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Als meus pares i germana 





A scientist in his laboratory is not only a 

technician: he is also a child placed before 

natural phenomena which impress him like a 

fairy tale. 

Marie Curie 
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Informe dels directors de la tesi doctoral: “The ecology and taxonomy of estuarine benthic diatoms and 
their use as bioindicators in a highly stratified estuary (Ebro Estuary, NE Iberian Peninsula): a 

multidisciplinary approach” en relació a la contribució de la doctoranda i les publicacions derivades.
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Resum de la tesi 
Introducció 

Estuaris: definició, classificació i avaluació del seu estat ecològic 
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"Un estuari és un sistema fluvio-marí (engolfament o part final d’un riu) exposat a la 

influència mareal, i es caracteritza per una barreja variable i no necessàriament permanent (en 

l’escala espacial i temporal) d’aigua marina i d’aigua dolça provinent del drenatge continental$Z
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L’ecologia i la taxonomia de les diatomees bentòniques als estuaris 

@��
���������
D�����V�����5���E
�8	
��
����
�4�
��*���
��������
�����������
��'
�	
	��'��


�������
 �����N����
 ��
 �������
 ����
  �Q
 #
  �O
 D��		
 �
 �����
  UURE$
 ����	
 *����
 �
 ���
 �����


��6,'�����
 D�����������
�������
���9�
 �
����	�E�
 �
�8	
��*�	�
��
�����	�	�
�4�
 �������	�
��
 ���


����	�����
 ��������
 '�	��	�+���
 �
 ���	���	�+���
 ���+�����
 6,'�����
 D=���
 �
 =�������
 �� �E$


@��
���������
��
����������0�	
���
��
����N	���
���	�
�����
���V�����
���1����
5������
���
����


*��*��
 +��
 ��	�������C�	
 ��
 5�M����$
 @�
 ����
 �
 ��
 5����
 ���
 5�M����
 �8	
 ���,�����
 ����	������


������0���
���
�
��
���	��5�����8
�����N����
D=���
�
=�������
�� �E$


@��
 ���������
 '�	��	�+���
 �8	
 ������������	�
 �������	��
 �	
 ���
 ��������
 ��������	��
 (�


+��
 ��	�������C�	
 �	
 ����
 �����	�	��
 ���	������
 ����
 '��5����
 D�$
 �C$
 �4�4���
 ��
 ��$
 ���SE�


��	���'���C�	
 5�	�
 ��
 O�\
 ���
 �����
 ��
 ��
 ��������8
 ����,���
 ����
 ��������
 D3	���<���
 �


?���;���
 UUUE�
��	�	
�	�
5�	��8
����	����
�	
��
����	�
�����	�,���
D@��'����
 UURE�
����	


�	*���������
�	
��*�����
������
'�����+�1�����
���
���
�C�����
��
���
	������	
�
��
��
��
�1����


D&6��	��	
��
��$
����E
�
�(���	
�
����'����0��
���
������	��
D3	���<���
�
�������	
 UU!E$
&��
�


��
�������
���	�5�����*�
��'��
����������
��
���
���������
'�	��	�+���
��������	��
�
��
���
�����


�	
��
5�	���	���	�
����
'��5����
D��*����
���
&��'�(�
�
=����*�	
�� �E�
	�
4�
��	0���
�������	��


���
5������
+��
�5����	
�
��
���������8
�
������'���8
��
���
���N����
�	
��
�����
(�
+���


�$ @�
 ��*������8
 5�����+�1����
 �	6���	�
 �	
 ���
 ��������
 ��������
 ��
 ���	��5�����8
 ����

���,������
 ��'��	����
 +��
 �5����	
 ���������	�
 �
 ���
 ����	�����
 ��
 ���������

'�	��	�+���
 D3	���<���
 ��
 ��$
  UUTE$
 @��
 ���5��N	����
 �������+���
 ��
 ���
 ���������

�������
���9�
��
����	
�	5����
�
������
����
�����	�
��
������'���8
��
����
D�$��C$
*�	
���

��
 ��$
  UUQE�
 ����
 �	
 ��
 ���
 ��
 ���
 ���������
 ��������	��
 ��
 	��������	
 �������

�C������	����
���
�
 5��������
 ��
 �	����������8
��
 ���
����������	�
��'��	�����
 �
�	
�+����

��	���
��6�	
5��
������*���	�
��+���
�	*���������	�
D��'
����	��
�C������	�
�������	���

�$ �C$
��������
 USR�
 USS�
 UTQ[
��������
 �
��������
 USU�
 UT�[
��������
��
��$
 UT�[

=���6
�
3	���<���
����[
&��'�(�
��
��$
���Q[
3	���<���
��
��$ UUT[
3	���<���
�
���*��


����[
�+�����
����E$


18



Resum de la tesi 

��$ @�
��(����
�����N����
��
���������
�'�	��	��
���
��������
 ��	�	
�	�
��C�	����
��51����

�	
����
���+�N
�8	
��
����
������
�
����������
��������
DO
#
!�
]�E
�
�	
����
���+�N
��	�	

����
 ���,�����
���5�������
 �����	�����
 ���
 +����
 ����	
 ���
 ��51����
 ���'���*��$
 �
�4�
 �

