) 6.57 (ngq-54) 1.95(1.00-15.9) 9.95 (0.71-29.3) 5.51 (2.09-44.6) 9.42 (nq-47.5)
syn-DP 245 (nq-79.7) 592 (0.44-453) 3.77 (nq-5.04) 3.67 (nd-10.6)
anti-DP 4.80 (nq-25.6) 114 (048-73.1) 1.00 (nd-5.48) 5.21 (ng-24.3) 112 (ng-1.12)
3.-DP 235(nq-79.7) 18.7 (0.92-102) 1.00 (nq-11.9) 7.33 (nq-34.4) 112 (ng-1.12)
Jorni 042 (0.13-1.00) 0.68 (0.02-1.00) 1.00 (0.47-1.00) 0.71 (0.57-1)
°-HNs 903 (41.7-121) 56.2 (0.92-260) 16.9 (1.44-75.9) 18.7 (5.38-74.4) 33.3 (B.98-249) 37.6(5.24-162)
o-HBCD 6.59(3.82-13.6) 3.23 (nd-27.8) 463 (1.32-6.79) 447 (nd-18.8) 2.00 (nd-4.73) 3.25 (nd-5.32)
B-HBCD 1.20 (nd-4.76) 0.93 (nd-10.5) 0.7% (ng-2.20) 0.6 (nd-1.18) - -
v-HECD 3.24(132-17.6) 1.35 (nd-0.87) 3.51 (ng-7.05) 1.39 (nd-1.88) 1.45 (nd-1.50} -
5°-HECDs 10.8 (6.89-35.9) 3.1% (nd-36.7) 7.66 (4.87-14.2) 4.42 (0.18-19.5) 2.51 (nd-5.23) 3.25 (nd-5.32)

PBDEs: polybromodiphenyl ethers. HNs: halogenated norbornenes. HECD: hexabremoecycledodecane. nd: not detected (helews MDL). nag: net quantified (belew MQL).

ranged from 1.44 to 75.9 ngfg lw and from 5.35 to 744 ngjglw in
1999 and 2011, respectively; while in greater flamingos, % -HNs
ranged from 8.98 to 249 ng/g Iw and from 5.24 to 162 ngfglw in
2003 and 2013, respectively (Table 1) No significant
inter-species differences were ohserved in 1999, while white
storks presented higher values than black kiles in 2011 {ANOVA
and post hoc Tukey’s test, p < 0.05). Dec 602 was the most abun-
dant compound in all cases, with contributions between 32% and
100% of the total HN burden. Besides, DP was only detected in
one greater flamingo egg from 2013. Levels found in white storks
and black kites are in the same range of those reported by Barén
et al. for the same area: nd-260 ng/glw and 7.51-74.4 ngfg lw for
while storks and black kites, respectively (Bardn el al., 2014b).
Muriez-Arnanz et al. reported DP values ranging from 0.35 to
6.39 ng/g Iw in white storks from this area, which is in the lower
range of the concentrations found in this study for DP {Table 1}
{Munoz-Arnanz et al,, 2011a,b). As for PBDLs, there are no other
published levels of HNs in greater flamingo.

Ratio between BDE-209 and DP was evaluated when both com-
pounds were detected {range [median]). Values ranged from .99
to 63 {2.17) and from 0.10 to 50 {1.88) in white storks from 1999
and 2011, respectively. In black kites values ranged from 0.02 to
33 {1.52) and from 1.28 Lo 25.5 (17.5) in 1999 and 2011, respec-
tively. No differences were found in white storks (f=1.234,
d.f=43, p>0.05) whereas values in black kites were higher in
1999 than in 2011, due to the decrease on the levels of BDE-209
(t=2.14, d.f=30, p>0.05). Ratio between these two compounds
is used to evaluate if restrictions over BDE-209 have caused an
increase in the use of DP (Baron et al., 2014¢; Yang et al., 2012).

Moreover, f,q: { [anti-DP]/[3_-DP]) was evaluated in black kites
and white storks (DP was not detected in greater flamingo)
{Table 1). In the commercial mixture, a f,,; value between 0.65
and 0.75 has been described, but this ratio can change in the envi-
ronment due to the different behaviour of syn- and anti-isomers
{Xian el al.,, 2011). Thus, fan gives information of the behaviour
of DP isomers in the environment and it is used to characterise dif-
ferences in metabolisms within different species, or the different
behaviowr of DP iscmers in sediment and biota {Sverko et al,
2011). No significant differences were found in samples from the
same specie belween 1999 and 2011 but, interestingly, f,,; values
in white storks were significantly lower than values in hlack kites,
both in samples from 1999 (t - 2.399, d.f= 13, p<0.05) and 2011

(t=2.965, d.f= 63, p<0.05). Since these species belong to different
families and may differ in diet, physiology and location of their
wintering areas, this difference could be attributed to their habitat
use and diet, similarly to what Chen et al. reported for different
bird species from China {Chen et al, 2013). Other values of fin:
in white stork and black kite have been reported in this area:
Baron et al. reported values ranging from 0.44 to (.81 (mean
0.65) in white storks and from 0.59 to 0.77 {mean 0.68) in black
kites {(Baron et al, 2014b) where no significant difference was
observed, while Munioz-Arnanz et al. reported values ranging from
040 to 0.87 {median 0.68) also in white storks {Muiioz-Arnanz
ef al., 2011a,b). This was not surprising since behaviour of DP iso-
mers is likely Lo be consistent through time.

The three main isomers of HBCD {a-, -, v-) were detected in
white stork and black kite, while in greater flamingo only
o-HBCD was detected. White stork was the most contaminated
species, with values ranging from 6.89 to 35.9 ng/g lw and from
nd to 367ng/glw in 1999 and 2011, respectively. No
inter-species differences were found in the archived eggs
(ANOVA and pest hoc Tukey's, p > 0.05) but, on the other hand,
in the contemporary eggs levels in white stork and black kite were
similar between them and higher than in greater flaminge in hoth
cases (ANOVA and post hoc Tukey's, p<0.05). S-HBCD levels in
black kites ranged from 4.87 to 14.2 ng/glw in 1999 and from
0.18 to 19.5 ngjg Iw in 2011. Finally, the less contaminated species
was the greater flamingo, with concentrations ranging from nd to
5.23 ngfg lw and from nd to 5.32 ng/g Iw in 2003 and 2013, respec-
tively. Our values were considerably lower than the values
reported for peregrine falcon eggs from Spain, which ranged from
0.90 to 1600 ngjg Iw {CGuerra el al., 2012). However, the peregrine
falcon is mainly specialized in hunting other birds and different
values are thus expectable. In fact, the aquatic-based diet of greater
flamingo might explain that only «-HBCD was detected. Different
profiles of the three isomers of HBCD have been associated to ter-
restrial or aquatic diet {Guerra et al., 2012). To date, no other data
of HECD are available for this area.

3.2. FBDE time trends
Although the intra-specific variability was high, this is a com-

mon factor in this type of assessment. This fact has been reported
in other studies about lipophilic contaminants and is usually
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attributed to differences in diet composition (Voorspoels et al,,
2007). In birds, factors such as age, body condition and habitat
may affect the contaminants accumulated by the female, which
are transferred to the egg (Herzke et al.,, 2002). The fact that there
is no information regarding the parents’ diet or age makes it diffi-
cult to control for such factors, so the results must be interpreted
with caution. Total PBDEs levels were similar in the two sampling
periods for the three species studied, with no significant differ-
ences observed (Table 1). However, some trends involving the
main components of the Penta-BDE mixture (BDE-47, BDE-99
and BDE-100) could be observed (Fig. 2). In white storks,
3~ -Penta-BDEs ranged from 5.23 to 220 ng/g lw and from 1.73 to
28.5 ng/g lw in samples from 1999 and 2011, respectively, which
represented a significant decrease (t=3.665, d.f=37, p<0.05). In
black kites, values ranged from 2.94 to 149 ng/glw and from
0.54 to 67.2 ng/g lw in 1999 and 2011, respectively. Whereas in
this case the decrease was not significant (t=1.959, d.f=32,
p =0.06), it might be obscured by the statistical noise given by a
high variability observed in this species. Finally, in greater flamin-
gos values ranged from 3.64 to 49.2 ng/glw and from 2.33 to
227 ngfglw in 2003 and 2013, respectively. No trend was
observed in this case, with rather similar values (t=0.543,
d.f=10, p>0.05).

Moreover, some trends were observed for BDE-209 as well.
BDE-209 represents up to 99% of Deca-BDE mixture (Alaee et al,,
2003) which has been the most used BDE mixture for many years.
In white storks, BDE-209 values ranged from nq to 98.5 ng/g lw
and from nq to 235 ngfglw in 1999 and 2011, respectively, but
no clear trend was observed (t=0.183, d.f=45, p>0.05). On the
other hand, BDE-209 levels in black kites from 1999 were signifi-
cantly higher than the ones found for individuals from 2011, with
values ranging from nq to 254 ng/g lw and from nq to 47 4 ng/g lw,
respectively (t = 10.2, d.f= 29, p < 0.05). Finally, values found in the
greater flamingo ranged from nq to 51.1 ng/g Ilw and from nq to
10.5 ng/g lw in 2003 and 2013, respectively, and as for black kites
levels in archived eggs were higher than in contemporary eggs
(t=3.324, d.f=10, p>0.05). This decrease could indicate that the
use of BDE-209 has also been reduced, as has been documented
by other authors (Sun et al,, 2015; Yu et al,, 2009).

Restrictions in the use of Penta-BDE mixture seem to yield a
general decrease in the concentrations of its components in the
environment (Law et al, 2014), In particular, Crosse et al. (2012)
reported a decrease in the levels of BDE-47, BDE-99 and BDE-100
in bird eggs collected offshore the U.K. between 1994 and 2002.
Furthermore, the increase of higher brominated PBDEs was also
reported and considered a cause of concern (Crosse et al, 2012).
This is in agreement with this study, where only the
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low-brominated congeners showed a significant decrease, The
same trend was observed by Miller et al. (2014), who analysed eggs
of two seabird species from the Pacific coast of Canada collected
from 1990 to 2011. PBDEs presented a high peak in the year
2000 and then started to decline, especially the components of
the Penta-BDE mixture. Interestingly, this trend was observed in
eggs sampled close to the coast of North America but not in eggs
collected in a population close to Asia, where no legal restrictions
over PBDEs have been applied yet. This could be evidence of the
effectiveness of the legal restrictions over Penta-BDE mixture
{Miller et al., 2014). Sutton et al. reported a decrease in BDE-47
in bivalves and aquatic birds in San Francisco bay between 2002
and 2012, with declines up to 80%. However, there was not a clear
trend regarding levels of BDE-209 (Sutton et al.,, 2014). Finally, a
study on barn owls (Tyto alba) from Belgium and France reported
that PBDE concentrations decreased between 2003/2004 and
20082009, corresponding with the EU bans on Penta-BDE and
Octa-BDE mixtures (Eulaers et al., 2014). Our results suggest that
this trend is also occurring in birds breeding in Dofiana Natural
Space and to the best of our knowledge this is the first study of this
kind carried out in Southern Europe.

3.3. HNs time trends

As shown in Section 3.1, levels of HNs did not change signifi-
cantly from 1999 (2003 for greater flamingo) and 2011 (2013 for
greater flamingo). Underlying trends may have been obscured by
high intra-specific variability, which was high even within years.
Nonetheless, when looking at each compound separately, two dif-
ferent trends for Dec 603 were found. Levels of this compound in
white storks were higher in 1999 than in 2011 (t = 2,026, d.f = 44,
p < 0.05), whereas the reverse was true for black kites, whose levels
of Dec 603 were higher in 2011 than in 1999 (t = 2.960, d.f = 38,
p < 0.05). Moreover, ratio between HNs and PBDEs concentration
in each sample was compared (Fig. 3). Despite the high variability,
values in the contemporary eggs were higher than in archived eggs,
although these differences were not statistically significant
(£=1.382, d.f =45 for white stork; £=1.087, d.f=37 in black kite;
t=0.844, d.f = 16 in greater flamingo, p > 0.05 in all cases). In par-
ticular, median values in white storks were 0.63 and 1.31 in 1999
and 2011, respectively; for black kites, values were 0.34 and 0.95 in
1999 and 2011, respectively; and for greater flamingos values were
3.34 and 1.80 in 2003 and 2013, respectively. This might be due to
the slight increase of HN levels and the decrease of PBDE levels and
consequently, due to the legal restrictions over PBDEs, this ratio
should become even higher in the future.
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Fig. 2. Box plot of the levels (ng/g lw) of Penta-BDE and Deca-BDE mixtures in the three species studied, for the two time periods.
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Fig. 3. Ratio of lipid normalized concentrations of HNs and PBDEs for the three
species in the different sampling years {median values + standard deviation).

Even if HNs have been used for many years in North America,
the fact that they are considered a low production volume chemi
cal in Europe would explain why the levels in this 10 year gap were
similar in almost all the cases and always lower than levels
reported in bird eggs from Canada through these years (Gauthier
et al., 2007; Guerra et al, 2011). Since DP has been proposed as
an alternative to BDE-209, the main component of Deca-BDE mix-
ture, its levels are expected to increase in the near future,

Our results are in agreement to what Zhu et al. reported in
Indo-Pacific humpback dolphins (Souse chinensis) and finless por-
poises (Neophocaena phocaenoides) from the South China Sea.
Even if the comparison with this study must be done with caution
since the species studied are considerably different, it is interesting
to see that Zhu et al. found a positive temporal trend of the ratio of
DP to BDE-209 between 2003 and 2012. This was assumed as evi-
dence of a use-shift from PBDEs to other alternatives such as DP in
China, even if there are not restrictions or regulations on the use of
PBDEs in Asia (Zhu et al,, 2014). In this study BDE-209/DP ratio was
not significantly different between the two time periods neither for
white stork nor black kite, despite BDE-209 concentrations
decreased considerably in black kites. To our knowledge this is
the first study of HNs time trends in birds from Europe.

3.4. HBCD rime trends

No significant differences were found for 3 -HBCD between
1999 and 2011 {white stork and black kite) or between 2003 and
2013 (greater flamingo). Thus, no time trend was observed for
HBCD, which is in contrast to what Miller et al. reported for storm
petrel and rhinoceros auklet eggs from the northern Pacific, where
a positive time trend between 1990 and 2011 was found. However,
they did not find a clear time trend in eggs of storm petrel from a
different sampling site from the northern Pacific (Miller et al,
2014), which shows that evaluation of time trends must be done
with caution since lots of factors such as food sources, different
feeding ecology or migration can affect the concentrations accu-
mulated in the eggs (Lavoie et al., 2010). On the other hand, levels
of HBCD decreased in ivory gulls (Pagophila eburnea) between 1976
and 2004 (Braune et al., 2007). Overall, time trends for HBCD pre-
sent both increases and decreases depending on the matrix and
location, although levels seem to be increasing in predatory hirds
{Law et al., 2014), Thus, more data are needed in order to gain a
clear picture of the real behaviour of HBCD through time.

Furthermore, contribution of %-HBCD to the total HBCD burden
was evaluated. Despite 5-HBCD represents only the 10% of the
commercial HBCD mixture, which is dominated by y-HBCD with
a contribution of about the 75%, it is the isomer most frequently
detected in biota (Guerra et al, 2012). Interestingly, values of
2-HBCD contribution varied between the two years. In white
storks, values were significantly higher (t=6.421, d.f=36,
p<0.05) in 2011 {72-100%) than in 1999 (37-77%). Similarly, for
black kites, values in 2011 {(69-100%) were significantly higher
(t=6.501, d.f=33, p<0.05) than values in 1999 (27-100%). On
the other hand, values of greater flamingo were slightly but not
significantly higher (t=1.357, d.f=16, p>0.05) in 2013 than in
1999 (66-99% and 40-90%, medians of 88-80%, respectively).
Since a different metabolic andfor degradation capacity in the
same specie is not expected, these results might suggest that the
percentage contribution of «-HBCD has increased in the commer-
cial mixture, However, no evidence of this fact has been reported
in the literature and other factors (e.g. a change on the diet) could
affect this comparison.

4. Conclusions

Several classical and alternative FRs were detected in black kites,
white storks and greater flamingos from Dofiana Matural Space.
PBDEs, HNs and HBCD were detected in archived eggs from 1999
(black kite and white stork) and 2003 {greater flamingo), and also
in contemporary eggs from 2011 (black kite and white stork) or
2013 {greater flamingo). Other alternative FRs (PBEB, HBB and
DBDPE) were not detected in any sample. Even if total PBDE levels
did not show a significant trend in most cases, our results show a
decrease of the contribution of the main components of the
Penta-BDE commercial mixture to the total PBDE burden. This trend
agrees with the ban of this mixture in 2008. Data regarding
Deca-BDE mixture showed a decrease in black kites but, since
restrictions regarding the production and use of Deca-BDE mixture
only started in recent years, further monitoring is needed.
Furthermore, HNs levels were similar in both periods. Since DP
has been proposed as a substitute of BDE-209, its levels are
expected to increase in the near future, Moreover, the presence of
PBDESs is still higher than the presence of HNs. However, it is inter-
esting to note that the ratio between HNs and PBDEs in each sample
was higher in the contemporary samples, probably due to a slightly
increase of HNs and a concomitant decline in PBDEs. Furthermore,
whereas HBCD did not show a clear time trend, the percentage con-
tribution of a-HBCD to the total HBCD burden increased between
the two time periods, which may be due to a variation of the iso-
meric composition of HBCD in the commercial mixture, although
other factors might affect «-HBCD concentrations.

Even though Penta-BDE levels seem to have declined in the last
10 years, other FRs are still present in high amounts in bird species
breeding in an extensive protected area. In addition, HNs levels
might increase in the near future, which might result in higher
environmental levels. Thus, continued eco-toxicological monitor-
ing of local species seems fundamental in the future.

Acknowledgments

This work was funded by the Spanish Ministry of Environment
and Rural and Marine Affairs through the project IMPAR {Ref.
106/2010). This work has also been partly funded by the
Generalitat de Catalunya {Consolidated Research Group Water
and Soil Quality Unit 2009-SGR-965). Sampling of bird eggs was
funded by excellence project RNM-7307 of the Junta de
Andalucia and CGL2011-28103 of the Spanish Ministry of Science
and Innovation. We are grateful to the Doiana Biological Station



Capitulo 4

322 E. Bardn et al / Chemosphere 138 (2015) 316-323

Monitoring Team, especially Luis Garcia, José Luis del Valle, Rubén
Rodriguez, José Luis Arroyo, Antonio Martinez, Alfredo Chico and
Javier Chicano for collecting bird eggs, and to the colleagues of
LAST-EBD for generating the detailed map. Biotage is acknowl-
edged for providing SPE cartridges.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at htip:f{dx.doiorg/10.1016]).chemosphere.
2015.06.013.

References

Alaee, M., Arias, P, Sjodin, A, Bergman, A., 2003. An overview of commercially used
brominated flame retardants, their applications, their use patterns in different
ceuntries{regions and pessible medes of release. Enviren. Int 29, 683-689.

Al-Odain, NA., Shim, W], Han, G.M., J]ang, M., Hong, 5.H., 2015. Etnrichment of
hexabromocyclododecanes in coastal sediments near aguaculiure areas and a
wastewater treatment plant in a semi-enclosed bay in South Kerea Sci Toral
Environ. 505, 290-208.

Alonse, M.B., Azevedo, A, Torres, |P.M., Dorneles, PR., Eljarrat, E, Barcel, D,
Lailson-Brite, |, Malm, 0., 2014 Anthropogenic (PBDE) and naturally-prodiced
(MeO-PEDE) breminated compounds in cetaceans - a review. Sci. Total Environ,
481, b1%-634

Bardn, E., Eljarrat, E, Barceld, D, 2012, Analytical method for the determinartion of
halogenated norbornene flame retardants in environmental and biota matrices
by gas chromatugraphy coupled te tandem mass spectrometry. | Chromatogr. A
1248, 154 160,

Barén, E, Eljarrat, E, Barceld, D, 2014a. Gas chromatography/tandem mass
speclirometry method for the simultaneous analysis of 19 breminated
compounds in environmental and melogical samples. Anal. Bivanal. Chem.

Barén, E., Maflez, M., Andreu, AC, Sergio, F., Hiraldo, F.. Eljarrat, E. Barceld, D.,
2014b. Bivaccumulatien and biomagnification of emerging and classical flame
retardants in bird eggs of 14 species from Doflana Matural Space and
surrounding areas (South-western Spain} Environ. Int. 68, 118-126.

Bardn, E, Santin, G., Eljarrat, E, Barceld, D, 2014c. Occurrence of classic and
emerging halogenated flame retardants in sediment and sludge from ebre and
Hobregat river basins (spain), |. Hazard. Mater. 265, 288 285,

Braurne, B.M,, Mallory, M.L. Grant Gilchrist, H,, Letcher, R]. Drouillard, K.G., 1976,
levels and drovillard trends of crganochlorines and brominated flame
retardants in Ivery Gull eges from the Canadian Arctic, 1876 o 2004. Sci
Total Environ, 378 (403-417), 2007,

Chen, D., Wang, Y, Yu, L, Luo, X, Mai, B, Ly 5., 2013. Dechlorane Plus flame
retardant in lerrestnal raptors from nerthern China. Environ. Pollut. 176, B0-86.

Covaci, A, Gheorghe, A, Voorspoels, 5, Maervoer, | Steen Redeker, E., Blust, R,
Schepens, P., 2005. Polybrominated diphenyl ethers, pelychlorinared biphenyls
and organechlorine pesticides in sediment cores from the Western Scheldt river
(Belgium}: analytical aspects and depth profiles. Environ. Int 31, 367-375.

Covaci, A, Gerecke, A.C, Law, R]., Voorspoels, 5., Kohler, M., Heeb, NV, Leslie, H.,
Allchin, CR, De Buer, |, 2006. Hexabromocyclododecanes (HECDs) in the
environment and humans: a review. Environ. Sci. Technol 40, 3675-3688.

Cowvaci, A, Harrad, 5. Abdallah, MAE. Ali, N, Law, R]., Herzke, D., de Wit CA., 2011
Movel brominated flame retardants: a review of their analvsis, envirenmental
fate and behaviour. Environ. Int. 37, 532-556.

Crosse, 1.0, Shore, RF, Jones, KC, Pereira, M.G., 2012. Long term trends in PBDE
coencentralions in gannel {Morus bassanus) eggs from two UK colonies. Environ,
Pellut. 161, 93-100.

De La Cal, A, Eljarrat, E, Barceld, D, 2003, Determination of 39 polybrominared
diphenyl ether congeners in sediment samples using fast selective pressurized
hguid extraction and punfication. |. Chromatogr. A 1012, 165-173.

De la Torre, A, Parepavicius, G, Shen, L, Reiner, E, imenez, B, Alaee, M., Marlinez,
M.A, 2010a. Dechlerane plus and related compounds in Spanish air.
Organchalogen Compd. 72, 929-932.

De la Torre, A, Shen, L, Reiner, E. Alaee, M, Martinez, MA, 2010b. New
halogenated norbornene flame retardants in sewage sludge. Organohalogen
Compd. 72, 1060-1063.

De la Torre, A, Alonse, M.B., Martinez, M.A, Sanz, I', Shen, L., Remer, EJ., lailson-
Brite, |, Torres, | P.M., Berrozzi, C, Marigo, |, Barbasa, L, Cremer, M., Secchi, E.
Malm, O, Eljarral, E., Barcelg, D., 2012. Dechlerane-related compounds in
franciscana dolphin (Pontoporia blanvillei) from soatheastern and southern
coast of Brazil. Enviren. Sci. Technol 46, 1236412372,

DeCarle, V.J., 1979, Studies on brominated chemicals in the environment. Ann. N. Y.
Acar. Sci 320, 6/R-681.

Eharrat, E., Lahandeira, A, Marsh, -, Raldaa, 0., Barceld, D, 2005, Decabrominated
diphenyl ether in river fish and sediment samples collected downstream: an
indhustrial park. Chempsphere 69, 1278-1286.

Eulaers, I, Jaspers, V.L.B., Pinxten. R, Covaci, A, Eens, M., 2014. Legacy and current
use brominated flame retardants in the Barn Owl. Sci. Total Environ. 472, 454
464,

Gauthier, LT, Hebert, CE., Weseloh, DV.C, Letcher, R.J., 2007, Current-use flame
retardants in the eggs of herring gulls (Larus argentatus) frem the Laurentian
Great Lakes. Environ. Sci Technol. 41, 4561-4567.

Guerra, P, De La Terre, A, Martinez, MA, Eljarrat. E. Barceld. D. 2008.
Identification and trace level determination of brominated flame retardants
by liquid chromategraphy/quadripele linear ion trap mass spectrometry. Rapid
Commun. Mass Spectrom, 22, 916-324.

Guerra, P., Fernie, K, Jiménez, B, Pacepavicius, G., Shen, L., Reiner, E., Eljarrat, E.,
Barceld, 1., Alaee, M, 2011, Dechlorane plus and related compeunds in
peregrine falcen (Falco peregrinus) Eges from Canada and Spain. Environ. Sci.
Technol. 45, 1284-1220.

Guerra, P, Alace, M., Jiménez, B., Pacepavicius, G., Marvin, C, Maclnnis, G., Eljarrat,
k., Barceld, 0., Champoux, 1., Fernie, K, 20M2. Emermng and historical
brominated lame retardants in peregrine falcon (Falco peregrinus) eggs from
Canada and Spain. Environ. Int. 40, 178-186.

Helander, B., Olssen, A, Bignert, A, Asplund, L., Litzén, K, 2002. The role of DDE,
PCB, coplanar PCB and eggshell parameters for reproduction in the white tailed
sea cagle (Haliaeetus albicilla) in Sweden, Ambic 31, 386-203.

Herzke, D, Kallenborn, K, Nygad, T, 2002. Organochlorines in egg samples rom
Norwegian birds of prey: congener-, isomer- and enantiemer specific
considerations. Sci. Total Environ, 291, 58-71.

Hites, RA., 2004. Polybrominated diphenyl ethers in the environment and in
people: a meta-analysis of concentrations. Environ. Sci. Technol 38, 945- 856,

Hoh, E., Zhu, L, Hites, RA., 2006, Dechlorane plus, a chlorinated flame retardant, in
the Great Lakes. Environ. Sci. Technel. 40, 11841189,

labandeira, A., Elarrat, E, Barceld, D, 2007. Congener distniution of
polybrominated diphenyl ethers in feral carp (Cyprinus carpio) from the
Llohregat River, spain. Environm. Pellut 146, TRE-145.

Laveie, RA., Champaouy, L, Rail, LF, Lean, D.RS,, 2010. Organochlorines, hrominated
flarme retardants and mercury levels in six seabird species from the Gulf of St
Lawrence (Canada): relationships with feeding ecology, migration and melt
Emaren, Mellul. 158, 2189-2154,

Law, RJ., Barry, |, Barber, L, Bersuder, P, Deaville, R, Reid, R], Brownlow, A,
Penrose, R, Barnett |, Loveridge, | Smith, B, Jepson, P.D., 2012. Contaminants
in cetaceans from UK waters: Status as assessed within the Cetacean Strandings
Investgation Programme from 1880 to 2008. Mar. Pollur. Bull. 64, 1485- 1484,

Law, R.]., Covaci, A, Harrad, 5, Herzke, D., Abdallah, M.AE., Fernie, K, Toms, LML,
Takigami, H., 2014. Levels and trends of PBDEs and HBCDs in the global
environmenl: status at the end of 2012, Enviren, Int., 65, 147-158.

Miller, A, Eliotw, JE., Elliott, KH, Guigueno, M.F., Wilson, LK, Lee, S, Idrissi, A,
2014. Spatal and temporal trends in brominated flame retardants in seabirds
from the Pacific coast of Canada. Enviren. Pollut. 185, 48-55.

Morales, L, Martrat, M.G., Olmes, .. Parera, |, Vicente, ], Bertolero, A, Balos, A,
Lacorte, M., Santos, 5., Abad, F.J., 2012, Persistent organic pellutants in goll eggs
of two species (Larus michahellis and Larus audouinii) from the Ebro delta
Narural Park. Chemosphere 88, 1306-1316. E.

Mufioz-Arnanz, |, Sdez, M., Hiraldo, F., Baos, R, Pacepavicius. G, Alaee, M., Jiménez,
B., 2011a. Dechlerane plus and possible degradation products n white stork
eggs from Spain. Environ. Int. 37, 1164-1168.

Mufioz-Arnanz, ], Saez, M., Aguirre, .1, Hiralde, F, Baos, R., Pacepavicius, G., Alace,
M., Jiménez, B., 2011b. Predominance of BDE-209 and other higher brominated
diphenyl ethers in eggs of white stork (Ciconia ccenia) colonies from Spain,
Environ. Int 37, 572-576.

Mufioz-Arnanz, ], Reoscales, JL, Vicente, A, Aguirre, LI, Jiménez, B., 2012
Dechlorane plus in eggs of twoe gull spedes (Larus michahellis and Larus
audouinii) from rhe southwestern Mediterranean Sea. Anal. Bicanal Chem. 404,
2763-2773.

Norén, K., Memonyié, 1D, 20000 Certain organcchlorine and organohromine
contaminants in Swedish human milk in perspective of past 20-30 years.
Chemosphere 40, 1111-1123.

Piazza, R, Gambaro, A, Argiriadis, E., Vecchiato, M., Zambon, 5., Cescon, P, Barbante,
C., 2013. Development of a method for simultanecus analysis of PCDDs, PCOFs,
PCBs, PBDEs, PCNs and PAHs in Antarctic air. Anal Bioanal. Chem. 405, 317-932.

Sellstrém, U, Kierkegaard, A, De Wit, C, Jansson, B.O,, 1998. Polybrominated
diphenyl ethers and hexahremocyclododecane in sediment and fish from a
Swedish River. Environ. Toxicol. Chem. 17, 1065- 1072,

Siddique, 5., Xian, Q,, Abdeleuahab, M, Takser, L, Phillips, 5.P., Feng, Y.-L, Wang, B.,
Zhy, .. 2002, Levels of dechlorane plus and pelybreminated diphenylethers in
human milk in two Canadian cities. Enviran. Int, 3%, 50-55.

Sun, R-X, Luo, X.-], Tan, X.-X, Tang B., Li, Z-R., Mai, B.-X., 2015. An eight year
(2005-20173) temporal trend of halogenated organic pollutants in Ash from the
Pearl River Estuary, South China. Mar. Pellur. Bull §3, 61-67.

Sutton, R, Sedlak, M.D,, Yee, D, Davis, JA, Crane, D, Grace, R, Arsem, N, 2014
Declines in pelybreminated diphenyl ether contamination of San Francisco bay
following production phase-outs and bans. Environ. Soi. Technol.

Sverko, E, Tomy. G.T., Marvin, CH, Zaruk, D, Reiner, E., Helm, P.A, Hill, B, McCarry,
B.E. 2008. Dechlorane plus levels in sedinient of the lower great lakes. Environ.
5cL Technol, 42, 361-366.

Sverko, E., Reiner, EJ., Tomy, G.T., McCrindle, R, Shen, L, Arsenault, G, Zaruk, D.,
Macpherson, KA, Marvin, CH., Helm, P.A, McCarry, B.E, 2010. Compounds
structurally related le dechlerane plus in sediment and bicla from Lake Onlanioe
(Canada). Environ. Sc1 Technol. 44, 574-579.

Sverko. E.. Tomy, G.T, Reiner, E]. Li, Y.F, McCarry, BE., Amot, JA, Law, R].. Hites,
R.A, 2011 Dechlorane plus and related compeunds in the environment: a
review, Environ. Sci Technol 45, 50885048,

UN. <https: /[ reaties. un.orgidoc/Publication/CN/2013/CN.934. 2013 Eng pdf>. 2013,




Bioacumulacion y biomagnificacion en biota

E Bardn et al. {Chemosphere 138 (2015) 316-323 323

Voorspeels, 5. Covad, A, Jaspers, VLB, Neels, H, Schepens, P. 2007
Biomagnification of PEDEs in three small terrestrial food chains. Enviren. Sci.
Technaol. 41, 411-216.

Wiger, P.A., Schluep, M., Miller, E, Gloer, R., 2012. RoHS regulated substances in
mixed plastics frem waste electrical and electronic equipment. Enviren. Sci.
Technol. 46, 628-635,

Xian, Q, Siddique, S. Li T. Feng Y.L, Takser, L. Zhu, ] 2011. Sources and
environmental behavior of dechlerane plus - a review. Enviren. Int. 37, 1273~
1284,

Yang, R, Wei, H,, Guo, J., Li, A, 2012, Emerging brominated flame retardants in the
sediment of the Great Lakes. Environ. Sci. Technol. 46, 3115-3126.

Yu, M., Luo, X.J., Wu, P, Chen, §]., Mai, BX., 2009, Bivaccumulation and trophic
transfer of polybrominated diphenyl ethers (PBDEs) in biota from the Pearl
River Estuary, South China. Enviren. Int. 35, 1090-1095.