�4��
 ���
 ��	*��
���5�������
 �
���5��N�����
 +��
 ������	
 ����	�
 ��
 �����
 ��
 *���
 ��
 ���

���������
 D�$
�C$
�����
��
��$
 ���O[
���'����
 �
-6��6���
 UU�[
&��'�(�
��
��$
 ���RE
�

���
�
��������
�
���
��	�����	�
��'��	����
D�$
�C
F^;�	���	
�
-6����	�*
 UUU[
&��'�(�

��
 ��$
 ���Q[
B���
 ��
 ��$
  UTSE
 ������	
 �	�
 ��5�������
 �������	��
 �
 ��
 ��*�
 ��C�	����$

-��
�
��	��+KN	����
 ��
������	����8
 '�'�����,5���
��
 ���
���N����
��
���������
+��

6�'���	
�	
��������
4�
��*�	�
��'��
�
��	5���$

���$ ��
 	�
 �C�����
 ���
 5����
 ���������
 �
 �����15���
 ���
 �
 ���	��5����
 ���������
 ��������	���
 ��

�������	���8
��
���
���N����
+��
6�'���	
�	
�+�����
��'��	��
��+�����C
��
��	������
�

���'����
�J������
���������
�
�
*������
��
��51���
���4�$
���
��	��
���
���N����
��
���������

��������	��
�����	��5�+��	
������0�	�
 '�'������5��
 ��C�	�����
�����	7���
���
��
���
M�
�	

�����������
 �������
 ���9��
 �
 �	
 �����
 �����
 ��������
 ��
 �������
 ��
 G��
 ���5������
 �4�

���'��	�H$
-��
�
���������
������
���N����
��������	��
�8	
���	��5������
���
�
���N����

�����	����	�
���������
���
�
��������
�������
���9��
��	��
�	�
�����
�*��N	���
��
+��
��

������
��
 ��
�����C�
���N���$
&��
�
��C��
	�
��
��	��C
 ����������
�	
��'��	��
����'���
�I�

����	�
��
��
��(����
�����N����
���������
�
������
�������������
�������
���9�$

P�����*��
������
��������
����������
��
���*�
��	��C���	�
��C�	����
��
���
���N����
+��


6�'���	
 ������������$
 &��
 �
 +��
 ��
 ��������
 ���+�����
 ����
 	�
 4�
 ����������	�
 ��C�	�����
 ���


��5��������
 �	��������	�
 ����	�����
 �	�
 ������
 ��
 ��
 ������,	���
 �
 ����������
 ���	��8
 +��


��+�����C
 ��
 ��C�	����
 ��
 ���
 ���������
 ��������	��$
%���	���	�
 ��6�	
 �������
 	���
 �	5���


������0�	�
�N�	�+���
����������
�
�C������	��
��
����������8
��C���
+��
6�	
���������
+���
���
�


+��
����	�����
��
���	��5�����8
�����N����
'�����
�	
��
���5������
���
5�M����
���
���
�	��5����	��
�


+��
���
 ��	��
 ��
��*�������
��
 ���
���������
6�
�����
���'�'����	�
��'��������
 D�$
�C$
��		


�� �E$
����	�
������C��
�����N����
��'
���5�������
����
��������
�
��N	��+���
��	��	�	
���


� �4�
 �����
 ��	N������	�
 �I�
 ����������*���	�
 ��5���	��
 D���N����
 ��1���+���
 �

��������1���+����
�$
�C$
�����
��
��$
���S[
���0����
��
��$
���O[
-�4��6
��
��$
���R[
*�	�
��
��$


���S[
?�������
 ��
 ��$
 �� �[
 ����1_;�*.
 ��
 ��$
 �� �[
&��'�(�
 ��
 ��$
 ���U[
 "�	������	��	
��
 ��$


���TE$
 ����	��
 ���+������
 ���N����
 ��1���+���
 �
 ��������1���+���
 ���'4
 ����	
 �����	���


��5���	��
 ���5��N	����
 �������+����
 �����,5�+���
 �
 ��6,'����
 D�$
 �C$
 -������7	
 ��
 ��$
 ���T[


�������	�
 ��
 ��$
 �� �[
 ?����7���
 ��
 ��$
 ��  [
 ?�������
 ��
 ��$
 ���T[
 ����1_;�*.
 ��
 ��$
 ���T[


X���	�
 ��
 ��$
 ���Q[
 =��55����
 ��
 ��$
 �� �[
 "�	�����	���
 ��
 ��$
 ���UE$
 �
 �����'����	�
 ���	�


��*�������
 ��1�����
 ������
�	
	��
 �����
 ���
 �
 ����������
 ��
 ���
 ���������
��������	���
 (�
 +��


�������
 ��	�
��
 �����,	���
�
 ���
 5���������	�
��'��	����
+��
��6�
������	���
���
�
 ��
��(����


���+������
 ���N����
 ������
 ���
 �	
 ����5����
 �	
 ����
 ���*����
 ���
 ����������	�
 �����N����


���5���������	�
����
��������
����
��'
���5��N	����
�������+���
��5���	��$


19



Resum de la tesi 
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Article 2: L’ús de les diatomees com a indicadors ecològics en estuaris altament 
estratificats i avaluació dels índexs de diatomees existents. Marine Pollution Bulletin 64, 
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Article 3: L’efecte de la salinitat en el creixement i la morfologia de la valva de cinc 

diatomees estuarianes. Phycological Research 59, 83–90 
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Article 4: Morfologia i identitat de vàries espècies de diatomees petites i ecològicament 

importants pertanyents al gènere Nitzschia. Diatom Research 28 (1), 37-59 
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Article 5: Diversitat genètica i funcional en la diatomea Nitzschia inconspicua. Journal of 

Phycology (sota revisió)  
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Article 6 (Apèndix): La comunitat de diatomees bentòniques en un estuari Mediterrani 

amb falca salina: l’estuari de l’Ebre (NE Península Ibèrica. Acta Botanica Croatica 68 (2), 

285–300$
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Article 7 (Apèndix): Planothidium iberense sp. nov., una nova espècie de diatomea 

salobre de l’estuari de l’Ebre, NE Espanya. Diatom Research 26 (1), 99-107. 
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Article 8 (Apèndix): Pedogàmia i auxosporulació en Nitzschia secció Lanceolatae 

(Bacillariophyta). Phycologia 52 (2), 204-220.
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General introduction 
Estuaries: definition, classification and evaluation of its ecological status 
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GAn estuary is a fluvial-marine system (coastal gulf or final part of a river) exposed to a tidal

influence and characterised by a variable and not necessarily permanent (at spatial and 

temporal scale) mixing of marine water and freshwater coming from continental drainage$H
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a b s t r a c t

This study of the distribution of benthic diatom assemblages and their relationship with environmental
factors in a highly stratified Mediterranean estuary, i.e. the Ebro Estuary, shows the importance of
hydrological dynamics to explain the features of the diatom community in such an estuary, where river
flow magnitude and fluctuations imply strong physicochemical variability especially in sites close to the
sea. Eight sites along the estuary were sampled during 2007e2008 both at superficial and deep water
layers, in order to gather both horizontal and vertical estuarine physicochemical and hydrological
gradients. Canonical Variates Analysis and Hierarchical Cluster Analysis segregated diatom community in
two assemblages depending on the dynamics of the salt-wedge. The diatom assemblages of riverine
conditions (i.e. without salt-wedge influence) where characterised by high abundances of Cocconeis
placentula var. euglypta and Amphora pediculus, meanwhile high abundances of Nizschia frustulum and
Nitzschia inconspicua were characteristic of estuarine conditions (i.e. under salt-wedge influence).
Redundancy Analysis showed that both diatom assemblages responded seasonally to Ebro River flows,
especially in estuarine conditions, where fluctuating conditions affected diatom assemblages both at
spatial and temporal scale.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Estuaries and coastal wetlands are highly dynamic systems
characterised by pronounced natural gradients in environmental
properties due to transition between continental and marine
systems. This dynamism implies a strong fluctuation of the main
environmental parameters (e.g. salinity, nutrients, oxygen, water
turnover), which affects the distribution and composition of the
biological communities. Because of these intrinsic characteristics,
estuaries are complex systems to study, although this natural vari-
ability makes them very valuable in order to elucidate the forces
driving biological communities (Trobajo et al., 2004a). Salt-wedge
estuaries are characterised by a strong vertical stratification in
situations of low river flows, whereas this salt-wedge disappears
when river flow is high (Ibáñez et al., 1997). This type of estuary is
common in low tidal amplitude seas (e.g. the Mediterranean), such
as the Ebro Estuary (Ibáñez et al., 1999; Sierra et al., 2002) and those
from the eastern Adriatic coast (Buri�c et al., 2004; Cetini�c et al.,
2006), some examples of microtidal highly stratified estuaries.