Zhu, B., Lai, N.L.S.,, Wai, T.C, Chan, LL, Lam, ].C.W,, Lam, P.KS., 2014, Changes of
accumulation profiles from PBDEs to breminated and chlorinated alternatives
in marine mammals from the South China Sea. Environ. Int. 66, 65-70,



Capitulo 4

Chemicals and reagents

Standard PBDE mixture (containing BDE-28, BDE-47, BDE-99, BDE-100, BDE-153,
BDE-154, BDE-183 and BDE-209), HBB, DBDPE and PBEB were purchased from
Wellington Laboratories (Guelph. ON, Canada). Dec 602 (95%), Dec 603 (98%) and
Dec 604 (98%) were purchased from Toronto Research Chemical (Toronto, ON,
Canada). o-, B- and v-HBCD and its deuterated congeners. together with syn- and anti-
isomers of DP were obtained from Cambridge Isotope Laboratories (Andover, MA).
Mass labelled PBDE mixture (containing *C-BDE-28, *C-BDE-47, *C-BDE-99, *C-
BDE-100, *C-BDE-153. *C-BDE-154. *C-BDE-183 and "*C-BDE-209) was
purchased from Wellington Laboratories, while '*C-syn-DP was purchased from
Cambridge Isotope Laboratories. Mass labelled compounds were used as surrogate
standards. Sulphuric acid was purchased from Sigma- Aldrich (St. Louis, USA). AI-N
cartridges were obtained from Biotage (Uppsala, Sweeden). Dichloromethane (DCM),

hexane and toluene were purchased from Merck (Darmstadt, Germany).
Sample treatment

Sample (1.5 g dry weight (dw)) was spiked with 5 ng of *C-PBDEs (50 ng of *C-BDE-
209), 5ng of dis-HBCD (u-, -, y-), and 5 ng ()['UC—.syn—T)P and kept overnight to
equilibrate. Extraction was carried out by pressurised liquid extraction (PLE) using an
Accelerated Solvent Extraction system (ASE 350, Dionex). Hexane and DCM (1:1)
were used as extraction solvents in 2 static cycles of 10 min at 100 °C and 1500 psi.
Afterwards, lipid content was determined gravimetrically and the resulting extracts were
re-dissolved in hexane and treated with H2S0y (cone.) to remove fat. Then, the organic
phase was cleaned by solid phase extraction (SPE) using Al-N (5 g) cartridges,
previously conditioned with 20 mL of hexane and eluted with 20 mL of hexane:DCM
(1:2). Extracts were evaporated to incipient dryness and reconstituted in 40 uL of

toluene prior to the instrumental analysis.
Instrumental analysis

Analysis of PBDEs, HBB, PBEB and DBDPE were performed by gas chromatography
coupled to tandem mass spectrometry using an Agilent Technologies 7890A GC system
coupled to 7000A GC/MS Triple Quadrupole, except for HBCD. A DB-5MS (15 m, 0.1

id, 0.1 pm) was used for the chromatographic separation. In order to enhance
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sensitivity and selectivity, selected reaction monitoring (SRM) was applied in all cases,
monitoring the two most intense transitions for each compound. The most intense
transition was used for quantification purposes and the second one was used for
confirmation criteria (Table S1). Brominated flame retardants (PBDEs, PBEB, HBB
and DBDPE) were analysed using electron ionization (EI) mode. The temperature
program started at 140 °C, held for 1 min, then ramped to 310 at 10 °C/min and held for
10 min, for a total run time of 36.5 min. The source temperature was set at 250 °C.
Quantification was done by isotope dilution for PBDEs and using similar surrogate
standards for HBB ("*C-BDE-153), PBEB (**C-BDE-28) and DBDPE (*C-BDE-209).
Halogenated norbomenes were analysed using negative chemical ionization (NCI)
mode with CH, as reagent gas., Temperature program started at 80 °C, was held for 2
min and then ramped to 300 °C in 10 °C/min. The final temperature was maintained for

10 min for a total run time of 34 min. The source temperature was set at 175 °C.

On the other hand, HBCD was analysed by liquid chromatography using an Agilent HP
1100 binary pump LC system (Agilent Technologies, Palo Alto, CA, USA), coupled to
a hybrid triple quadrupole/linear ion trap (4000QTRAP, Applied Biosystems, Foster
City, CA, USA) equipped with an electrospray (ESI) Turbospray interface. Analytical
separation was performed using a Symmetry C;g column (2.1 > 150 mm, 5 um)
preceded by a C;g guard column (2.1 > 10 mm) supplied by Waters (Milford, MA,
USA). The elution program started at an initial composition of 100% A (H,O:MeOH
3:1 v/v) and was ramped to 10% A in 17 min. Solvent B was MeOH. The initial
conditions were reached again in 3 min and maintained for an additional 10 min for a

total run time of 30 min. The source temperature was set at 350 °C.

Table 81: Recoveries, reproducibility, method detection limit (MDIL., ng/g Iw), method
quantification limit (MQIL., ng/g Iw) and the two transitions used for each compound

(SRM, and SRM>).

Compound R (%) RSD (%) MDL  MQL SRM1 SRM2

BDE-28 82 6.2 0.03 0.09 408>246  408>248
BDE-47 72 3.7 0.03 0.10 486>326  488>328
BDE-100 67 15 0.12 0.41 406>297  564>404
BDE-99 73 9.7 0.13 0.45 406>297  564>404
BDE-154 57 1.9 0.35 1.17  486=377 644>484
BDE-153 533 13 0.31 1.02 486>377 644>484

BDE-183 61 4.7 1.51 5.02 721=562  721>504
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BDE-209 57 4.7 3.20 10.7  298>220 361>280
HBB 75 14 0.12 0.39 468>308  468>310
PBEB 70 9.7 0.14 0.47 500>485  485>406
DEDPE 78 7.2 3.54 11.8 485>406  325>165
Dec 602 79 6.2 0.08 0.26 612>35 612>37
Dec 603 85 11 0.06 0.21 638>35 638>37
Dec 604 65 13 0.23 0.78 460>79 504>79
syn-DP 81 5.4 0.03 0.10 654>35 654=37
anti-DP 79 59 0.02 0.05 654>35 65437
a-HBCD 79 4.4 0.15 0.48 639>79 639>81
p-HBCD 81 53 0.16 0.53 639=79 639>81
y-HBCD 74 7.9 0.39 1.30 639>79 63981

R: Recovery. RSD: Relative standard deviation. MDL: Method detection limit. MQL:

Method quantification limit.
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4.6. Discusion

En este apartado se discuten los resultados obtenidos en las diferentes especies
estudiadas, la informacion que se ha obtenido sobre el comportamiento de los diferentes
HFRs en las diferentes cadenas troficas, los diferentes perfiles de contaminantes

observados y las diferencias temporales observadas.

4.6.1. Resultados en bivalvos y peces

Se detectaron tanto PBDEs como HNs en las diferentes especies estudiadas en la Bahia
de Concepcion, asi como los MeO-PBDEs. Como se ha explicado anteriormente, es
sabido que los PBDEs tienen una presencia global, pero este fue el primer estudio donde
se determinaron en diferentes especies de moluscos y crustaceos en America del Sur, y
el segundo en hacerlo en peces. Por otro lado, la presencia de los HNs ain no habia sido
estudiada en ninguna zona o especie del continente con la excepcién de un estudio en
delfines de Brasil (De La Torre et al., 2012) y por lo tanto se aportaron nuevos datos
sobre su presencia en diferentes especies de menor nivel trofico. Las diferencias entre
especies se discuten en los apartados 4.6.4 y 4.6.5. La presencia de HNs en la zona era
muy baja, posiblemente debido a su poco uso en el pais chileno.

Los resultados obtenidos en las muestras de biota de Chile fueron utilizados para un
estudio de desarrollo y validacion de un modelo de evaluacién del riesgo de POPs en
organismos acudticos, basado en la logica difusa. Este trabajo se encuentra publicado,
aunque no ha sido incluido en la tesis (Segui et al., 2013: Fuzzy model for risk
assessment of persistent organic pollutants in aquatic ecosystems). EI modelo se mostro
capaz de predecir la situacion de riesgo real del ecosistema, utilizando datos obtenidos
experimentalmente en combinacion con los disponibles en la bibliografia. La principal
ventaja que presenta es que permite realizar una evaluacion de riesgo en zonas donde es
dificil obtener datos experimentales suficientes, comunicando los resultados en un
lenguaje comprensible para las instituciones con el poder de tomar medidas. EI modelo
indicd un riesgo moderado para el caso de la zona muestreada en Chile.

Por otro lado, en el marco del proyecto SCARCE introducido en el capitulo 3 también
se dispuso de muestras de peces recolectados en diferentes puntos del Ebro y Llobregat.
El trabajo se encuentra publicado aunque el articulo no ha sido incluido en esta tesis
(Santin et al., 2013: “Emerging and historical halogenated flame retardants in fish

samples from Iberian rivers”). Se encontraron por primera vez diferentes HNs en peces
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de la Peninsula Ibérica y ademas en concentraciones a tener en cuenta. A modo de
comparativa, en la figura 4.5 se muestran las concentraciones de HNs encontradas en
peces, donde se puede ver claramente la diferencia entre Chile (bilagay, castafiuela y
rollizo) y Espafa (barbo, carpa y siluro). EI Dec 602 suele dominar los perfiles de HNs,
y ademas los niveles de Dec 603 parecen ser significativamente mas altos en el
Llobregat, mientras que para los demas las concentraciones en ambas cuencas son
parecidas. Al tratarse de unas diferencias tan significativas no se cree que el hecho de

comparar diferentes especies afecte a la comparacion entre diferentes paises.

52 51 (i 81
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4 1 B anti-DP
z
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Barbo Carpa

Figura 4.5. Concentraciones de HNs encontradas en peces procedentes de Chile y Espafia.

Asi pues, estos estudios parecen indicar la capacidad de bioacumulacion de estos
nuevos retardantes de llama, con frecuencias de deteccion entre el 69% y el 100%, con
niveles de concentracion inferiores a los de los clasicos y ya prohibidos PBDEs en
ambas zonas estudiadas, aunque estas diferencias no fueron tan pronunciadas en Espafia
posiblemente debido a un mayor uso de esta familia de compuestos. Por otro lado, cabe
destacar que practicamente todos los peces analizados en las 4 cuencas de rios espafioles
presentaban concentraciones de PBDEs superiores al limite establecido en la Directiva
2013/39/EU (0,0085 ng/g ww).

4.6.2. Resultados en delfines
En los articulos #6 y #7 se encuentran detallados los 2 estudios llevados a cabo en la

zona sur-oeste del Mar Mediterrdneo y que aportaron los primeros datos sobre PBDEsS,
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HBCD, HNs y HNPs en la zona, con la excepcion de los aportados por Fossi et al.,
(2013) en delfines listados, resumidos tambien en la figura 4.6. Dada la especial
importancia de la zona estudiada, con varias demarcaciones de proteccion marina, el
estudio de la contaminacién por HFRs aporta datos Utiles que pueden ser usados para
reclamar mas proteccion en el area o ampliar las demarcaciones ya existentes. Se
determinaron elevadas concentraciones tanto de PBDEs como de HNPs vy
concentraciones relativamente altas de HNs, especialmente del Dec 602, en muestras de
grasa obtenidas ya fuera por biopsia o varamientos. Fijandose en los niveles totales de
HFRs pueden observarse algunas diferencias entre las diferentes zonas o especies,
aungue el hecho de que las muestras del mar de Alboran provengan de varamientos
puede afectar a la comparacion. De hecho, las concentraciones en esa zona fueron
superiores a las encontradas tanto en el Golfo de Cadiz como en el estrecho de Gibraltar
en delfines comunes, y superiores a las del estrecho de Gibraltar en el caso del calderdn.
De todos modos es evidente que la problematica por la contaminacién por HFRs existe
en las 3 zonas estudiadas y, pese a que los niveles no son de los mas elevados
documentados mundialmente, si son considerables. De hecho, varios individuos
superaron el umbral establecido a partir del cual existe riesgo de dafios en el sistema
endocrino de las focas grises, concretamente en la hormona tiroidea (1500 ng/g Iw).
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Golfo Estrecho Alboran Golfo Estrecho Alboran Estrecho Alboran Alboran Alboran

Figura 4.6. Concentraciones determinadas a lo largo de todo el Mediterraneo sur (entre el lery 3er
cuartil). Azul: delfin comln. Rojo: delfin nariz de botella. Naranja: calderén comun. Verde: delfin listado.
Lila: calderon gris. La linea roja marca el umbral de 1500 ng/g Iw a partir del cual puede haber
alteraciones en el sistema endocrino.



Bioacumulacién y biomagnificacion en biota

Los resultados obtenidos en los delfines del Golfo y del Estrecho se integraron
posteriormente en un estudio multidisciplinar que tenia como objetivo definir
correctamente las unidades de gestion medioambiental de los delfines nariz de botella
en el sur de la Peninsula Ibérica. Este trabajo forma parte de la tesis doctoral de Joan
Giménez, estudiante de la Estacién Biologica de Dofiana, y por tanto sélo se hard una
breve mencion. Utilizando diferentes marcadores genéticos, analisis de isotopos
estables, técnicas de identificacion fotografica, asi como las concentraciones mostradas
en el articulo #6, se concluyd que los delfines de ambas zonas debian ser incluidos en
una Unica unidad de gestién o zona especial de conservacion (ZEC). Esto supone un
paso adelante en la proteccion de los delfines nariz de botella, especie listada como
vulnerable en el catalogo espafiol de especies amenazadas asi como en el anexo Il de la
directiva de habitats de la UE. Actualmente el articulo, que también integra
concentraciones de otros contaminantes como los PCBs, se encuentra en preparacion.
Por otro lado, la mayoria de contaminantes antropogénicos asi como compuestos de
origen natural se detectaron también en muestras de cerebro de las 5 especies de
delfines. Este tipo de datos es muy escaso debido a la dificultad en la obtencién de
muestras de cerebro, y es muy interesante disponer de ellos para poder valorar la
capacidad de estos compuestos para traspasar la barrera hematoencefalica (BBB, del
inglés blood-brain barrier) ya que varios de ellos son probados neurotoxicos (ver
capitulo 5). En la figura 4.7 se resumen las concentraciones encontradas en cerebro de
las 5 especies de delfines incluidas en esta tesis, asi como en otras especies analizadas
en otros estudios de la literatura. Es evidente que los HNs pueden atravesar la BBB, al
igual que los PBDEs, lo que tiene implicaciones considerables en términos de impacto
ambiental ya que sus efectos en un organo tan importante como el cerebro podrian ser
criticos. Los PBDEs ya estan prohibidos pero no asi los HNs, por lo que esta
informacién adicional sobre su presencia en cerebro de un mamifero superior puede
contribuir a establecer medidas mas estrictas sobre su uso. Ademas, el ratio PBDES/HNs
presento un valor muy inferior en cerebro que en grasa, lo que parece indicar que los
HNs tienen mayor capacidad para atravesar la BBB que los PBDEs. Como se puede ver
en la figura 4.7, esta misma capacidad se muestra al observar las concentraciones de
HNs en pollos y peces cercanos a estaciones de e-waste en China, que son realmente
muy altas (Corsolini et al., 2014; Zheng et al., 2015).

Por tanto, queda claro que los HNs, especialmente el Dec 602, también estan presentes

en el Mediterraneo, habiendo sido acumulados por 5 especies diferentes de delfines. En
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grasa, el Dec 602 se detectdé entre el 50-100% de las muestras (dependiendo de la
especie), el Dec 603 entre el 50-92%, el syn-DP entre el 70-100% y el anti-DP entre el
70-100%. EI Dec 604 no fue detectado en ninguna muestra. Ademas, se demuestra por
primera vez que el Dec 602 y Dec 603 son capaces de traspasar la BBB y se aportan los
primeros datos sobre este hecho en delfines sobre el DP, aunque tanto las
concentraciones como la frecuencia de deteccion fueron inferiores a las detectadas en

grasa.
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Figura 4.7. Concentraciones medianas en cerebro de varias especies. *: Sélo analizados PBDEs. **: S6lo
analizados HNSs. Tiburén: Corsolini et al. 2014. Pollo: Zheng et al. 2014. Rana: Li et al. 2014. Pez: Peng
et al. 2014.

Por ultimo, no se debe olvidar a los HNPs, que son compuestos producidos de manera
natural y cuyos efectos en el organismo de las diferentes especies marinas alin no estan
muy claros. No obstante, son compuestos que siempre estaran ahi y no se puede hacer
nada para evitarlo, a diferencia del caso de los HFRs que son contaminantes
antropogénicos cuya presencia se debe por completo a la actividad humana. Las
concentraciones de HNPs encontradas en el mar de Alboran son superiores a las de los
HFRs al completo, cosa que presumiblemente seria el caso también en el Golfo de
Cédiz y el Estrecho de Gibraltar si se hubieran incluido todos los HNPs estudiados en el
articulo #7. De hecho, s6lo con la aportacion de los MeO-PBDEs las concentraciones de
ambos eran practicamente parejas. Por tanto, a un medio con una elevada presencia de
compuestos halogenados posiblemente nocivos en algun grado se le esta afiadiendo una
elevada cantidad de compuestos adicionales, cosa que ademas no parece tener fin ya que

el uso de los HNs no esta prohibido y los PBDES tienen una elevada persistencia. Pese a



Bioacumulacién y biomagnificacion en biota

que es dificil llevar a cabo estas comparaciones dado el gran nimero de compuestos que
no son incluidos por ambos bandos, queda claro que los HFRs acumulados en delfines

lo hacen en organismos que ya soportan una elevada carga de HNPs.

4.6.3. Resultados en huevos de aves

Los articulos #8 y #9 recogen los trabajos llevados a cabo en la zona del Parque
Nacional y Natural de Dofana. Se identificaron tanto PBDEs, HBCD y HNs en
conjunto en practicamente todas las especies, demostrando la presencia de estos
contaminantes en el Parque. Este hecho es bastante significativo, ya que es una zona con
muy poca actividad humana y por tanto la presencia de HFRs en la zona deberia ser
residual. De hecho, al analizar sedimentos y diferentes especies de peces y crustaceos
pequefios de la misma zona no se detectaron mas que concentraciones muy bajas de
PBDEs (datos no publicados). Tanto el sedimento como las especies que habitan en los
riachuelos de Dofiana s6lo podrian haber acumulado HFRs mediante el transporte
atmosfeérico (considerando la aportacion humana como residual) y por ello las
concentraciones eran bajas. En cambio, las aves estudiadas pueden desplazarse para
obtener alimento y algunas como las gaviotas o cigtefias incluso se alimentan de basura.
Por otro lado, muchas de ellas son especies migratorias que pasan periodos de su vida
tanto en el Norte de Europa como en Africa, por lo que podrian haber acumulado estos
contaminantes en otras zonas y ser ellas el vector de entrada de los mismos al Parque,
por lo menos en parte. En muestras de medio acuatico las concentraciones de PBDESs
eran superiores a las de HNs, mientras que en aves los niveles hallados mostraban una
mayor igualdad. Se observo ademas que el DP y los PBDEs presentaban una buena
correlacion, cosa que podria indicar una fuente comin, mientras que no ocurria asi con
el Dec 602 o Dec 603.

4.6.4. Bioacumulacion y biomagnificacion

En este apartado se estudia en detalle la capacidad de bioacumulacion y
biomagnificacion de los HFRs y HNPs, basandose en los datos obtenidos en los
diferentes trabajos presentados en el capitulo y ampliando con algunos datos hallados
también en la bibliografia. La bioacumulacion se expresa de manera cuantitativa

mediante el BSAF, y la biomagnificacion mediante el BMF o la correlacion con la 8N,
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BSAF

El hecho de encontrar cualquier compuesto en biota ya implica que tiene capacidad de
bioacumulacién, aunque sea a baja escala. No obstante, la manera de cuantificar esta
capacidad es mediante el BSAF. Este factor se calcul6é cuando fue posible en el Ebro y
el Llobregat, aunque el bajo nimero de muestras de pez limité el estudio. En la tabla 4.1
se resumen los valores obtenidos para los HNs y se comparan con los disponibles de
otros estudios en otras regiones. Para hacerse una idea, los valores calculados en Ebro y
Llobregat en PBDEs fueron de 7 (carpa) y 17 (barbo) para el BDE-47 y 0,02 (barbo)
para el BDE-209. Al comparar estos valores con los calculados para los HNs vemos
como la capacidad de bioacumulacién del Dec 602 es comparable a la del BDE-47,
mientras que la del Dec 603 y DP es superior a la del BDE-209 pero igualmente baja.
Este hecho también ha sido observado en los grandes lagos de Canada (Shen et al.,
2011; Tomy et al., 2008) y en China, donde se observaron BSAFs hasta 6 veces mas
altos para el Dec 602 que para el DP (Jia et al., 2011; Wu et al., 2010; Zhang et al.,
2011). Esto confirma la tendencia vista en biota donde casi siempre el Dec 602 es méas
abundante que el DP, cosa que podria indicar que el Dec 602 presenta mayor capacidad
de bioacumulacién (Wang et al., 2012), aunque seria necesario conocer también las
cantidades emitidas al medio ambiente de cada uno de ellos asi como evaluar otros
factores, como la dieta o la capacidad metabolica de las especies, que pueden crear gran

variabilidad.

Tabla 4.1. BSAF reportados en bibliografia y comparados con los calculados utilizando

los resultados obtenidos en esta tesis.

Dailin Grandes | Huanghai . Pearl
Ebroy Llobregat | S | TS | Chin)® | Canadd” | i
Barbo Carpa | Viruelas | Trucha Ostras Trucha** | Pez gato
Dec-602 0,02 -11 9,51 47 270 2,1-12 n.d n.d
Dec-603 0,69 - n.d 12 n.d n.d n.d
Dec-604 - - n.d 45 n.d n.d n.d
syn-DP | 0,14- 0,23 0,27 0,88 0,8 1-8* 5,2 0,1*
anti-DP | 0,04 -0,09 0,1 0,33 0,3 1-8* 1,9 0,1*

*Wang et al. (2012). °Shen et al. (2011). “Jia et al. (2011). “Tomy et al. (2008). *Calculado para YDP. **
Experimento. -: No fue posible calcularlo. n.d: No disponible

Los valores de BSAFs que han ido apareciendo durante el trascurso de esta tesis varian
bastante debido a las condiciones de equilibrio entre los sedimentos y especies (con
capacidades metabdlicas variadas, por ejemplo) muestreadas. No obstante, dos cosas
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parecen claras: el Dec 602 presenta mayor capacidad de bioacumulacién que el DP, y
los datos de este ultimo suelen ser menores que 1 (He et al., 2014; Wang et al., 2012).
De todos modos, este hecho no descarta al DP como compuesto a tener en cuenta en
biota, ya que pese a tener una acumulacion baja en algunas especies estas pueden

acumularlo a lo largo del tiempo, llegandose a concentraciones igualmente altas.

BMF

El dnico de nuestros estudios donde se disponia de parejas de muestras presa-predador
es el realizado en Chile. En él se calcularon los BMFs para diversos HFRs y para los
MeO-PBDEs. Curiosamente, el predador utilizado (loco) presentaba niveles de BDE-47
inferiores a sus presas (picoroco y piure), tal vez debido a su capacidad para
metabolizarlo. En la otra pareja de predador-presa, el bilagay y la lapa, si se encontrd un
valor de BMF para el BDE-47 superior a la unidad, cercano a 14 de hecho, superando
con mucho a los determinados para otros PBDEs. Esto no es nuevo (aunque si en la
zona estudiada) ya que varios estudios anteriores habian encontrado BMFs > 1 tanto
para PBDEs como para MeO-PBDEs, aunque el caso del BDE-209 fue sorprendente.
No obstante, los BMFs > 1 del BDE-209 se encontraron usando el loco como predador,
mientras que en el bilagay el BMF > 1 correspondi6 al BDE-47. Esto podria ser debido
a las diferentes caracteristicas de la especie.

Los HNs no se detectaron en el loco, aunque si en el bilagay. EI BMF calculado fue
inferior a 1 para el Dec 602, Dec 603 y ambos isomeros del DP. En la tabla 4.2 se
resumen los BMFs existentes en bibliografia para los HNs. En los estudios donde se
analizaron también PBDEs, los BMFs fueron del mismo orden, demostrando de nuevo
que los HNs tienen un comportamiento parecido en biota a los clasicos HFRs.

Por otro lado, se observé una correlacion positiva entre los valores de §°N y los niveles
de contaminacidn, tanto en las 2 especies de delfines disponibles en el golfo de Cadiz y
estrecho de Gibraltar como en diferentes aves de la familia de las falconiformes de
Dofiana. Si bien es cierto que no se disponia en ninguno de los casos de muestras de
especies en niveles troficos inferiores, los estudios se consideran indicativos de la
capacidad de biomagnificacion de PBDEs, HBCD, MeO-PBDEs y Dec 602. Pese a no
poder cuantificar esta capacidad utilizando el TMF (ver capitulo 1) debido a este hecho,
los resultados demuestran que incluso en un mismo nivel tréfico se puede observar un
incremento entre especies. De hecho, las pendientes no son muy pronunciadas

probablemente por este hecho. Algunos estudios si pudieron evaluar este parametro para
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los HNs al estar realizados en especies con diferente nivel trofico. Sin embargo, los
datos son un tanto ambiguos. Por un lado, algunos estudios parecen indicar que el DP

no tiene una capacidad alta de biomagnificacion mientras que el Dec 602 si parece

tenerla, presentando TMFs < 1y > 1 respectivamente (Tomy et al., 2007).

Tabla 4.2. BMFs disponibles en bibliografia para los HNs.

Compuesto Zona Predador Presa BMF Referencia
Dec 602 China Gaviota Anchoa 1,7-3 Peng 2014
Dec 603 China Gaviota Anchoa 0,08-1 Peng 2014

Gaviota Anchoa 0,05-0,34 Peng 2014
Cernicalo Gorrion 0,31
China Cerrjlcalo Rat_a, 0,06 YU 2013
svn-DP Buho Gorrion 12
y Buho Rata 2,4
. Pinchagua 1
Lago Ontario Trucha Capell4n 12 Tomy 2008
Lago Winnipeg Sander Ojo de luna 0,4
Gaviota Anchoa 0,08 -0,33  Peng 2014
Cernicalo Gorrion 0,35
China Cerr]lcalo Rat'a, 0,1 VU 2013
Anti-DP Buho Gorrion 6,8
Buho Rata 1,9
. Pinchagua 0,9
Lago Ontario Trucha Capellén 12 Tomy 2008
Lago Winnipeg Sander Ojo de luna 0,8

Sin embargo, otros autores han documentado lo contrario: un mayor potencial de
bioacumulacion del DP que el Dec 602, aunque en este caso ambos compuestos
presentaron TMFs mayores que 1 (Wang et al., 2015). Por otro lado, el analisis de
isétopos de nitrdgeno revel6d que los delfines comunes y los delfines nariz de botella
estaban en posiciones tréficas diferentes, mientras que no se observaron diferencias
significativas en el "°C, cosa que indica que seguian una alimentacién similar. Del
mismo modo, de todas las especies de aves estudiadas se seleccionaron las especies de
la misma familia con valores de 8"°C similares pero con 8N diferentes. Como se
discute en el articulo, esta se consideré la mejor manera de evaluar la capacidad de
biomagnificacion de estos compuestos en aves de dieta terrestre. Al margen de las
diferencias obvias en el tipo de dieta, las concentraciones o valores de 8N, es
interesante ver como tanto en individuos con dieta acuatica como terrestre se repite la

misma tendencia: el Dec 602 presenta capacidad de biomagnificacion mientras que
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tanto el Dec 603 como el DP no lo hacen. Por Gltimo, es importante remarcar que, tal y
como se ha comentado en el capitulo 1, se han descrito algunos productos fruto de la
decloracion del DP, tales como el DPMA, aunque el metabolismo de los HNs sigue
siendo una incognita. El hecho de que el DP pueda metabolizarse podria ser una de las
causas de que no encontremos la capacidad de biomagnificacion en nuestros estudios.
Seria necesario poder determinar también los niveles de DPMA para poder evaluar
mejor el comportamiento del DP.

La informacion sobre la capacidad de biomagnificacion es clave para caracterizar
realmente el peligro que supone la presencia de estos compuestos en diferentes
ecosistemas. De hecho, uno de los factores claves cuando se evalla la peligrosidad de
los PBDEs o el HBCD es la capacidad de algunos de ellos para biomagnificarse,
comportamiento observado también en el trabajo de esta tesis y reportado previamente
por otros autores (Covaci et al., 2006; Law et al., 2006; Losada et al., 2009; Wan et al.,
2008). Ademas, la capacidad de biomagnificacion de los MeO-PBDEs también
concuerda con lo descrito previamente en bibliografia (Kelly et al., 2008; Losada et al.,
2009). Por tanto, a la vista de los resultados obtenidos se intuye que los HNs se
comportan de manera similar, biomagnificandose a lo largo de la cadena tréfica, y por
tanto deberian ser puestos al mismo nivel que los contaminantes clasicos a la hora de

evaluar su peligrosidad en este sentido.

4.6.5. Perfiles de contaminacion
En este apartado se muestran los congéneres més abundantes encontrados en las

diferentes matrices estudiadas, y se discuten las posibles causas e implicaciones.

PBDEs

Hace afios estaba aceptado, y habia sido documentado por numerosos estudios, que los
PBDEs mayoritarios en biota y matrices ambientales como sedimentos, suelos o lodos
de depuradora eran el BDE-47 y el BDE-209, respectivamente. Esto se atribuia a una
mayor biodisponibilidad del primero, mientras que el segundo no se acumulaba debido
a su gran masa molecular y logK,,. No obstante, en estos Gltimos afios existen
evidencias de que el BDE-209 no solo se bioacumula sino que puede convertirse en el
PBDE mas abundante (Gentes et al., 2012; Gentes et al., 2015; Moon et al., 2007;
Morales et al., 2012; Mufioz-Arnanz et al., 2011; Sutton et al., 2014). Este hecho puede
explicarse ya sea a causa de una cantidad puntual elevada a la que hayan sido expuestos
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los organismos, o por una acumulacion continuada unida a una incapacidad para
metabolizarlo. De hecho, se ha sugerido que la aportacion mayoritaria del BDE-209 en
aves alimentandose en vertederos viene causada precisamente por este hecho (Gentes et
al., 2015). En la figura 4.8 se muestran las contribuciones de los diferentes PBDES en

todas las especies estudiadas.
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Figura 4.8. Contribucion de los diferentes PBDEs al valor total en todas las especies estudiadas en esta
tesis.

Se puede ver como incluso entre organismos con mecanismos de alimentacion

parecidos (filtradores) existen diferencias evidentes. En cambio, entre las diferentes
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especies de delfines no se observan variaciones significativas, al igual que en las
diferentes zonas. Esto es de esperar ya que las presas de las que se alimentan son
similares, como indican los estudios de &C, aunque el perfil parece ligeramente
diferente en los individuos del mar de Alboran. Por ultimo, existe también una gran
variabilidad en las diferentes especies de aves, también de esperar ya que se trata de
especies con habitos migratorios y alimentarios muy variados.

HNs

La mayoria de estudios publicados sobre los HNs se han centrado en el estudio del DP,
por lo que no existe mucha informacién sobre la distribucion de los diferentes
compuestos de esta familia en biota. En la figura 4.9 se muestra la contribucién de los
diferentes compuestos de la familia de los HNs al total. A diferencia del caso de los
PBDEs, donde la presencia de algunos congéneres puede ser debida a la debrominacion
de congéneres de mayor grado de bromacién, en el caso de los HNs la presencia de los
compuestos solo puede ser debida a una acumulacion desde el medio ambiente. Esto
explicaria la nula contribucion del Dec 602 en Chile, donde tal vez no era utilizado en
aquel momento, mientras que es el compuesto mayoritario en practicamente todas las
especies de delfines de nuestro pais. De nuevo se puede ver como existe una gran
variabilidad en aves, que se explica también a causa de las diferentes dietas y las
probables diferencias entre los metabolismos de las mismas. La contribucion del Dec
603 en aves es otro dato interesante ya que incluso es el compuesto que mayor
contribuye al valor total en algunas especies aunque, curiosamente, este hecho solo se
da en los casos donde el Dec 602 no fue detectado. Los estudios sobre la
bioacumulacion del Dec 602 sugieren que presenta una mayor capacidad de
bioacumulacion que el resto de HNs, como se ha visto en el apartado anterior, y tanto
los resultados obtenidos en esta tesis como los disponibles en bibliografia (De La Torre
et al., 2012; Feo et al., 2012; Guerra et al., 2011; Shen et al., 2010; Sihring et al., 2014;
Suhring et al., 2015; Wang et al., 2012) en cadenas troficas acuaticas y terrestres
parecen confirmarlo. Este hecho pone de manifiesto que, pese a que el DP no debe ser
despreciado ya que parece ser que su uso es mucho mayor que el del Dec 602, este
ultimo presenta mayor presencia en biota y por tanto se deberia poner mas atencion

sobre él.
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Fanti: Uno de los parametros utilizados habitualmente para evaluar el diferente
comportamiento de los dos isomeros del DP es la fayi, cuyo valor puede ser comparado
ademas con el de las mezclas comerciales. En la figura 4.10 se agrupan los rangos de
valores obtenidos en las diferentes familias de especies incluidas en esta tesis, asi como
en las 2 matrices ambientales cuyos estudios ya han sido descritos en el capitulo 3. Se
puede ver como en sedimento y lodo, las matrices ambientales, el fa. esté en el rango

descrito en las mezclas comerciales (entre 0.65 y 0.75).
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Figura 4.9. Contribucion de los diferentes HNs al valor total en todas las especies estudiadas en esta
tesis.