Benthic diatoms have an important function in estuarine
systems since they are major component of the biofilms (Méléder
et al., 2007), contribute highly to primary production (up to 50%)
(Underwood and Kromkamp, 1999), have an essential function in
food webs (Lamberti, 1996), are involved in different biogeo-
chemical cycles (e.g. nitrogen and silica cycling) (Thornton et al.,
2002) and help to stabilise sediments (Underwood and Paterson,
1993). Diatoms have also been considered as excellent water
quality indicators for both past and present conditions of water
bodies because they respond directly and sensitively to many
physical, chemical and biological changes and their silica wall can
be preserved in sediments for a long time. As an advantage over
other bioindicators, they have shorter generation times, showing
a rapid response to environmental changes and therefore become
early warning indicators of changes in nutrient status (Smol and
Stoermer, 2010).

The diatom community in estuaries is subjected to natural
fluctuations in hydrological and chemical parameters resulting in
variability on species composition and biomass both at spatial and
temporal scale (Admiraal and Peletier, 1980; Underwood and
Kromkamp, 1999; Guarini et al., 2008; Van der Wal et al., 2010).
Due to this intrinsic complexity of estuarine systems, studies on
diatom communities of estuaries are scarce compared to those of
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freshwater systems. Most studies on the ecology of benthic diatom
communities in estuaries have been focused on tidal estuaries with
well-mixed water layers (McIntire and Overton, 1971; Baillie, 1987;
Underwood, 1994; Peletier, 1996; Muyalert et al., 2002; Chindah,
2004; Frankovich et al., 2006; Gordon et al., 2008); the work of
Gómez et al. (2009) in La Plata River Estuary (Argentina) is the only
one dealing with benthic diatoms in a microtidal estuary, although
this focuses only on the freshwater tidal zone.

The Ebro Estuary is a Mediterranean microtidal estuary (tide
range around 20 cm), highly stratified into two water layers, with
the presence of a salt-wedge during most of the year (Ibáñez et al.,
1997). Research on the Ebro Estuary during the last 20 years has
been focused on hydrological studies of salt-wedge dynamics
(Ibáñez et al., 1997, 1999; Sierra et al., 2002, 2004), and of nutrients
and phytoplankton (Ibáñez et al., 1995; Casamayor et al., 2001;
Pérez et al., 2002, 2009; Falco et al., 2006, 2010). Despite the
importance of the Ebro River (it is the largest river in Spain and its
basin supports an intensive water use) (Ibáñez and Prat, 2003),
there is a lack of studies on its estuarine benthic communities, with
the exception of very few studies on its macroinvertebrate
community (Ibáñez et al., 1995; Nebra et al., 2011) and a prelimi-
nary study on benthic diatoms (Rovira et al., 2009).

The aim of this study was to explain the structure and dynamics
of the benthic diatom community of the Ebro Estuary as a function
of the main environmental factors both at spatial and temporal
scales, and to identify the main benthic diatom assemblages that
characterise the prevailing ecological conditions in the estuary.

2. Materials and methods

2.1. Study area

The Ebro Estuary is 40 km long with a meanwidth of 237 m and
a mean depth of 6.8 m. It covers an approximate area of 10 km2 and
it is considered a “micro-tidal salt-wedge estuary”. The maximum
intrusion of the salt-wedge into the Ebro River is of 32 km. The river
flow, which is the main factor affecting the hydrological dynamics

of the estuary, has been highly regulated by dams built since the
1960s, in particular two reservoirs built at 100 km upstream of the
mouth for hydropower purposes (Mequinensa and Riba-roja
reservoirs). This river flow regulation increased the presence of
the salt-wedge in the estuary, being persistent during most of the
year. The salt-wedge disappears when the Ebro River flow is above
400 m3 s�1. Between 250 and 400 m3 s�1 the salt-wedge occupies
the last 5 km of the estuary, and with flows below 250 m3 s�1, the
salt-wedge advances up to 18 km from the river mouth. When the
river flow is less than 100 m3 s�1, the salt-wedge reaches its
maximum extent, i.e. 32 km from the river mouth (Ibáñez et al.,
1997), though this situation is much less frequent than the above
mentioned ones.

2.2. Sampling

Sampling campaigns were conducted every three months from
October 2007 to December 2008 in 8 sites distributed every
3e6 km along the estuary (Fig. 1). Sampling sites were chosen to
gather estuarine gradients, from upstream sites above the
maximum extent of the salt-wedge to downstream sites located in
the river mouth. At all sampling sites, water depth, temperature,
electrical conductivity (EC25), dissolved oxygen (DO2) and pH were
measured in situ with a YSI 556 multiprobe. Flow direction and
velocity were also measured in situ using a Braystoke BFM 001
current flow meter. Irradiance was measured with a QSP-2100
Submersible Scalar PAR Sensor. River flow records (measured at
Tortosa, 40 km upstream from the rivermouth) were obtained from
the Ebro Water Authority (CHE) database. The data from 30 days
before samplingwere used to calculate maximum,minimum,mean
and fluctuation (difference between maximum and minimum) of
Ebro River flow.