En organismos “simples” como los bivalvos ya se observa una disminucion del valor,
mientras que en crustaceos el Unico valor disponible esta justo en el minimo descrito en

mezclas comerciales. En organismos méas complejos como peces y luego los delfines se
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ve una clara disminucion de la f,n respecto al valor en mezclas comerciales. Por ultimo,
en aves los valores son ligeramente inferiores a los de la mezcla comercial, aunque no
significativamente. Estos datos evidencian el diferente comportamiento de los 2
isomeros del DP en el medio ambiente, ya sea por su diferente capacidad de
bioacumulacion (como también parecen indicar los BSAF) o la diferente capacidad
metabdlica de las diversas especies. De esto Gltimo se tiene poca informacién, y si los 2
isbmeros se comportasen de manera diferente, podria afectar a la f,ni. Por ejemplo, si
alguno de los 2 fuera convertido a DPMA con mayor facilidad, el valor de fa Se veria
distorsionado (Guerra et al., 2011). Ademas, la diferencia entre el medio acuético y
medio terrestre podria indicar que el diferente comportamiento de los 2 isomeros del DP

tiene lugar en medio acuatico pero no tanto en el terrestre.
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Figura 4.10. Valores de f; obtenidos en las diferentes matrices estudiadas en esta tesis. Las lineas rojas
marcan el rango de valores reportado en las mezclas comerciales.

HFRs clasicos y emergentes

Como se ha explicado anteriormente ya existen medidas reguladoras sobre los PBDEs y
el HBCD, pero no sobre los HNs o los BFRs emergentes. Al margen de las tendencias
temporales observadas, discutidas en el apartado 4.6.6, es interesante estudiar las
diferencias entre ambos tipos de HFRs en los diferentes estudios realizados. Pese a que
en algunas zonas como Chile o el Mediterraneo no existian datos previos, las

concentraciones encontradas durante esta tesis son un buen punto de partida para
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estudiar las tendencias temporales que se daran en el futuro. Esto es de vital importancia
para poder evaluar si las restricciones legales han dado sus frutos o no.

En todas las especies analizadas en Chile los niveles de PBDEs superaban ampliamente
a los de los HNs, siendo estos ultimos muy bajos, lo que podria indicar que por el
momento s6lo son utilizados excepcionalmente. De cara al futuro estas concentraciones
serviran de referencia para estudiar el aumento del uso de los HNs, especialmente el DP,
en la zona. Por otro lado, en los delfines analizados en el Mar Mediterraneo también se
observo el mismo hecho, aunque las diferencias no fueron tan grandes como en Chile.
Es muy dificil llegar a ninguna conclusion ya que son diferentes zonas, especies y
dietas, pero parece claro que la presencia de los HNs en el medio acuético europeo es
mas elevada que en Ameérica del Sur.

Curiosamente, la relacion entre PBDEs y HNs en las aves de Dofiana es diferente a la
observada en los delfines. Incluso en algunos casos las concentraciones de HNs eran
superiores a las de PBDEs o HBCD. La capacidad de acumulacién de los HNs en
especies de dieta terrestre ha sido considerada superior a la de las especies con dieta
acuatica en aves de otras partes del mundo (Chen et al., 2013; Guerra et al., 2011) y
podria explicar esta diferencia con el resto de especies estudiadas en esta tesis, de dieta
acuatica y con mayores diferencias entre HFRs clasicos y alternativos. Las relaciones
entre PBDEs y HNs se muestran agrupadas en la figura 4.11 (dejando de lado el HBCD

ya que no esta incluido en todos los trabajos realizados).
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Figura 4.11. Ratio entre los PBDEs y los HNs en los diferentes grupos de biota estudiados en esta tesis.
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HNPs

A pesar de que el nimero de posibles compuestos organohalogenados de origen natural
es inmenso, aqui nos centraremos en evaluar los perfiles entre los compuestos incluidos
en nuestros analisis. Pero hay que tener presente que pueden existir otras familias de
compuestos cuya contribucion sea aun mayor, pero que a dia de hoy se desconoce su
presencia en biota marina. Se vio como el Q1 y sus derivados dominan el perfil de los
HNPs, representando entre el 50% y el 90%. Este hecho ya ha sido descrito con
anterioridad (Gribble 1998; Melcher et al., 2007; Vetter et al., 2000; Vetter et al., 2002)
y permite hacerse una idea de la importancia de estos compuestos. Los MeO-PBDEs
son analizados debido a que comparten estructura con los PBDEs, y por tanto podrian
suponer el mismo peligro para los organismos y tener un comportamiento similar en el
medio ambiente. Son, con diferencia, los HNPs méas analizados, especialmente en
delfines (Alonso et al., 2014; Gribble 2010; Vetter 2006). Pero como se puede ver la
contribucion del Q1 y resto de PMBPs siempre triplica, como poco, la contribucion de
los MeO-PBDEs al valor total, por lo que una evaluacion de sus posibles efectos en los
organismos marinos seria recomendable. Aunque la comparacion se ve afectada por el
diferente nimero de compuestos analizados en cada estudio, normalmente los HNPs
estan presentes en concentraciones superiores a las de los HFRs (Covaci et al., 2008;
Hauler et al., 2014; Losada et al., 2009).

Distribucién en tejidos

En los estudios llevados a cabo en biota normalmente se analiza el individuo entero
(bivalvos, crustaceos, peces...) 0 un tipo de muestra concreto (sangre, grasa, huevos,
heces...). No obstante, en algunos estudios se tiene la oportunidad de trabajar con
diferentes tejidos, ya sea por planificacion previa (por ejemplo, en peces) o en el caso de
especies mas complejas porque se dispone de individuos enteros (delfines varados, aves,
etc.). Por desgracia, en esta tesis sélo se tuvo la ocasion de realizar una comparativa
entre grasa y cerebro de delfin. El hecho de que los HFRs tengan la capacidad de
desplazarse por el organismo y acumularse en diversos tejidos les confiere una mayor
peligrosidad ya que pueden tener un efecto mucho mas directo en el tejido u 6rgano en
cuestion. Como se discute en la seccion “blubber and brain distribution” del articulo, el
flujo sanguineo es el principal responsable de la movilizacion de los contaminantes
hacia los diferentes tejidos. Es mas, épocas que exigen el consumo de grandes

cantidades de energia, y por tanto del uso de grasa, afectaran al estudio ya que pueden
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influir en los niveles en tejidos sensibles a la contaminacion como el higado. Una cosa
muy diferente es la afinidad que mostraron algunos compuestos como el HBB, BDE-
153 o el TetraBHD al cerebro, encontrandose en mayores concentraciones en éste.
Como se explica en el apartado correspondiente del articulo, esto podria ser debido a la
afinidad con algunas moléculas transportadoras. EI HBB sélo fue encontrado de manera
residual tanto en bivalvos, peces, aves o grasa de delfin, pero sin embargo su frecuencia
de deteccion en cerebro estaba en torno al 70%, y a niveles de concentracion superiores
a los hallados en grasa. Esto pone de manifiesto que el analisis de tejidos clasicos, como
la grasa en mamiferos marinos, podria no ser suficiente para caracterizar correctamente
su problematica en el medio ambiente.

En un estudio en esturiones de China se detectaron el Dec 602, Dec 603 y ambos
isdmeros del DP en 13 drganos (goénadas, tejido adiposo, higado, corazon, musculo,
intestino, estomago, agallas, rifiones, pancreas, vesicula biliar y bazo). Se detectaron en
todos los 6rganos excepto el pancreas, donde solo fue detectado el DP. Es el estudio con
mayor numero de tejidos estudiados disponible y demuestra que estos compuestos
tienen la capacidad de distribuirse por todo el organismo del animal. Ademas también se
observaron diferencias entre los congéneres mas abundantes en los tejidos: el Dec 602 y
Dec 603 se acumularon mayoritariamente en intestino y estdmago, mientras que el DP
se acumuld preferentemente en tejidos de elevado contenido lipidico como el tejido
adiposo o el higado (Peng et al., 2012). Del mismo modo, se ha detectado el DP en
musculo e higado de diferentes especies de aves rapaces, también en China, lo que
demuestra que también pueden distribuirse en diferentes tejidos en animales de dieta
terrestre (Chen et al., 2013). De igual modo el DP se ha encontrado en diferentes tejidos
de gallinas en China (Zheng et al., 2014). Ordenados por presencia de DP en ellos, los
tejidos fueron: grasa (56% del contenido total), gonadas, rifiones, corazon, higado,
pulmones, cerebro y musculo. De nuevo, existe una evidencia clara de que los HNs se
comportan de manera similar a los PBDEs, cuya distribucion en diferentes tejidos ha
sido documentada con anterioridad (Wan et al., 2013).

También existe el fenomeno conocido como transferencia materna y que afecta a un
gran nimero de contaminantes. Su importancia radica en que la contaminacién
acumulada por la madre a lo largo de su vida es transferida a los huevos, en el caso de
especies oviparas, o al feto, en el caso de los mamiferos. Es un fendmeno de gran
relevancia en delfines y muy bien caracterizado para compuestos como los PBDEs,

aungue aun no para los HNs (Alonso et al., 2012). No obstante, ya se ha descubierto que
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este fendmeno afecta también a los HNs en aves (ya que han sido detectados en huevos,
tanto en los estudios comprendidos en esta tesis como en trabajos anteriores) y en peces
(Peng et al., 2012; Suhring et al., 2015).

4.6.6. Tendencias temporales

El hecho de disponer de muestras de huevos de 1999, 2003, 2011 y 2013 permiti
evaluar las tendencias temporales de diversos HFRs acontecidas en Dofiana (articulo
#9). Se observd una disminucion con el tiempo de los componentes de la mezcla Penta-
BDE, asi como una disminucion pronunciada del BDE-209 en milanos negros. Este
hecho pareceria indicar que las restricciones sobre el uso de estos compuestos han
tenido un efecto en las concentraciones encontradas. Por el contrario, no se aprecio una
tendencia clara para los HNs, lo cual puede ser debido a que ain es demasiado pronto
para poder evaluar alguna tendencia en una zona cuyos principales inputs se suponen
externos y, por tanto, de aparicion més tardia. La documentacion de estas tendencias no
se limita solamente a aves. Por ejemplo, se advirtié una disminucion significativa de los
niveles de BDE-47 en sedimentos y bivalvos de la bahia de San Francisco entre 2002 y
2012 (Sutton et al., 2014) (Figura 4.12). Otros autores han documentado esta tendencia
a la baja de los niveles de otros PBDEs como el BDE-99 o BDE-153, pero sin embargo
esta tendencia general no es tan clara para el BDE-209 o el HBCD (Law et al., 2014;
Lee y Kim 2015; Li et al., 2015; Murtomaa-Hautala et al., 2015; Venier et al., 2015).
Debido a que ha sido producido hasta hace relativamente poco, es de esperar que no se
pueda observar una tendencia temporal consistente hasta dentro de algunos afos.
Ademas, la debrominacion del BDE-209 puede dar lugar a PBDEs de menor grado de
bromacion como el BDE-47, componente de la mezcla Penta-BDE, representando un
factor de variabilidad importante en el estudio de las tendencias temporales (Law et al.,
2014). No obstante, si se ha observado una posible transicién desde el BDE-209 al DP o
el DBDPE, como por ejemplo en el estudio realizado por Zhu et al. (2014) en marsopas
y delfines rosados del sur de China. Se aprecio un incremento significativo de la
relacion DP/BDE-209 y DBDPE/BDE-209 entre 2003 y 2013, asumiéndose como una
evidencia de la substitucion del BDE-209 por dos de sus substitutos (Figura 4.12). Es
interesante observar como en zonas tan alejadas entre ellas, y que tradicionalmente
presentan niveles de contaminacion muy elevados, se estéen dando tendencias

temporales similares.
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Figura 4.12. Diferentes tendencias temporales observadas en bibliografia. A): datos de Sutton et al. 2014,
mejillones (izquierda) y sedimentos (derecha). B): adaptada de Zhu et al. 2014.

4.7. Conclusiones
A través de todo lo expuesto anteriormente, se ha llegado a las siguientes conclusiones

en lo que respecta a la presencia y comportamiento de los HFRs en biota:

- Los nuevos datos aportados confirman la presencia global de los HNs, siendo
encontrados en zonas donde hasta ahora no se habia detectado su presencia. Pese a no
haberse tenido en consideracion hasta hace relativamente poco, se han venido usando
durante afos. Las evidencias aportadas desde entonces ponen de manifiesto que no se
debe subestimar su presencia en el medio ambiente ya que han sido hallados en zonas,
matrices y especies muy diferentes entre si.

- A través de los BSAF y los BMF se ha podido ver como los HNs presentan
propiedades comparables a las de los PBDEs. Concretamente, Dec 602 y BDE-47
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presentan valores similares, al igual que el DP y BDE-209. Estos datos pueden ser
importantes en un futuro a la hora de tomar medidas contra la produccién y uso de estos
compuestos, ademas de poner el foco sobre el Dec 602, compuesto que normalmente no
es tenido en cuenta.

- Los HNs han mostrado, al igual que PBDEs, HBCD y MeO-PBDEs, capacidad para
biomagnificarse a lo largo de cadenas tréficas tanto acuaticas como terrestres. El hecho
de que este patron sea observado en cadenas troficas tan diferentes entre si es
especialmente de interés.

- Se ha visto como los HNs tienen la capacidad de distribuirse en diferentes tejidos e
incluso acumularse en un drgano tan vital como el cerebro. El hecho de que estos
compuestos sean capaces de llegar directamente a 6rganos como cerebro o higado les
confiere una mayor peligrosidad ya que estos drganos juegan un papel muy importante
en las funciones vitales de los organismos. Ademas queda claro que, si existe la
posibilidad de ello, varios tejidos han de ser analizados para poder llevar un seguimiento
completo de todos los POPs.

- El estudio de las tendencias temporales en los ultimos afios parece indicar que el uso
de los PBDEs esta disminuyendo mientras que el uso de HFRs emergentes como los

HNs o el DBDPE va en aumento.
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5.1. Introduccion

En los capitulos 3 y 4 de esta tesis se ha visto como los HFRs son practicamente
omnipresentes en el medio ambiente, encontrandose tanto en matrices ambientales
como en animales pertenecientes a todos los niveles de cadenas troficas acuéaticas y
terrestres. Como se ha discutido, este hecho ya era conocido para HFRs clasicos como
los PBDEs y otros como el HBCD. En cambio, se ha ido haciendo evidente sélo en los
ultimos afos en el caso de los HNs. Sin embargo, los estudios sobre su toxicidad son
escasos en comparacion. Con la intencion de comprender mejor la toxicidad del DP, se
realizaron exposiciones in vivo en mejillones y se compararon los resultados con los
obtenidos para el BDE-209 en las mismas condiciones. Este trabajo se llevd a cabo
durante la estancia pre-doctoral realizada en la Universidad de Plymouth, bajo la
supervision del Dr. Awadhesh Jha y el Profesor James Readman, y el articulo resultante
se encuentra enviado a la revista Environmental Science & Technology bajo el titulo
“Evaluation of the genetic and physiological effects of decabromodiphenyl ether (BDE-
209) and dechlorane plus (DP) flame retardants in Mytilus galloprovincialis by in vivo
exposure” (Articulo #10). Se eligio el DP ya que es el compuesto de la familia de los
HNs de mayor volumen de produccion y el BDE-209 para poder comparar los
resultados con un compuesto ya prohibido, ademas de por el hecho de que el DP ha sido
propuesto directamente como su substituto. En ambos casos se utilizaron mezclas
comerciales con el fin de realizar un estudio mas realista. Si bien es cierto que hubiera
sido interesante llevar a cabo estos estudios con un nimero mayor de compuestos, como
por ejemplo el Dec-602, la mezcla Penta-BDE, MeO-PBDEs 0 Q1, la estancia solo dur6

3 meses y por tanto existia una limitacion de tiempo que impidio ampliar el estudio.

5.2. Exposiciones in vivo

5.2.1. Mejillones

La estancia pre-doctoral realizada en la Universidad de Plymouth permitio el
aprendizaje de algunas técnicas nuevas, que seran descritas a continuacion. Se pudo
trabajar ademas con la técnica de exposicion in vivo, que consiste en la evaluacién de
los efectos de una o varias substancias en organismos vivos y por tanto proporciona
resultados mas realistas que las exposiciones in vitro, aunque por motivos obvios
presenta un mayor nimero de factores que pueden afectar a los resultados. En este caso

se utilizaron individuos de mejillon mediterraneo (Mytilus galloprovincialis) que fueron
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expuestos a diferentes concentraciones de BDE-209 y DP. Los mejillones se dispusieron
individualmente en vasos de precipitados de 1,8 L y fueron expuestos a los
contaminantes durante 6 dias, cambiando el agua diariamente y limpiando los vasos
para evitar un aumento de la concentracion de exposicion (Figura 5.1). Se us6 un
método de exposicién a través de la dieta, por lo que se dopaba el alimento de los
mejillones (Isochrysis galbana) la noche anterior y ésta era suministrada 2 h después del
cambio de agua. Se comprobd visualmente que las células del alga no eran dafiadas por
los contaminantes o la acetona usada como vector (Figura 5.1).

Figura 5.1. Disefio del experimento (izquierda) y células del alga utilizada vistas con microscopio
(derecha) expuestas a A) Agua B) Acetona, DP y BDE-209.

Estudios previos han demostrado que la biodisponibilidad de los PBDEs en mejillones
aumentaba en presencia del alga usada para alimentarlos en comparacién con
exposiciones directas en medio acuoso debido a un proceso de adsorcion (Gustafsson et
al., 1999). Ademas, este escenario se considera mas realista ya que los mejillones
obtienen su alimento mediante filtracion del agua, que en el medio marino presenta una
gran cantidad de particulado donde potencialmente se encontraran adsorbidos los HFRSs.
Al finalizar el experimento se evaluaron los efectos a nivel fisiol6gico, mediante el
“clearance rate” (CR) y genético mediante el test del cometa (CA, del inglés comet
assay) y el test de micronlcleos (MN, del inglés micronucleus assay). Estas
metodologias se encuentran descritas con detalle en el articulo #10.
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5.2.2. Invertebrados estuarinos

En los inicios de esta tesis se tuvo la ocasién de colaborar en un estudio multidisciplinar
en el que se expusieron peces cebra o zebrafish (Danio rerio) a sedimentos
contaminados con 12,5 pg/g de BDE-209 durante 8 dias, evaluandose los efectos
provocados. Este estudio se encuentra publicado (Garcia-Reyero et al., 2014: Effects of
BDE-209 contaminated sediments on zebrafish development and potential implications
to human health). Dado que se han encontrado concentraciones elevadas de BDE-209
en sedimentos (articulos #3 y #4) este estudio pone en contexto estas concentraciones
con los efectos observados en el zebrafish.

Por otro lado, cuando se estaba concluyendo esta tesis se realiz6 una colaboracion que
tenia como objetivo evaluar los efectos en poliquetos (Laeonereis acuta) y cangrejo de
las rocas (Cyrtograpsus angulatus) tras una exposicion a BDE-47 a través de la dieta.
En un primer experimento tanto los poliquetos como los cangrejos se pusieron en
contacto con sedimento previamente dopado con BDE-47, mientras que en un segundo
experimento los cangrejos fueron alimentados con los propios poliquetos del
experimento anterior. El articulo se encuentra actualmente en preparacion, y sirve como
complemento a las concentraciones encontradas en Chile en 2 especies de cangrejos
(articulo #5).

5.2.3. Mamiferos y aves

Pese a que en ningun momento de esta tesis se ha trabajado con mamiferos o aves a la
hora de evaluar posibles efectos toxicologicos de los HFRs, si se han analizado un gran
namero de muestras de estas especies. Por tanto, se exponen aqui algunos de los efectos

descritos en bibliografia que la exposicion a HFRs ha causado en ellas.

Mamiferos

Un grueso importante de los estudios sobre los efectos toxicologicos de los HFRs
constituye el ensayo en ratones de laboratorio. EI BDE-209 indujo hiperglicemia en
ratones expuestos a 0,05, 1 y 20 pg/g durante 8 semanas, causando ademas mas de
1.000 alteraciones en los procesos de transcripcion de genes del higado y favoreciendo
mecanismos asociados a enfermedades autoinmunes y diabetes de tipo I. Ademas, por lo
visto los machos son mas sensibles al BDE-209 que las hembras (Zhang et al., 2013).
En otro estudio donde se administré BDE-209 en 10 y 30 pg/g a ratones recién nacidos

se observo como el desarrollo neuronal se veia afectado, ralentizando la adquisicion de
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la vison espacial asi como un retraso en la apertura de los ojos (Reverte et al., 2014). En
general, ni el BDE-209 ni otros PBDES de menor grado de bromacion presentan efectos
mortales en ratones, pero si son capaces de generar trastornos tanto metabdlicos como
fisioldgicos (Kodavanti y Ward 2005). Del mismo modo, aunque no existen estudios en
ratones sobre el Dec 602, Dec 603 o Dec 604 (lo cual deberia cambiar a corto plazo, ya
que como se ha visto en el capitulo 4 el Dec 602 tiene una gran presencia en biota) si los
hay sobre el DP. Se advirtio una disminucion de los niveles de expresion de cadenas de
MRNA de algunos genes y un aumento de la actividad enzimatica de CYP 2B2 tras 90
dias de exposicion continuada a 1, 10 y 100 pg/g de una mezcla comercial de DP (Li et
al., 2012). En el estudio de Li et al. se puede ver ademéas como el DP tiene tendencia en
acumularse en mayores cantidades en el higado que en el musculo, lo que es de interés
ya que existen estudios sobre los efectos de este compuesto en higado de ratones.
Concretamente, tras una exposicion durante 10 dias a concentraciones muy altas de DP
(500, 2000 y 5000 pg/g) se vio como la expresion de genes que regulan procesos tan
importantes en el higado, como el metabolismo de carbohidratos o lipidos, era alterada,
ademas de producir un estrés oxidativo (Wu et al., 2012).

El estudio de los efectos de los HFRs en organismos méas complejos como los
mamiferos marinos mediante exposiciones in vivo es muy complicado, tanto por razones
logisticas como éticas. Algunos autores han relacionado las concentraciones de PBDEs
encontradas en focas capuchinas con alteraciones en procesos del sistema tiroideo
(Villanger et al., 2013). Del mismo modo, Hall et al. relaciono las concentraciones de
PBDEs encontradas en grasa y sangre de focas grises con trastornos tiroideos en
cachorros con menos de 1 afio de vida, estableciendo una concentracién de 1500 ng/g
Iw a partir de la cual podian empezar a observarse los efectos (Hall et al., 2003). Varios
individuos de delfines analizados en los articulos #6 y #7 superaban este valor, aunque
probablemente lo alcanzaron en su vida adulta y se trata de una especie diferente. Hasta
la fecha no se han estudiado los efectos del resto de los HFRs estudiados en esta tesis en

mamiferos marinos.

Aves

El dnico estudio evaluando los efectos causados por el BDE-209 en aves, y no solo su
acumulacion, fue llevado a cabo en cernicalos americanos (Letcher et al., 2014). Se
expusieron 22 machos a 116 pg/dia durante 21 dias, seguido de un periodo de 25 dias de

depuracion. Se observo una alteracion en la actividad de algunos enzimas como el
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citocromo P450, que pueden llegar a afectar a procesos como la apoptosis celular y
estrés oxidativo. Estas concentraciones son muchisimo mas altas que las encontradas
tanto en esta tesis (articulos #8 y #9) como en el resto de bibliografia. Ademas, se ha
visto como los PBDEs pueden retrasar la puesta de huevos y afectar al grosor de su

cascara, lo que compromete la viabilidad del mismo (Fernie et al., 2009).
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Abstract

Dechlorane plus (DP) is a proposed alternative to the legacy flame retardant
Decabromodiphenyl ether (BDE-209), a major component of Deca-BDE formulations.
In contrast to BDE-209, toxicity data for DP are scarce and often focused in mice.
Validated dietary in vivo exposure of the marine bivalve (Mytilus galloprovincialis) to
both flame retardants did not induce effects at the physiological level (algal clearance
rate), but did induce oxidative DNA damage, as determined by the comet assay, at all
the concentrations tested. Micronuclel formation was induced by both DP and BDE-209
at the highest exposure concentrations (100 and 200 pg/I., respectively, at 18% above
controls). DP caused similar effects to BDE-209 but at lower exposure concentrations
(5.6, 56 and 100 pg/L for DP and 56, 100 and 200 pg/L for BDE-209). Moreover,
bioaccumulation of DP was shown to be concentration dependent, in contrast to BDE-
209. The results described suggest that DP poses a greater genotoxic potential than

BDE-209.
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Introduction

Polybromodiphenyl ethers (PBDEs) were one of the most used halogenated flame
retardants (ITFRs) worldwide, available as three main commercial mixtures: Penta-
BDE, Octa-BDE and Deca-BDE.! However, nowadays this situation has changed due to
recent restrictions over PBDEs. Within the European Union (EU), Penta- and Octa-BDE
mixtures were banned in 2004, while Deca-BDE mixture was banned in 2008.2 PBDEs
have been found in a wide range of environmental matrices such as secdiment, water,
fish or cetaceans, and also in humans.”® Nonetheless, knowledge of environmental
behavior and effects of BDE-209 1s still scarce compared to the lower brominated
PBDEs. This might be du¢ to the limitations in the analytical methodologics for the
analysis of this compound in the past, due to its high logK,, and molecular weight.”
Despile the bivaccumulation potential being lower than other low brominated PBDEs
such as BDE-47, BDE-209 has been found in different vertebrate and invertebrate
species worldwide. 2101114 fact, BDE-209 was the main PBDE found in species with
terrestrial diet™ ' 2 and also in mussels.""** BDE-209 has shown thyroid and endocrine

1516 Most of the

disruption pmpcm'csld’ ' and it could affect the liver of fish and mice.
studies are focused in vertebrate models such fish or mice,” thus studies in invertebrates
such as mussels are scarce.

Dechlorane plus (DP) was sclected as an alternative to Mirex when it was banned as a
FR. and nowadays it has been proposed as an alternative to the Deca-BDE mixture. It is
considered a novel HFR and is still barely regulated.'®* Similar to BDE-209, DP has
been found a wide range of biological matrices such as fish, mussels or cetaceans and

18-21

also in humans, proving its bioaccumulation capacity. Toxicity data for DP are still

very scarce. In fish, DP affected profein responses in the liver and induced apoptosis,”
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while it showed genotoxical potential in bacteria® as well as histopathological changes
in mice liver.**

Mussels have proven to be a good ool to evaluate the environmental behavior of
organic pollutants.” Furthermore, effects of organic pollutants in musscls have been
correlated with effects of the same pollutants in humans® which shows that these
contaminants can affect the whole food chain. Thus, the study of the effects of FRs in
mussels could provide useful information concerning the potential for effects of these
contaminants in other biota including humans. Consequently, the aim of this study was
to evaluate the genctic and physiological effeets of one classical FR (BDE-209, which
represents about the 98% of Deca-BDE commercial mixture) and one alternative FR
commercial mixture (DP) in Mytilus galloprovincialis through an in vivo exposure via
the dictary pathway. To our knowledge, this is the first time that the toxicity of DP has

been evaluated in this way.

Materials and methods

Sample collection

M. galloprovincialis (5-6 cm length) were collected during the last week of July 2014
from Trebarwith Strand (North Cornwall, UK) and were immediately transported to the
laboratory, rinsed with sea water and acclimatised in an aerated tank with 50 L of
filtered seawater (<0.8 pm) maintained at 15 °C £ 1 °C with a photoperiod of 12h L:12h
D for 10 days and fed ecvery two days with Isochrysis galbana (Liquifry, Interpet,
Dorking, UK). Stocking density was 3 mussels per L. Water was changed 2-3 hours
after feeding. Any spawning animals were removed from the holding conditions and

were excluded from the experiments.
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Chemicals and reagents

Triton X-100, Sodium chloride, Normal Melting point Agarose (NMPA), Low melting
point agarose (LMPA) and N-lauryl sarcosine were purchased from Sigma-Aldrich
(UK). BFR-PAR solution, containing BDE-28, BDE-47, BDE-99, BDE-100, BDE-154,
BDE-183 and BDE-209, together with syn- and gnti- DP were purchased from
Wellington Laboratories (Guelph, ON, Canada), as well as the intemnal standard Be.
BDE-209. C-syn-DP, used also as internal standard, was obtained from Cambridge

Isotope Laboratories (Andover, MA).

Experiment

To assess whether the feeding route was a valid exposure pathway for [ilter-feeding
organisms when exposed to high Log K, organic contaminants, a preliminary
experiment using B(a)P was performed. Individual mussels were placed in 2 I beakers
containing 1.8 L of filtered seawater and exposed to B(a)P at either 100 or 200 ugL’
for six days dosed ecither by spiking algae [sochrysis galbana or directly into the
aqueous media (n=6 per treatment, including a solvent carmer (acetone, 0.05 % v/v)
control with only acetone). B(w)P was either added to the algal feed (dietary pathway)
or dircetly in the aqucous phasc. Both ¢xposurc pathways were conducted following a
semi-static model where water was changed every day and mussels fed daily. B(w)P was
chosen as a model organic contaminant as it is relatively insoluble in water (Log Kow =
6.04), is known to cause genetic damage and is a priority pollutam.ﬂ

Afler the dietary pathway proved to be a valid exposure route, mussels were exposed to
three different concentrations of BDE-209 (56, 100 and 200 pgl 1y and DP (5.6, 56 and
100 pgL™), following the procedure described above. Concentrations of DP found in the

environment and specifically in mussels are considerably lower than concentrations
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found for BDE-209. Thus, exposure concentrations of DP were settled in lower scale,
although 2 common concentrations were maintained for comparisons. A B(a)P exposure
at 100 pgL™" as positive in vivo control together with a negative control (acetone, 0.05
%, v/v final volume) were also performed (n=7 per treatment). H.0, was also used as
positive in vifro control (1 mM and 30 min of exposure time).

In both experiments, afier the six days of exposure mussel haemolymph was extracted
from the posterior adductor muscle using an ice-chilled 1 mL syringe and 21G needle

and transferred into individual Eppendorf tubes held on ice.

Water quality
Water quality (temperature, salinity, dissolved oxygen and pII) was measured every day
for cach beaker and three water samples of cach treatment were taken immediately after

dosing and prior to water change (i.e after 23 h of exposure).

Clearance rate

Clearance rate (CR) was determined prior to haecmolymph collection as described
previously.”® Mussels were placed in separate 400 mL beakers containing 350 mL
seawater (filtered to 0.8 ym) and a stirring bar. They were allowed to acclimatise at 15
°C for 15 min. Isochrysis galbana were added in a concentration of 10,000 cells/mL
including several procedural blanks (beaker plus 300 ml of seawater). Aliquots of 20
mL were removed immediately after the addition and after 10, 20 and 30 minutes. These
aliquots were analysed on a Beckman Coulter Particle Size and Count Analyser set to
count particles between 4 and 10 pm. Three separate counts per mussel were made. CR

was calculated using the equation CR = V(logC;-logC,)/t, where V is the volume of
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water, C; and C; are the cell concentrations at the beginning and end of cach increment,

and t corresponds to the time interval. »

Comet assay

Determination of DNA strand breaks using haemocytes was evaluated following a
previously optimized protocol.’® *! Slides were pre-coated with normal melting point
(NMP) agarose and kept overnight at 20 °C to dry. 150 pl. of hacmolymph were
centrifuged at ~350 g at 4 °C for 2 min and then mixed with 150 pL of molten low
melting point (LMP) agarose. Two separate drops of 75 ul. were placed on the slide and
immediately covered with a coverslip. Prior to performing the comet assay, cell viability
was determined using Eosin Y staining;** viability was deemed >95 %. Slides were kept
at 4 °C and 1n the dark for one hour to allow the gel to solidify. In the case of the 11,0,
in vitro positive control, after one hour 1 mI. of HO; (1 mM) was added dropwise and
incubated at 4° C for 30 min. Slides were incubated in lysis solution for one hour and in
the dark at 4 °C, placed mn the electrophoresis chamber, filled with electrophoresis
buffer, and incubated for 20 min to unwind. Afterwards, the chamber was turned on (25
V, 400 mA) and electrophoresis performed for 20 min. Following on, slides were
neutralised with cold neutralization buffer. All the steps in the electrophoresis procedure
were performed at 4 °C and in the dark. Slides were stained with ethidium bromide (20
uL of a 20 pg/mL solution in each drop) and scored under an epifluorescense
microscope (Leica, DMR) using the Komet 5 software (Kinetic Imaging, Nothingam).
50 cells in each drop, thus a total of 100 cells per slide, were scored and % tail DNA
was used for the evalvation of DNA strand breaks, since it has been validated through

inter-laboratory comparisons.® >
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Mn assay

Induction of micronuclei (Mn) in haemocytes was evaluated as described by Jha er al™
Shides were previously coated with 10% poly-L-lysine solution and dried overmght. 200
pl. of haecmolymph was spread gently onto the slide and left at 15 °C for 30 min and
then fixed with MeOH for 15 min. Afterwards, slides were stained using Giemsa stain
(5%, v/v) for 20 min; excess stain was removed with Milli-Q water and once the slides
were air dried, a coverslip was mounted using DPX. Slides were scored randomly under

the microscope for the induction of Mn. Approximately 1000 cells from each slide were

scored following the criteria described in previous works.*!