Benthic diatom samples were collected every three months
from both natural substrata (mainly the macrophytes Potamogeton
pectinatus and Ceratophyllum spp., and wood debris where
macrophytes were not available) and artificial substrata (fired clay
bricks). Fired clay bricks were placed at superficial (0.5 m) and deep

Fig. 1. Ebro Estuary map showing the sampling sites.
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(4e6 m) levels at each site, they were collected after three months
of colonisation and replaced with new ones every sampling
campaign. This sampling design allowed the gathering of both
vertical and horizontal physicochemical gradients in the estuary.
Artificial substratawere considered sufficiently robust to resist high
flows and sudden flow fluctuations that characterise the lower Ebro
River. However, due to the occurrence of floods, some samples of
artificial substrata were not recovered during the sampling period.
An area of 4 cm2 was scraped off the artificial substrata and three
fragments from natural substrata were included in each replicate.
Samples were fixed in 4% formaldehyde solution and two replicates
from both artificial and natural substrata were processed.

2.3. Diatom identification

Benthic samples were oxidised with H2O2 30% v/v for several
hours in order to remove the organic matter. HCl� 37% v/v was
added to evaporate the carbonates from the samples, as described
in Renberg (1990). Clean valves were permanently mounted with
Naphrax� (refractive index 1.74). The permanent slides were
examined using a LEICA DMI 3000 B light microscope equipped
with differential interference contrast (DIC) with a 100 times oil
immersion objective (n.a¼ 1.40). For scanning electron microscopy
(SEM) examinations, cleaned material was filtered onto Nuclepore
Whatman polycarbonate membranes. Filters were air-dried over-
night, mounted onto aluminium stubs, coated with gold-palladium
and examined in a Hitachi S-5500 SEM apparatus.

A minimum of 400 valves were counted in each substratum
replicate. Diatom abundance is presented as relative percentages.
Identification of diatoms to species level followed Krammer and
Lange-Bertalot (1986, 1988, 1991a, b); Witkowski et al. (2000) and
Lange-Bertalot (2001), though many other taxonomic and floristic
works were also used.

2.4. Nutrients and chlorophyll analysis

Superficial and deep water samples were collected at each
sampling site. Inorganic dissolved nutrients: silicate ðSieSiO4�

4 Þ,
nitrate ðNeNO�3 Þ, nitrite ðNeNO�2 Þ, phosphate ðPePO3�

4 Þ; total
nitrogen (TN) and total phosphorus (TP) were measured following
Grasshoff et al. (1999), while ammonium ðNeNHþ4 Þ was measured
following the method proposed by the equipment manufacturer,
ALLIANCE INSTRUMENTS, SA. Total suspended solid concentration
(TSS) andparticulate organicmatter (POM)werequantifiedaccording
to the UNE-EN 872 norm (AENOR, 1996). Phytoplankton chlorophyll
awas extracted using 90% acetone after filteringwater andmeasured
with a fluorimeter using the Lorenzen formula (Lorenzen, 1966).

2.5. Data analysis

A Hierarchical Cluster Analysis was performed in order to group
the samples according to their similarity in diatom species
composition. Sorensen’s similarity coefficient was measured on
relative abundance data, and flexible beta (�0.25 according to
Dufrêne and Legendre, 1997) was selected as the linkage method.
The statistical significance of between group’s differences was
tested using the Multi-response Permutation Procedure (MRPP).
MRPP is a non-parametric procedure (i.e. it does not require
normality and homogeneity of variances) that tests the hypothesis
of no differences in assemblage structure among groups. Sorensen’s
coefficient was also used as the distance measure. Cluster analysis
and MRPP procedure were run with PcOrd 5.0 for Windows.

Similarity Percentage Analysis (SIMPER) was performed to
identify diatom species responsible for the similarity within clus-
ters. SIMPER analysis compares the average contribution of each

diatom species to the average BrayeCurtis similarity within
samples of a cluster. The species which consistently contribute
greatly to the average similarity between samples (those that occur
at a constant high abundance and frequency) are considered
characteristic of the cluster. SIMPER was run with PRIMER 6.0
software for Windows.

Multivariate statistical techniques were also used to explore the
relationship between the diatom community distribution and the
main environmental parameters. Diatom data were analysed with
Detrended Correspondence Analysis (DCA) in order to determine
the length of the gradient. DCA analysis indicated that the gradient
length was greater than 2 sd units (2.592). Hence, the use of
unimodal ordination techniques would be appropriate for our data
(Lep�s and �Smilauer, 2003). DCA (an indirect gradient ordination
based on the unimodal response of the species to the environment)
was therefore used to determine the major patterns of variation of
the samples based on differences in species composition, without
incorporating environmental data.

Canonical Variates Analysis (CVA) was used to relate established
clusters to all measured environmental parameters. Furthermore,
diatom assemblages of different environmental conditions (clusters
1 and 2; clusters 3 and 4) were analysed separately in order to
elucidate their response to the same environmental data. Since
gradient length of distinct diatom assemblages never exceeded 2 sd
units when they were analysed separately, linear ordination tech-
niques such as Redundancy Analysis (RDA) were applied. In both
CVA and RDA analyses, environmental data (except for pH) was
logarithmically transformed before analysis to reduce skewed
distributions. According to the preliminary analyses, collinear
variables (with a VIF gt; 20) were found and therefore excluded
from the final analyses. Step-wise forward selection and a Monte
Carlo permutation test were used to choose only significant vari-
ables (P < 0.05). Probabilities for multiple comparisons were cor-
rected using the Bonferroni correction. In both RDA sets, the
remaining environmental variables were added as supplementary
variables. All ordinations analyses were performed using CANOCO
v. 4.5 for Windows.

Finally, the environmental parameters that accounted for
a significant proportion of CVA were correlated with the remain-
ing physicochemical parameters by Spearman’s correlations
(P < 0.01) using SPSS software. Only species with a relative
abundance (RA) > 0.2% and present in more than 5% of all the
samples were included in all the analyses.

3. Results

3.1. Environmental characteristics

Table 1 show themean values and variation ranges for the water
physicochemical parameters at each sampling site. Maximum,
minimum, mean and fluctuation of the Ebro River flow are shown
in Table 2. The limit of salt-wedge intrusion was situated between
sampling sites E4 and E5 (depending on the Ebro River flow) during
most of the campaigns, except for December 2008 (river flow was
above 500 m3 s�1), when the salt-wedge was not present. Because
of the stratification of water layers (due to the microtidal range
regime) and the advective circulation, the Ebro Estuary shows
longitudinal gradients both at superficial and deep water layers due
to the proximity to the sea. Thus, conductivity increased down-
stream in both layers, being oligohaline (EC25 grading from
0.75 mS cm�1 to 6.99 mS cm�1) in the superficial layer and ranging
from oligohaline to euhaline (EC25 from 0.75 mS cm�1 to
54.17 mS cm�1) in the deep layer (Table 1).