Chemical analysis

Regarding water and algae analysis, the methodology described by Di ef al. was
adopted.”” Hexane (1 mL) was added to 9 mlL of the exposure water samples and
internal standards (*C-BDE-209 and 13C'.-sy.*‘f-DP) were added. Samples were manually
shaken and then centrifuged at 3500 rpm for 10 mm. The aqueous phase was discarded
and the organic phase was evaporated to dryness and was reconstituted to a final volume
of 500 pL with toluene.

Mussel samples were extracted using a previously described methodology.™ ** Briefly,
samples were spiked with 100 ng of C-BDE-209 and “C-syn-DP and kept overnight
to equilibrate prior to extraction by pressurized liquid extraction (PLE). Afterwards,
lipid content was determined gravimetrically and re-dissolved in hexane prior to acid
treatment (H>SOy)). A solid phase extraction (SPE) using AI-N cartridges was
performed to complete the clean-up and resulting extracts were concentrated to a final

volume ol 40 pL.
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Instrumental analysis was carried out using gas chromatography coupled to mass
spectrometry working in negative chemical ionization mode (GC-NCI-MS) using an
Agilent Technologies 7890A GC system coupled to 5890A GC/MS Single Quadrupole,
following previously optimized protocols.’” ** BDE-209 was analysed using NH; as
reagent gas. whereas DP was analysed using CHy as reagent gas. Selected ion
monitoring (SIM) was used to enhance sensitivity. Two 1ons were monitored for each
compound: the most intense was used for quantification and the second for
confirmation. lons monitored were n/z 487 and 489 for BDE-209 (497 and 499 for "*C-
BDE-209) and m/z 654 and 656 for DP (664 and 666 for ISC-syn-DP). Recoveries,
method detection limits (MDLs) and method quantification limits (MQLs) are shown in

Table 1.

Statistical analysis

Data were tested for normality and homogeneity of variances using the Shapiro—Wilks
test of normality and an F test. Statistical significance between different treatments was
dectermined using analysis of variance (ANOVA), post-hoc Tukey’s test and t-test; a p
value < 0.05 was used to determine significant differences. Statistical analyses were
conducted using the open-source statistical programmmg language R v.3.1.1

(http://cran.r-project.org).

Results and discussion

H 105 in vitro control validation

Various concentrations (0.2, 0.5 and 1 mM) and time points (10 and 30 min) were
explored 1 order to validate I1,O, doses to promote DNA damage. Results show that

DNA damage duc to H20O- cxposure in vitro is time-dependant with significantly more
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DNA damage apparent at the longer time point (ANOVA, p < 0.001). Based on these
data, both in the pathway validation and in the main experiment in vitro controls were

performed using a concentration of 1 mM and 30 min of exposure time.

Dietary pathway validation

DNA damage was observed mn all B(a)P-exposed mussels, irrespective of exposure
route (diet or aqueous), and was significantly different from control mussels (ANOVA,
p <0.001), (Ig. 1). The solvent control exhibited a small amount of DNA damage (<10
%) and DNA damage levels of B(a)P were similar in all B(w)P-exposed mussels (ca. 30
= 3 %), approximately 20 % higher than in controls. DNA damage observed in the
positive i vitro control, I1,0,, was fivefold greater than observed in the controls (at 50
+ 6 %). DNA damage was not concentration-dependent. Results showed that the dietary
pathway and the direct aqueous exposure did not affect the results. B(a)P is a known

27,30,40 15 - .
; For instance, Di

genotoxin and our results are in agreement with previous studies.
et al. report 60% damage following a 12 days in vivo exposure Mytilus edulis.”’

However, DNA strand breaks in control mussels were 30% and thus, DNA relative

damage induced by B(e)P was up to 30%, similar to our reported values.

Water quality parameters

Water temperature during the exposure was 16.0 £ 0.2% °C, salmity was 36.3 £ 0.8%
%o, dissolved oxygen was 7.93 + 0.07% mg/L, and pH was 7.92 + 0.03%. No intra- or
inter-day variations among treatments were observed (ANOVA and post-hoc Tukey’s

test) and these values were considered optimal for the exposures.

Clearance rate
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It has been previously demonstrated that CR in mussels can be affected by several
chemical contaminants.”® In this experiment, CR ranged from 0.49 to 0.90 L/h in the
first time increment (10 min) both for BDE-209 and DP, while it was 0.46 and 0.69 L/h
for B(a)P and control treatments, respectively. No statistical differences were found
among the treatments, although all of them were significantly different than the
seawater control (ANOVA, T27=3.196, p <0.05). The same scenario occurred in the
second time increment (20 min), where the CR value increased to 1.64-2.16 for BDE-
209 and DP, to 1.29 for B(e)P and to 1.57 in controls. Even though values for BDE-209
(100 pg/L.) and DP (56 pg/l.) increased faster than other treatments, differences were
not significant with any treatment with FR. Finally, after 30 min CR reached values
ranging {rom 1.98 to 2.92 L/h both for BDE-209 and DP, 1.77 L/h for B(w)P and 2.09
for control mussels. Again, even if BDE-209 (100 pg/I.) and DP (56 pg/1.) showed
higher values than the other treatments, these differences were not significant (Figure
2). Thus, we can summarize that mussels are not significantly affected by these FRs at a
physiological level. This fact was described for B(a)P in a similar experiment’” and
suggests that mussels can take up these types of compounds without showing significant

physiological changes.*

Comet assay

In all cases, DNA strand breaks observed were significantly higher than the negative
control (ANOVA and Tukey’s test, p < 0.001) (Figure 3). /n vivo positive control,
B(w)P, caused an effect of 35 £ 2%, while the in vitro positive control, H,O,, resulted in
56 £ 4%. Damage induced by BDE-209 was 13 £ 1%, 21 + 1% and 21 £ 2% for 36, 100
and 200 pg/l. exposure concentrations, respectively. Damage induced by DP was 13 +

2%, 23 + 1% and 18 £ 2% for 5.6, 56 and 100 pg/L exposure concentrations,
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respectively. For BDE-209, DNA damage displayed a significant increase from 56 to
100 pg/L treatments, but no increase was observed from 100 to 200 pg/L treatments.
Concerning DP, DNA damage induced by the 36 png/LL was higher than the 5.6 pg/L
treatment. However, damage induced by the highest concentration (100 pg/l.) was less
than that induced by 56 pg/L. It has been described that DNA repair mechanisms can
affect the response of the mussels to organic contaminants, since the simple breaks
mainly produced by these compounds might be repaired by base excision (BER)."
Furthermore, reduction of the DNA damage in the most concentrated treatments could
be caused by the exclusion of the apoptotic cells of the cell count.” Comparison
between BDE-209 and DP exposures at 56 and 100 pg/I. showed that DP at 56 pg/L
induced oxidative damage at the same level as BDE-209 at 100 ug/L (23% and 21%,
respectively), while DNA strand breaks induced by BDE-209 at 56 pg/I. were in the
same level as the low level of DP (13% and 13%, respectively). Surprisingly, oxidative
damage induced by DP at 100 pg/L (18%) was lower than at 56 pg/L (or following
BDE-209 exposure at 100 and 200 pg/L). This difference might be attributed to possible
differences in BDE-209 and DP metabolization. DP is known to produce de-chlorinated
analogues in some species43 which could have lower toxicity. In contrast, de-
bromination products of BDE-209 are ofien more toxic than parent BDE-209."
Furthermore, BDE-209 presents a more complex metabolism since low-brominated OH-
PBDES could also be formed.”

Ience, results presented demonstrate that BDE-209 and DP can both induce DNA
strand breaks in mussels. This is in agreement with what previously reported effects in
zebra mussel (Dreissena polymorpha) where, similar to this study, BDE-209 caused
non-dose dependant DNA damage aller an in vivo exposure of 7 days to 0.1, 2 and 10

ug/1.* In vivo exposures of BDE-47, BDE-100 and BDE-154, also in zcbra mussel,
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causcd significant DNA damage up to 5, 11 and 12% respectively (expressed as % tail
DNA; controls up to 5%). These values are lower than those reported in this study, but
exposure concentrations (0.1, 0.5 and 1 pg/L) and exposure time (4 days) were also
lower." To our knowledge, this is the first study reporting the oxidative capacity of DP

in mussels.

Mn assay results

Mn induced in the negative control were 1.7 = 0.3%, while in the positive B(a)P control
it was 2.9 £ 0.5%, representing a significant 2 fold mcrease (ANOVA and post-hoc
Tukey’s test, p<<0.035). Concerning BDE-209, inductions were 1.6 + 0.4%, 1.7 + 0.3%
and 2.7 £ 0.4% for 56, 100 and 200 ng/L treatments, respectively. The first two
concentrations did not cause significant Mn induction compared to controls, but Mn
induced by 200 pg/1. exposure was significantly higher (ANOVA and post-hoc Tukey’s
test, p<0.05). Furthermore, DP caused Mn inductions of 2.0 + 0.4%, 2.0 + 0.6% and 2.5
£ 0.4% at 5.6, 56 and 100 pg/L treatments, respectively (Figure 4). In this case, BDLE-
209 and DP showed the same pattern, i.c, Mn induction was only significant at the
highest level of exposure. Consequently, DP showed an effect at a lower concentration
than BDE-209 (100 and 200 pg/L, respectively) which implies that DP is more capable
of causing this kind of damage. However, no other studies are available to corroborate
this statement.

Mn induced by BDE-47, BDE-100 and BDE-154 in zebra mussel were up to 2, 2 and
2.5, respectively, but inductions were not significantly different than negative controls.”
Furthermore, both exposure concentrations (0.1 pg/L, 0.5pg/L and 1pg/L) and
exposure time (4 days) were lower than our conditions. This is in agreement with our

study, where Mn induction was only found at the highest exposure concentrations. Riva
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et al. (2007) also reported that BDE-209 can induce DNA strand breaks, but not Mn
induction.*® Oxidative stress induced by reactive oxygen species (ROS) has been
described as one the most plausible mechanism of the toxicity of BDE-209." As a
result, de-bromination of BDE-209 was also considered, since less brominated BDEs
present higher oxidative capacity.*® In this case. no other brominated congeners were
detected (see results below), probably because metabolic/enzymatic capacity of mussels
is not as high as in fish. Comet and Mn assay results were not correlated cither for BDE-
209 or DP. This might indicate that these compounds induce primary and repairable
lesions rather than permanent ones.*® Iowever, this topic still requires further work in

order to truly understand how these pollutants induce oxidative DNA damage.

Chemistry resulls

Water analysis: Concentrations found in water samples taken immediately after dosing
were 0.02 £ 0.01%, 0.03 £ 0.01% and 0.3 = 0.2% pg/L. in BDE-209 treatments (56, 100
and 200 pg/L, respectively). Compared to values found after 23 h of exposure,
concentrations in water decrecased 92, 97 and 90%, respectively; in all cases
concentrations after 23 h were lower (One-way ANOVA, p<0.05). Similarly,
concentrations of DP immediately afler dosing were 0.4 £ 0.2%, 0.3 £ 0.1% and 0.7 +
0.4% pg/l. in 5.6, 56 and 100 pg/l. trcatments, respectively. These concentrations
decreased significantly (one-way ANOVA, p<0.05) up to 77%, 79% and 86%,
respectively, afler 23 h. Levels in control water were below MDL for both compounds
in all cases (Figure 5A). Concentrations used in this study cxcceded the estimated
solubility of these compounds (< 1 pg/L).”® However, it has been demonstrated that

presence of dissolved organic matter enhances solubility.”” BDE-209 and DP rapidly
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distributes between particulates and mussels, thus concentrations in the aqueous phase

are expected to be low.

Mussel analysis: Levels of BDE-209 found in the exposed mussels at the end of the
treatment were always higher than the controls, proving that mussels bioaccumulated
BDE-209 through the in vivo exposure (ANOVA and post-hoc Tukey’s test, p < 0.03).
Values were 1.9+ 0.5%, 1.7 + 0.4% and 1.6 + 0.6% pg/mussel, corresponding to the 56,
100 and 200 pg/L exposures. No differences were observed between the three exposures
(ANOVA and Tukey’s test, p=0.05). This could be due to BDE-209 de-bromination, but
while it has been described in fish™ to the best of our knowledge there are no studics in
mussels. During the instrumental analysis no other peaks were observed. On the other
hand, values found in mussels exposed with DP were 4.7 + 0.9%, 8.8 + 0.96% and 21 +
4% pg/mussel corresponding to the 5.6, 56 and 100 pg/1. treatments, respectively. BDE-
209 and DP values were significantly higher than control in all cases (ANOVA and
post-hoc Tukey’s test, p<0.03). Furthermore, in the case of DP a concentration
dependant increase was found (ANOVA and post-hoe Tukey’s test, p<0.05). These
results show that DP is bioaccumulated by mussels, as has been previously reported.“’
2 Moreover, the ratio between the anti-isomer and the total DP burden was also
cvaluated. Fai is defined as the concentration of anti-DP with respect to the total DP
concentration, both lipid-normalized. It has been described as a good indicator of the
different behaviour of the two isomers in the environment, since the mitial Fyy in the
commercial mixture (~0.7) can change when analysing complex organisms such as
dolphins.'® Fuyi values found in mussels from the three different exposures (0.74 +
0.01%, 0.69 £ 0.01% and 0.73 + 0.01% for low, medium and high levels, respectively)

were similar and significantly lower than values found in the control mussels, which
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were up to 0.79 + 0.02% (ANOV A and post-hoc Tukey’s test, p<<0.05). The commercial
mixture of DP used in the exposure was also analysed (n=3, 0.72 = 0.01%). Even if
values of the exposed mussels were different than controls, values are still in the range
described for commercial DP mixtures. Thus, no syn-DP cnrichment was obscrved,
which is in agreement with other studies of DP in mussels."! It has been described that
the particulate matter in the gastro-intestinal tract can affect BDE-209 determinations in
mussels.”® However. since mussels were sampled 24 h after the last feeding, influence
of ingested food in BDE-209 analysis was considered to be minimal, as has been

suggested previously.®

Overall, these data confirm the use of M. galloprovincialis as a suitable biological
model for in vivo exposures to FRs. In addition, data for DP represents the first evidence
of a genotoxic capacity of this compound in musscls. Both FRs induced significant
DNA damage even at the lowest selected concentrations, whereas Mn induction was
only significant in the highest doses. Other factors such as the timeframe needed to
induce micronuclei require further investigation. In contrast, the feeding rate was not

significantly altered by exposure to either compound.
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560  Table 1. Recoveries (%), RSD (%), MDL and MDL of BDE-209 and DP in water
561  (ng/mL) and mussel (pg/g Iw)

Compound Water Mussel

R RSD MLOD MLOQ | R RSD MLOD MLOQ

BDE-209 75 11 0.40 1.30 68 6 200 330
syn-DP 67 8 0.60 2.00 85 7 3.50 18.3

anti-DP 73 12 0.10 0.30 88 5 4.30 14.3

562
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DNA damage (%Tail DNA)

Comrol BE@P B@P B@P  B@P o
100 pg/lL 200 pg/L 100 pg/L 200 pg/L

Algae Water

Figure 1: DNA damage (mean = SE; n = 6 per treatment) in benzo(a)pyrene-exposed
mussels. Treatments with the same letter are not significantly different; where

significant differences occur between treatments, p < 0.001.
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569  Figure 2: Clearance rate (L/h) of the different treatments. Error bars represent SE. n=7

570 CR control = seawater. Control = control mussel exposed to acetone (0.05 %, v/v)
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Figure 3. Induction of DNA strand breaks (represented as % Tail DNA) in Myftilus
galloprovincialis haemolymph after 6 days of exposure to FRs compared to control
mussels, exposure to B(a)P (100 pg/L) and H,O, (1 mM, in vitro). A) BDE-209. B) DP.
Treatments with the same letter are not significantly different; where significant

differences occur between treatments, p < 0.05.
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Figure 4: Mn induction (represented as mean + SE) in Mytilus galloprovincialis
haemolymph after 6 days of exposure to FRs compared to control mussels and exposure
to B(a)P (100 pg/L). A) BDE-209. B) DP. Treatments with the same letter are not

significantly different; where significant differences occur between treatments, p < 0.03.
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Figure 5: A) Concentrations of BDE-209 and DP found in water samples corresponding
to the exposures (n=3 per treatment) after dosing and immediately before the water
change. Concentrations in control samples were below the MDL in both cases. B)
Levels of BDE-209 and DP found in exposed mussels (n=7). Control levels were 0.04 +

0.01% pg for BDE-209 and 0.11 £ 0.02% pg for DP.
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5.3. Discusion

Mejillones

Las exposiciones in vivo a BDE-209 y DP demostraron que ambos compuestos pueden
causar dafios oxidativos en la cadena del ADN e induccion de micronlcleos, mientras
que el comportamiento fisiologico del mejillon no se vio alterado: los valores del CR no
variaron respecto al grupo control. Con el objetivo de ver si estos contaminantes
causaban un retraso en la obtencion del alimento se midieron los valores a 10, 20 y 30
min., cuando lo normal es hacerlo s6lo a los 30 min. Esto es debido a que un ligero
retraso en el ritmo de alimentacidn puede afectar a la obtencion de nutrientes por parte
del individuo en situaciones en las que estos no abundan, comprometiendo su
desarrollo. Sin embargo, no fue el caso y todos los individuos mostraron valores
normales para la época del afio. Algunos autores sugieren que la época en la que se
muestrearon los mejillones (agosto) no es la adecuada ya que acaba de pasar su etapa de
reproduccion y se encuentran debilitados (Canty et al., 2007). De hecho, se considerd
que con mas motivo aun es importante evaluar los efectos que el BDE-209 o el DP
causaran en los mejillones cuando estan en este estado de vulnerabilidad, ya que existe
la posibilidad de que en otras épocas del afio si sean capaces de resistir la accion de
estos compuestos mientras que en esta si sean vulnerables. No existen otros datos en
bibliografia referentes al efecto del BDE-209 o DP en el CR, y de hecho ni siquiera para
otros HFRs, pero por lo visto en este estudio no parece ser un parametro relevante. Es
de destacar que a las concentraciones estudiadas no se observaron tampoco efectos
letales.