The stratification of water layers gave a vertical gradient in the
estuary where the salt-wedge was present. The deep water layer of
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this area (sampling sites E4-E8) not only showed the highest
conductivity values but also showed lower DO2, PePO3�

4 , TN and
SieSiO4�

4 concentration than the superficial water layer (Table 1,
Fig. 2). Sampling site E4 did not follow this pattern for PePO3�

4 and
NeNHþ4 concentrations, being higher at the deep layer than at the
superficial layer (Fig. 2eef).

3.2. Diatom community

A total of 160 diatom species were found in the samples ana-
lysed. From these, only 62 species had a relative abundance higher

than 0.2% and were present in more than 5% of the samples
(Table 3), therefore they were used in the statistical analyses. The
most abundant taxa belonged to widespread genera as Cocconeis,
Nitzschia, Amphora and Rhoicosphenia. Cocconeis placentula var.
euglypta (Ehrenberg) Grunow was the most abundant species and
occurred in 99% of the samples. Naviculawas the genus represented
by the highest number of species (34), followed by Nitzschia (25).

Cluster analysis produced 4 diatom assemblages according to
the similarity in species composition (Fig. 3). The MRPP indicated
significant differences between the identified groups (A ¼ 0.199,
P ¼ 0.001). Physicochemical characteristics of each cluster are
shown in Table 4; cluster 1 (31 cases) and cluster 2 (27 cases)
mainly corresponded to diatom assemblages from upstream sites
(E1, E2, E3, most of the E4 superficial samples), with the exception
of one E5 and four E7. These sites presented weak superficial
marine influence, no salt-wedge intrusion and therefore rather
well-mixed water column (except for 1 sample in cluster 2, where
salt-wedge was present). Most of the October 2007 samples were
grouped together in cluster 1 whereas April 2008 samples were
gathered in cluster 2. Cluster 3 (17 cases) and cluster 4 (21 cases)
incorporated samples from downstream sites (most E4D, some E5S,
E5D, E6, most E7 and E8), with marine influence both at superficial
and deep water layers, resulting in a stratification of the water

Fig. 2. Physicochemical parameters that accounted for spatial variability in the Ebro Estuary. SiO4
4� ¼ mg SieSiO4

4�/L, PO4
3� ¼ mg PePO4

3�/L, NH4
þ ¼ mg NeNH4

þ/L.

Table 2
Mean, minimum (Min.), maximum (Max.) and fluctuation of Ebro River flow during
30 days before sampling campaigns.

Ebro River flow (m3/s)

Mean Min. Max. Fluctuation

October 2007 177.80 123.70 263.47 139.77
January 2008 108.56 93.45 132.80 39.35
April 2008 194.08 101.60 469.16 367.56
July 2008 342.25 92.68 877.47 784.80
September 2008 180.79 137.80 269.00 131.20
December 2008 348.69 136.20 757.62 621.42
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column (except the December campaign, with a well-mixed water
column due to high river flows). Following the same pattern than
clusters 1 and 2, October 2007 downstream samples were
concentrated in cluster 3 while April 2008 samples were assembled
in cluster 4. The SIMPER analysis showed that clusters 1 and 2
(mostly upstream sites) presented higher intragroup similarity
than clusters 3 and 4 (containing downstream sites). Cocconeis
placentula var. euglypta was the most contributing species charac-
terising clusters 1(21.13%) and 3 (10.59%), whereas Amphora ped-
iculus (Kützing) Grunow was the most contributing species in
cluster 2 (16.23%) and Nitzschia frustulum (Kützing) Grunow in
cluster 4 (22.7%) (Table 5; Fig. 4).

The DCA first two axes accounted for 23.9% of total variation of
diatom communities (Fig. 5). The first axis (16.2% of the variation)
differentiated diatom assemblages from downstream sites (clusters
3 and 4) from those mainly from upstream ones (clusters 1 and 2).
The second axis (7.7% of the variation) arranged diatom assem-
blages on an apparently seasonal basis, grouping those of October
from those of April (i.e. cluster 1 and 3 from clusters 2 and 4), while
the rest of sampling campaigns remained scattered within clusters.
The DCA ordination results supported the cluster division of sites
according to diatom composition.

3.3. Environmental factors affecting diatom assemblages

CVA with forward selection of environmental data (Table 6)
indicated that ‘distance from the sea’, Ebro River flow fluctuation,
water chlorophyll a and pH were the environmental variables that
accounted for significant portions of the total variance in diatom
assemblages (i.e. established clusters) (28.2% by the first two axes,
P < 0.01). Distance from the sea explained the largest portion
(15.3%) of the total unconstrained variance while pH, Ebro River

flow fluctuation and phytoplankton chlorophyll a explained 6%,
4.4% and 2.8% respectively.

The CVA first axis (18.8% of total variance of data) correlatedwell
and negatively with ‘distance from the sea’ variable (r ¼ �0.67,
P < 0.05). Distance from the sea was in turn negatively correlated
with conductivity and positively with TP (Table 7), and similarly the
DCA first axis separated diatom assemblages from estuarine
conditions (sites withmarine influence at both superficial and deep
water layers, i.e. clusters 3 and 4) from those of riverine conditions
(mostly sites with no or weak marine influence, as is the case of
clusters 1 and 2). Thus, this axis could be related to a marine
influence gradient. The second CVA axis (9.4% of total variation in
species data) was correlated with pH (r ¼ �0.34, P < 0.05), Ebro
River flow fluctuations (r ¼ 0.43, P < 0.05) and phytoplankton
chlorophyll a (r¼�0.31, P< 0.05) and arrangeddiatomassemblages
on an apparently seasonal basis, grouping those of October (clusters
1 and 3) from those of April (clusters 2 and 4). Spearman correla-
tions (Table 7) showed that pH was positively correlated with
temperature and negatively with NeNO�2 , NeNO

�
3 and TN, whereas

water chlorophyll a was positively correlated with particulate
organicmatter (POM) and negatively with PePO3�

4 , NeNO�3 and TN,
and Ebro River flow fluctuation was negatively correlated with
conductivity, water chl a, Si-SiO4

4� and POM, and positively with TSS
and all nitrogen compounds.

As riverine and estuarine conditions have different hydrological
dynamics, their diatom assemblages were analysed separately.
Therefore, clusters 1 and 2 (diatom assemblages of riverine
conditions) and clusters 3 and 4 (diatom assemblages of estuarine
conditions) were related to all the environmental data with two
independent RDA sets (Figs. 6 and 7). In the RDA of riverine
conditions, both axes explained 19.6% of total diatom variance and
88.8% of explained species-environmental variance (Fig. 6). The first

Table 3
Diatom taxa with relative abundance (RA >0.2%) and present in more than 5% of the Ebro Estuary samples.