Donde si se observaron efectos, para todas las concentraciones estudiadas, fue a nivel
genético. Mediante el CA se observaron dafios significativos en la cadena del ADN,
observando que en los niveles mas altos el dafio no s6lo no aumentaba, sino que
disminuia ligeramente. Esto podria explicarse debido a la completa destruccion de las
células, no observandose entonces dafio alguno ya que el CA necesita un minimo de
nucleo central intacto para calcular la relacion cabeza-cola, y afectando por tanto a la
cuantificacion de los resultados (Figura 5.2).
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Figura 5.2. “Scores” finales de la técnica CA. Izquierda: célula correspondiente a un control. Derecha:
célula correspondiente a una exposicién por HFR.

La informacion existente para el BDE-209, y en realidad para los PBDESs en general, es
escasa en lo que respecta a sus efectos genotdxicos en mejillones. En un estudio in vivo
en mejillones cebra expuestos al BDE-47, BDE-100 y BDE-154 (Figura 5.3) se observo
como el BDE-100 y BDE-154 inducian dafios en el DNA a concentraciones entre 10 y
100 veces inferiores a las utilizadas en el articulo #10 (Parolini y Binelli 2012).
Ignorando el hecho de que se trata de especies diferentes, se podria concluir que el
BDE-100 y BDE-154 tienen més potencial genotoxico que el BDE-2009.
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Figura 5.3. Dafios oxidativos en el ADN inducidos por diferentes congéneres de los PBDEs. BDE-47,
BDE-100 y BDE-154: mejillén cebra (Parolini y Bineli 2012). BDE-209: mejillén mediterraneo (Articulo
#10).

Los efectos del BDE-209 en mejillones cebra mediante exposicion in vivo a 0,1, 2 y 10
pg/L también han sido estudiados. Lamentablemente estan expresados en base a la
relacion entre la longitud y el didmetro de la cabeza (LDR, del inglés length diameter

ratio) por lo que es dificil establecer una comparacion con los resultados obtenidos en
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mejillones mediterraneos. Los valores de % de cola reportados, basados en la
equivalencia: % cola <10% es dafio inexistente, % cola 10-25% sera dafio bajo, % de
cola 25-50% dafio moderado, 50-75% dafio alto, y finalmente >75% sera dafio extremo,
permitieron concluir que tras 7 dias los 3 niveles de concentracion habian causado un
dafio mayoritariamente moderado. Aplicando estas equivalencias en los valores del
articulo #10 los dafios observados en mejillones mediterraneos serian bajos. El estudio
en cebras durd 7 dias, 1 dia adicional (Riva et al., 2007). En el caso del DP solo otro
estudio ha evaluado sus efectos en el ADN mediante el CA, y en una especie
completamente diferente: el protozoo ciliado Tetrahymena thermophila (Dou et al.,
2014). Tras una exposicion durante 30 min a 2,4, 12, 60, 300 y 1500 pg/L se observaron
colas de entre 4% y 18%, siendo los 2 niveles de concentracion mas altos los que
produjeron un mayor dafio.

Por lo que respecta a la induccién de micronucleos, tanto el BDE-209 como el DP s6lo
la provocaron en los valores méas altos de concentracion (200 y 100 pg/L,
respectivamente). El caso del BDE-209 concuerda con un estudio en mejillones cebra
donde no se observd induccién de micronucleos para una concentracion de 2 pg/L
suministrada durante 11 dias (Riva et al., 2007). Por el contrario, tanto el BDE-47,
BDE-100 y BDE-154 han demostrado ser capaces de provocar esta induccion a

concentraciones muy inferiores a las utilizadas en el ensayo con BDE-209 (Figura 5.4)
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Figura 5.4. Mn inducidos por diferentes PBDEs. BDE-47, BDE-100 y BDE-154: mejillon cebra. BDE-
209: mejilléon mediterraneo.



Evaluacion de los efectos toxicoldgicos

De nuevo la accion del DP sélo ha sido estudiada en la T. thermophila, donde s6lo se
produjo una induccion significativa a la concentracion de 300 ug/L (Dou et al., 2014),
pero por lo visto en este estudio de nuevo parece causar efectos similares al BDE-209 a

menor concentracion.

Otros invertebrados

En Garcia-Reyero et al. (2014) se vio como el BDE-209 era biodisponible y
bioacumulado en larvas de zebrafish, lo que reafirma lo discutido en el capitulo 3.
Ademaés, causO alteraciones en el comportamiento y por tanto se generaron nuevas
evidencias de que el BDE-209 puede provocar alteraciones neuronales, algo también
visto en ratones (Buratovic et al., 2014). La metodologia propuesta, basada en
exposiciones en larvas de peces cebra, analisis in vitro y programas de prediccion, dio
buenos resultados y seria interesante aplicarla en un futuro a los HNs. Del mismo modo
la metodologia de exposicién utilizada en poliquetos y cangrejos también dio buen
resultado ya que se observo la acumulacion del BDE-47 tanto desde el sedimento a
ambas especies, como desde el poliqueto al cangrejo. En el capitulo 2 se ha visto como
el potencial de acumulacién del Dec 602 es similar, o incluso superior al del BDE-47,
por lo que esta ruta de exposicion podria utilizarse para comprender mejor los
mecanismos de incorporacion de los HNs en pequerfios invertebrados.

Pese a que existen varios mecanismos propuestos sobre la hidroxilacion de los PBDES
(Gross et al., 2015; Xu et al., 2015; Zhai et al., 2014), algunos autores han sugerido que
los OH-PBDEs también podrian proceder de fuentes naturales a través de la substitucion
del grupo metilo de los MeO-PBDEs (Fan et al., 2014). De todos modos, la principal
problematica que presentan estos compuestos reside en su elevada toxicidad, que la
mayoria de estudios revelan superior a la de los propios PBDEs. Por tanto su
determinacion, especialmente en especies de metabolismo avanzado, permite completar
el estudio sobre el impacto ambiental de los PBDEs. Con este objetivo se desarroll6 un
método para su analisis (Feo et al., 2013) pero la falta de tiempo y el hecho de que so6lo
aproximadamente el 1-5% de PBDEs parece ser metabolizado a OH-PBDEs hicieron
que se decidiera no seguir por esta via. No obstante, fue aplicado a los poliquetos y
cangrejos expuestos a BDE-47, detectando tres congéneres diferentes (3-OH-BDE-47,
5-OH-BDE-47 y 6-OH-BDE-47) que podrian ser los principales causantes de algunas

actividades enzimaticas anémalas observadas.
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5.4. Conclusiones

El trabajo realizado en este capitulo tenia como objetivo obtener informacion de los
efectos que algunos de los compuestos estudiados en esta tesis podian causar, habiendo
demostrado previamente su omnipresencia en todo tipo de biota. Tanto parte del trabajo
realizado como el disponible en bibliografia demuestra que el peligro que representan
estos compuestos en especies que van desde pequerios invertebrados hasta mamiferos
marinos es real, habiéndose observado alteraciones en distintos procesos enzimaticos y
dafios causados por estrés oxidativo. La importancia de este hecho radica en que, pese a
no causar un efecto mortal, las alteraciones causadas pueden afectar seriamente la vida
normal de las especies en sus habitats naturales.

En el estudio concreto que pretendia comparar el BDE-209, ya prohibido, con uno de
sus substitutos posibles, el DP, se vio como el DP producia los mismos efectos que el
BDE-209 e incluso parece presentar un mayor potencial genotoxico, ya que las
alteraciones provocadas fueron a una concentracion inferior a la del BDE-209. No
obstante, los estudios sobre la toxicidad del DP son muy escasos y claramente se
necesita aumentar el conocimiento sobre sus propiedades toxicoldgicas. Ademas, las
evidencias presentadas en el capitulo 4 en cuanto a la mayor presencia del Dec 602
hacen ain mas evidente que no debe ser despreciado a la hora de llevar a cabo estudios

sobre la toxicidad de los HNs.
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The results obtained in this thesis, exposed and discussed in previous chapters, result in

the following conclusions:

Development of analytical methodologies

A new methodology for the analysis of HNs by GC-NCI-MS-MS, with mLODs
between 0.1 and 2.9 pg/g dw in environmental samples, between 10 and 150 pg/g Iw in
biota samples, and with recoveries (%) between 57 and 114%, was developed. This
methodology proved to be suitable for the chemical analysis of these contaminants. It
was the first methodology using MS-MS for HNs analysis and, to date, it is the only one
using NCI as the ionization technique. NCI-MS-MS provides better mLODs than ElI-
MS-MS for all HNs and, in addition, allows the detection of HNs in areas far away from
production sources, where their levels are considerably low. Furthermore, a
methodology for the analysis of PBDEs and emerging BFRs by GC-EI-MS-MS was
also developed, as an improvement of the methodology previously available in the
laboratory which was based on GC-NCI-MS. Unlike the previous method, GC-EI-MS-
MS allows quantitative analysis by isotopic dilution. As a result, mLODs between 0.01
and 2.78 ng/g dw in environmental matrices and between 0.01 and 3.59 ng/g Iw in biota
were obtained. This method also included BDE-209 and DBDPE, which are not
normally analyzed by MS-MS. Recoveries ranged from 51% to 105% with sediment as
the matrix providing the best values, whereas sludge and bird eggs gave the worst
recoveries. Both methods provided solid reproducibility, never exceeding a RSD (%) of
15% (intra-day) or 20% (inter-day) in any compound or matrix. In short, both
methodologies allow a sensitive and selective analysis of HFRs in several

environmental and biological matrices.

Presence and behaviour in the environment

First evidence of the environmental presence of DP dates from 2006, and from 2010 in
the case of Dec 602, Dec 603 and Dec 604. However, its production and use began in
the 70s after Mirex was banned as FR. Therefore, they have been used for decades, even
though their production volume was lower than PBDEs or HBCD. During this thesis
numerous matrices and species from different areas and even different continents have
been analysed, such as sediment, sludge, filtering species, crustaceans, fish, dolphins or
birds. Sediment and sludge represent a first entrance, or re-entrance, point into the

various trophic chains. It was the first time that the presence of HNs is reported in
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Spanish sediments, with levels between 0.01 and 3.74 ng/g dw, as well as Dec 603
presence in sludge worldwide. More precisely, concentrations of HNs in sludge ranged
from 2.66 to 19.0 ng/g dw. All these results expose the differences between different
geographical regions: while in South America PBDEs represented almost the 100% of
HFR contamination, in Spain HNs concentrations were in the same order, or even
higher, than concentrations of PBDEs. This fact shows its ubiquity and the need to
include these compounds in future studies aiming to characterize the contamination
caused by HFRs, especially in areas with a high industrial activity. Furthermore, it also
shows a variable global use of the different HFRs. Moreover, regarding emerging BFRs,
DBDPE was detected both in sludge and sediments in concentrations up to 124 and
31.5, respectively, suggesting that this compound might be used as a replacement of
BDE-209. On the contrary, PBEB and HBB were not detected in almost any sample.
HNs were also detected in filtering animals, crustaceans and fish from Chile, in
concentrations between nd and 9.8 ng/g Iw. These are the first data reporting the
presence of HNs in marine organisms from the pacific coast of South America.
Likewise, HNs levels found in birds from Dofiana natural space represent the first
evidence of the presence of these compounds in birds from this region, with the
exception of white stork, gulls and peregrine falcon. Moreover, top predators like
dolphins presented the highest HNs burden (from nd to 506 ng/g Iw), similarly to
PBDEs and other organic contaminants. These results represented the first evidence of
the accumulation of Dec 602 and Dec 603 in dolphin blubber and brain, and it is only
the third study describing the presence in dolphins of DP worldwide (first one in
Mediterranean Sea).

Bioaccumulation and biomagnification capacity was evaluated in different trophic
chains. These processes have been characterized previously for classic FRs such as
PBDEs and HBCD, and results show that HNs have similar capacities. Regarding
bioaccumulation, BSAFs of Dec 602 were up to 11 indicating that its bioavailability is
comparable to BDE-47. On the other hand, DP presented a bioavailability closer to
BDE-209. As regards to biomagnification, Dec 602 displayed biomagnification capacity
among terrestrial and aquatic trophic chains, while this capacity was not observed for
DP. Again, it is showed that HNs should be taken into account in future studies and
regulations, paying more attention to Dec 602.

Moreover, diet seems to play an important role concerning HNs bioaccumulation, as it
has been described for PBDEs or HBCD. Species with an aquatic diet presented PBDES



Capitulo 6

concentrations considerably higher than HNs concentrations, whereas in birds
(terrestrial diet) levels of both families were closer. Furthermore, different behavior of
isomers syn-DP and anti-DP was noticed, which might be diet dependent: fa was
around 0.5 in aquatic organisms, but in birds it was around 0.7, closer to the value in
commercial mixtures.

It was found that PBDEs, emerging BFRs, HNs and HNPs were capable of surpassing
BBB and accumulate in the brain. PBDESs are proved to be neurotoxic, and this potential
capacity should be studied for the other contaminants found in brain. Special attention
needs to be paid to compounds such as HBB, which is normally absent in blubber but
was found in concentrations up to 84 ng/g Iw in brain, while in blubber maximum value
was 8.1 ng/g lw. This case evidences that using only blubber in the evaluation of the
environmental risk that poses a new lipophilic compound might not be enough, and
other tissues should be analyzed if possible. Furthermore, PBDEs and HNs
concentrations in blubber and brain show that HNs might have a greater capacity than
PBDEs to pass through the BBB: PBDEs/HNSs ratio ranged from 0.65 and 130 in
blubber, while in brain this ratio ranged from 0.10 and 10. This was consistent across
the 5 species studied. Thus, evaluation of the effects of these compounds in brain should
be evaluated.

Based on the results obtained, it seems that environmental concentrations of classic and
alternative HFRs recently found are different than the ones reported in last years.
DBDPE might be replacing BDE-209, as suggested by the ratio BDE-209/DBDPE in
sediment (between 0.1 and 2.4) and sludge (between 1.3 and 6.4). Besides, a clear
decrease in the PBDEs levels in birds, especially of the main components of Penta-BDE
mixture, was observed in the last decade. However, the time frame chosen was reduced
and this trend should be confirmed in the future, when more years have passed since the

regulations over PBDEs came out.

Evaluation of the toxicological effects

It was demonstrated through in vivo exposures in mussels that DP has a similar behavior
than BDE-209 both at the physiological and genetic level. While no effects concerning
filtering capacity of the mussels were observed after separate exposures to both
chemicals, they produced oxidative DNA damage and Mn induction, showing the
genotoxic capacity of these FRs. In addition, DP had similar or higher effects than
BDE-209 at lower concentrations (5.6, 56 and 100 pg/L for DP and 56, 100 and 200
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ug/L for BDE-209). Therefore, DP might have higher genotoxic potential than BDE-
209. As future work, it would be interesting to carry out these experiments with the rest

of HNs, especially Dec 602 due to its high concentrations found in biota.

Overall, studies performed during this thesis reflect that HNs meet some of the criteria
stipulated in Stockholm Convention to be included in the list of banned compounds,
such as ubiquity, bioaccumulation and biomagnification capacity, and toxicological
effects. These data, as well as long-range transport capacity, should be expanded as
soon as possible. In particular, high concentrations of Dec 602 in biota prove its
bioaccumulation and biomagnification capacity, but there are no studies evaluating its
toxicological effects. Moreover, DP has also shown bioaccumulation capacity
comparable to BDE-209 and a higher toxicity in mussels. Thus, it could be included in

the list to prevent its environmental concentrations to increase in the near future.
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