Diatom taxa % RA Diatom taxa % RA

Achnanthes amoena Hustedt 0.80 Navicula aff. normaloides Cholnoky 0.20
Achnanthidium minutissimum (Kützing) Czarnecki 1.42 Navicula perminuta Grunow 1.13
Achnanthes sp. 0.28 Navicula cf. perminuta Grunow 1.25
Amphora inariensis Krammer 0.29 Navicula recens (Lange-Bertalot) Lange-Bertalot 2.36
Amphora indistincta Levkov 2.22 Navicula aff. recens (Lange-Bertalot) Lange-Bertalot 0.27
Amphora aff. luciae Cholnoky 0.49 Navicula reichardtiana Lange-Bertalot 0.20
Amphora cf. meridionalis Levkov 0.61 Navicula tripunctata (O.F. Müller) Bory 0.36
Amphora ovalis (Kützing) Kützing 0.21 Navicula veneta Kützing 0.22
Amphora pediculus (Kützing) Grunow 8.32 Nitzschia amphibia Grunow 0.40
Amphora polita Krasske 0.58 Nitzschia constricta (Kützing) Ralfs 0.35
Amphora cf. vetula Levkov 1.83 Nitzschia dissipata (Kützing) Grunow 2.20
Bacillaria paxillifera (O.F. Müller) Hendey 2.57 Nitzschia filiformis (W. Smith) Van Heurck 0.90
Cocconeis cf. neothumensis var. marina De Stefano, Marino & Mazzella 0.71 Nitzschia cf. fonticola (Grunow) Grunow 0.41
Cocconeis pediculus Ehrenberg 1.03 Nitzschia frustulum* (Kützing) Grunow 8.19
Cocconeis placentula var. euglypta (Ehrenberg) Grunow 14.62 Nitzschia frustulum var. bulnheimiana (Rabenhorst) Grunow 0.81
Cocconeis placentula var. placentula Ehrenberg 1.34 Nitzschia inconspicua Grunow 5.44
Cocconeis placentula var. trilineata (M. Peragallo & J. Héribaud) Cleve 5.30 Nitzschia microcephala Grunow 0.21
Cyclotella meneghiniana Kützing 0.26 Nitzschia palea (Kützing) W. Smith 0.74
Diploneis sp. 1.15 Nitzschia cf. palea (Kützing) W. Smith 0.60
Eolimna subminuscula (Manguin) Moser, Lange-Bertalot & Metzeltin 0.43 Nitzschia prolongata Hustedt 0.34
Fallacia clepsidroides Witkowski 0.41 Nitzschia cf. sociabilis Hustedt 0.24
Gomphonema grovei var. lingulatum (Hustedt) Lange-Bertalot 0.40 Parlibellus cf. berkeleyi (Kützing) Cox 0.23
Gomphonema cf. minutum (Agardh) Agardh 0.25 Planothidium iberense Rovira & Witkowski 0.43
Gomphonemopsis obscura (Krasske) Lange-Bertalot 0.30 Pleurosira laevis (Ehrenberg) Compère 0.24
Gomphonema parvulum (Kützing) Kützing 0.22 Psammothidium punctulatum (Simonsen) Bukhtiyarova et Round 0.30
Melosira varians Agardh 0.35 Rhoicosphenia abbreviata (Agardh) Lange-Bertalot 7.24
Navicula antonii Lange-Bertalot 1.21 Synedra ulna (Nitzsch) Ehrenberg 0.21
Navicula capitatoradiata Germain 0.21 Tabularia fasciculata (Agardh) Williams & Round 2.67
Navicula cryptotenella Lange-Bertalot 2.52 Tabularia tabulata (Agardh) Snoeijs 1.59
Navicula cf. cryptotenelloides Lange-Bertalot 0.59 Thalassiosira pseudonana Hasle & Heimdal 0.22
Navicula gregaria Donkin 0.54
Navicula aff. mollis (W. Smith) Cleve 0.72

* Nitzschia frustulum sensu lato: Our recent investigation suggests that N. frustulum specimens identified here correspond to long cells of N. inconspicua after auxospor-
ulation. Though, we still maintain the division between the two taxa since they are still identified as two different entities in recent literature.
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RDA axis (15.2% of total species variation and 69.1% of fitted vari-
ation) was highly and negatively correlated to pH (r ¼ �0.63,
P < 0.05) and clearly differentiated January and April diatom
assemblages (low pH values and low minimum river flow) from
those of the rest of sampling campaigns (mainly with higher pH
values and higher minimum river flow).Thus, this axis is differen-
tiating diatom assemblages of riverine conditions under low flows
for a long period of time (i.e. January and April) from the diatom
assemblages established after high flows (gt; 400 m3 s�1) that
occurred after natural rainfall periods both in spring 2007 and 2008
and in late autumn 2008.

The second RDA axis (4.4% of total diatom variance, 19.7% of
explained variance) was positively related to Ebro River flow fluc-
tuations (r ¼ 0.63, P < 0.05) and water chlorophyll a (r ¼ 0.19,
P < 0.05). Although this axis explained a low portion of total vari-
ance it is possible to relate it to a secondary response of diatom
community to dynamic and fluctuating conditions due to Ebro
River flow fluctuations. This effect is more noticeable comparing
extreme situations, i.e. January 2008 (without fluctuations for
a long period) and July 2008 (sudden decrease in river flow after
strong floods in May 2008).

For diatom assemblages of estuarine conditions (clusters 3 and
4), the first two RDA axes explained 20.3% of total variance and
57.2% of explained variance. The first RDA axis (11.4% of total
variance, 32.2% of explained variance) was well and positively
correlated to fluctuations in Ebro River flow (r ¼ 0.54, P < 0.05) but
also negatively to ‘distance from the sea’ (r ¼ �0.38, P < 0.05) and
pH (r ¼ �0.42, P < 0.05) (Fig. 7a). This axis seems to represent once
more the response of diatom community to dynamic and fluctu-
ating conditions but in a temporal and spatial scale. Situations
with low river flow fluctuation and therefore a well-established
salt-wedge (i.e. October, January and September) were grouped
in front of fluctuating conditions where the salt-wedge is dis-
appearing (April), has disappeared (December) or has recently
penetrated into river channel after spring floods (July). Due to the
gaps of data in July and December, the diatom dynamics are more
difficult to fully interpret, although it seems that July diatom
assemblages and at least half of December diatom assemblages
were also related to fluctuating conditions present in April. There
is a secondary gradient in dynamic conditions at spatial scale,
although it is more subtle to observe due to the lack of samples in
sites close to the sea. Diatom assemblages in sites close to the sea
respond to more mixing and unstable conditions than upstream
diatom assemblages.

The second estuarine RDA axis (8% of total variance and 25.9% of
explained variance) was correlated positively to conductivity
(r ¼ 0.63, P < 0.05), PePO3�

4 concentration (r ¼ 0.24, P < 0.05) and
negatively to pH (r ¼ �0.42, P < 0.05) (Fig. 7b). This axis is likely to
represent amarine influence due to the presence and persistence of
the salt-wedge (with higher conductivity and lower nutrients,
irradiance, water velocity, pH values and temperature), and there-
fore disturbing the diatom community from deep water layers
when the salt-wedge was present as well as sites close to the sea at
superficial water layers. The positive correlation with PePO3�

4
could be related to the limit of the salt-wedge (E4D) in stable
situations with no river flow fluctuations (September and October)
(Fig. 2e).

4. Discussion

4.1. Physicochemical conditions in the Ebro Estuary

In the last few decades, the presence of the salt-wedge in the
Ebro Estuary has becomemore regular and frequent due to the flow
reduction and regulation of the Ebro River (Ibáñez et al., 1996;Ta
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Sierra et al., 2004). The increased marine influence in the Ebro
Estuary implied not only the presence of the salt-wedge at deep
water layers during most of the sampling campaigns but also, at
a smaller scale, a stronger marine influence at the superficial water
layers in sites close to the sea due to the advective circulation of the
salt-wedge and the wind-induced sea water mixing. This more
regular and stable marine influence causes the establishment of
two contrasting conditions in the Ebro Estuary: 1) a riverine
condition which usually occupies the upper 14 km of the estuary
with a rather homogenous water column due to the fact that
seawater intrusion hardly occurs; 2) an estuarine condition (which
most of the year comprises the last 18 km of the estuary), where the
marine influence affects both superficial and deep water layers. The
limit of riverine and estuarine conditions depends on the salt-
wedge position and can be altered especially by moments of high
or low river flow. In the first case the marine influence disappears
and therefore the whole estuary resembles a “riverine” situation,
while the opposite situation happens in the second case.

4.2. Environmental factors affecting diatom community

The hydrological dynamics of the Ebro Estuary affected benthic
diatom community both at spatial and temporal scale. As a result of
the complex dynamics involving the Ebro River and the sea, the
marine influence appeared as the main factor affecting spatial
diatom composition and distribution when all Ebro Estuary

samples are considered. The marine influence is represented by the
‘distance from the sea’ and is well correlated with conductivity and
with water phosphorous concentration. Some previous studies in
estuaries and similar systems (McIntire, 1978; Admiraal, 1984;
Laird and Edgar, 1992; Underwood, 1994; Peletier, 1996) pointed
out that salinity has a key role in the diatom community compo-
sition and distribution. However, in such fluctuating systems, the
salinity gradient often co-varies with nutrient concentrations, and
it is not possible to separate the effects of each parameter
(Underwood et al., 1998; Underwood and Provot, 2000; Trobajo
et al., 2004a). The present study showed that salinity (or conduc-
tivity) solely cannot be considered as a driving force determining
diatom species composition and distribution in this system,
although conductivity can be considered as a surrogate of the
marine influence. The latter also includes other physicochemical
gradients that co-vary with conductivity, e.g. the decrease in
phosphorous concentration, making very difficult to disentangle
the effect due to each of them.

Interestingly, a vertical marine influence was also identified in
the diatom assemblages of estuarine conditions. Deep water layers
with salt-wedge presence are not only affected by high conduc-
tivities and low nutrient concentration, but also by lower irradi-
ances and lower dissolved oxygen due to the higher water
residence time (Casamayor et al., 2001; Cruzado et al., 2002; Rovira
et al., 2009). The minimum oxygen values in addition with high
peaks of total phosphorous concentration and ammonium were

Fig. 3. Cluster dendogram of the 96 samples according to similarity in diatom composition. s- superficial, d- deep, dark circles: natural substrata. O ¼ October 2007, J ¼ January
2008, A ¼ April 2008, JU ¼ July 2008, S ¼ September 2008, D ¼ December 2008.
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associated with the conditions near the limit of the salt-wedge
(usually E4D-E5D), where the water can remain still for a long
time and this could increase the deposition of nutrients and deni-
trification processes, with the consequent oxygen consumption by
biological activity (Ibáñez et al., 1995; Casamayor et al., 2001). A
special casewas found in E4D in July 2008, which showed relatively
high water chlorophyll a values (5 mg l�1). The maximum water
chlorophyll a value (14.5 mg l�1) was found at E5D also in July. High
temperatures and the sudden decrease of the Ebro River flow (from
gt; 400 m3 s�1 to <100 m3 s�1 in 10 days) caused the sudden
intrusion of the salt-wedge that could have promoted the accu-
mulation of dying phytoplankton cells near the salt-wedge limit.

The benthic diatom community of the Ebro Estuary seems to
respond seasonally to the hydrological regime of Ebro River flows.
However, it is not likely that seasonality alone determined diatom
distribution and thus community composition, as has already been
suggested in other studies on similar systems (Underwood and
Kromkamp, 1999; Underwood and Provot, 2000; Trobajo et al.,
2004a). Temporal variability involves different processes (e.g. the
increase of floods, sudden river flow fluctuations, changes in light
and temperature, differences in nutrient concentrations) and
therefore it is the occurrence and interaction of some or all these
factors at certain times of the year that affects the diatom

composition and distribution. The temporal variability in diatom
communities of the Ebro Estuary seems to be very closely related to
both the Ebro River flow fluctuations and minimum flow levels for
a long period, supporting studies pointing the importance of
hydrological processes when studying diatom communities
(Martínez de Fabricius et al., 2003; Wiklund et al., 2010), especially
in estuarine conditions where sudden floods or droughts produce
a strong variability in physicochemical characteristics (Cloern et al.,
1983; Trigueros and Orive, 2000; Paerl et al., 2006).

Even though October and April diatom samples remain divided
both in riverine and estuarine conditions, the environmental
processes that force their distinction are different when analysing
each condition separately. Diatom assemblages under riverine
conditions rarely revealed amarine influence, and they inhabit more
stable conditions due to the less fluctuating dynamics. In the absence
of intrusions or disappearances of the salt-wedge, the diatom
community is mainly affected by seasonal variability in pH and long
periods of low flows. Periods of rainfall occurred during spring
(FebruaryeApril) and therefore upstream reservoirs recovered their
maximum capacity with renewed water. The opening of reservoir
floodgates at the endofApril 2007 andbeginningofMay2008caused
a sudden increase of river flow (900e1000m3 s�1) for approximately
15 days. These high river flows seem to create a shift in diatom

Table 5
SIMPER analyses e diatom species that contributed for each cluster similarity. SIM (%) represents percentage of contribution of individual species to intragroup similarity.

Cluster 1 - riverine Cluster 2 - riverine Cluster 3 - estuarine Cluster 4 - estuarine

Simper species SIM (%) Simper species SIM (%) Simper species SIM (%) Simper species SIM (%)

Cocconeis placentula
var. euglypta

21.13 Amphora pediculus 16.23 Cocconeis placentula
var. euglypta

10.59 Nitzschia frustulum 22.70

Cocconeis placentula
var. trilineata

12.13 Cocconeis placentula
var. euglypta

8.73 Tabularia fasciculata 9.48 Nitzschia inconspicua 11.48

Navicula cryptotenella 5.64 Rhoicosphenia abbreviata 8.20 Navicula recens 8.08 Rhoicosphenia abbreviata 9.20
Amphora pediculus 5.64 Amphora indistincta 6.71 Rhoicosphenia abbreviata 7.59 Cocconeis placentula

var. euglypta
5.69

Rhoicosphenia abbreviata 5.18 Nitzschia inconspicua 6.15 Bacillaria paxillifera 4.74 Navicula recens 4.22
Navicula antonii 4.51 Cocconeis placentula

var. trilineata
4.76 Nitzschia frustulum 4.32 Amphora pediculus 3.75

Navicula recens 4.02 Navicula cryptotenella 4.73 Amphora pediculus 3.96 Tabularia fasciculata 3.16
Bacillaria paxillifera 3.84 Nitzschia frustulum 4.42 Navicula aff. mollis 3.39 Navicula perminuta 2.83
Tabularia fasciculata 3.15 Achnanthidium minutissimum 4.33 Tabularia tabulata 3.26 Navicula aff. mollis 2.29
Cocconeis pediculus 2.52 Navicula antonii 3.69 Nitzschia inconspicua 3.16 Cocconeis placentula

var. trilineata
2.22

Nitzschia dissipata 2.34 Nitzschia dissipata 3.57 Navicula cryptotenella 2.96 Navicula gregaria 2.09
Amphora cf. vetula 2.33 Amphora cf. meridionalis 3.00 Nitzschia dissipata 2.83 Amphora polita 2.07
Nitzschia palea 2.30 Amphora cf. vetula 2.89 Nitzschia filiformis 2.82 Navicula cryptotenella 2.05
Nitzschia inconspicua 2.09 Cocconeis pediculus 2.21 Cocconeis placentula

var. trilineata
2.65 Nitzschia dissipata 1.68

Nitzschia frustulum 2.07 Nitzschia frustulum
var. bulnheimiana

1.93 Navicula antonii 2.55 Bacillaria paxillifera 1.67

Cocconeis placentula
var. placentula

1.97 Bacillaria paxillifera 1.84 Navicula cf. perminuta 1.59 Nitzschia filiformis 1.66

Nitzschia amphibia 1.82 Cocconeis placentula
var. placentula

1.56 Nitzschia constricta 1.59 Nizschia cf. palea 1.18

Navicula cf. cryptotenelloides 1.82 Nitzschia cf. fonticola 1.38 Nitzschia palea 1.47 Navicula veneta 1.18
Achnanthidium minutissimum 1.44 Navicula recens 1.38 Nitzschia cf. palea 1.36 Amphora indistincta 1.15
Navicula tripunctata 1.41 Nitzschia amphibia 1.38 Eolimna subminuscula 1.28 Amphora cf. meridionalis 1.14
Navicula capitatoradiata 1.39 Tabularia fasciculata 1.36 Navicula perminuta 1.27 Tabularia tabulata 1.10
Nitzschia filiformis 1.31 Total 90.45 Amphora cf. vetula 1.19 Achnanthes sp. 1.09
Total 90.05 Average similarity 55.58 Navicula gregaria 1.14 Diploneis sp. 0.98
Average similarity 59.03 Amphora polita 1.06 Navicula antonii 0.91

Navicula tripunctata 1.02 Amphora cf. vetula 0.90
Cocconeis pediculus 1.00 Cocconeis cf. neothumensis

var. marina
0.87

Navicula cf. recens 0.99 Nitzschia constricta 0.79
Diploneis sp. 0.97 Total 90.05
Nitzschia prolongata 0.96 Average similarity 46.74
Pleurosira laevis 0.76
Total 90.03
Average similarity 42.22
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community grouping summer and autumn conditions (after floods)
in front of January and April conditions (before floods). This temporal
variability in the diatom community seems to have an interannual
variability depending onflow regime, as previously recorded in other
estuarine systems (Cloern and Nichols, 1985; Guinder et al., 2010). In
the present study, this interannual variability grouped December
2008 (under natural high flows after a rainfall period) with summer
and autumn samples instead of being aggregated to January 2008
according to their similar temperature.

In contrast, under estuarine conditions the effect of the fluctu-
ating dynamics of the Ebro River flow in diatom assemblages

becomes more important because of the consequent intrusion or
extrusion of the salt-wedge. In contrast to diatom assemblages of
riverine conditions, diatom assemblages of estuarine conditions
respond rapidly to fluctuations in river flow. Stable conditions with
a well-established salt-wedge (January, September and October
samples) remain divided from unstable and dynamic conditions
with a salt-wedge fluctuation (April, July and December samples).
Dynamic conditions will also have a spatial gradient, with upstream
waters more stable and productive than assemblages close to the
sea, as observed in phytoplankton communities from other estua-
rine systems (Revilla et al., 2000).

Fig. 4. Representative taxa in each diatom assemblage (cluster) under the SEM. aeb: Cocconeis placentula var. euglypta (rapheless valve); c: Cocconeis placentula var. trilineata
(rapheless valve, interior view); d: Navicula cryptotenella (external view); e: Tabularia fasciculata (external view); f: Amphora pediculus (external view); gej: Rhoicosphenia abbreviata
(geh: rapheless valve; iej: raphe valve); k: Nitzschia inconspicua (external view); l: Nitzschia frustulum (external view).
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4.3. Ecological preferences of diatom assemblages

4.3.1. Spatial diatom assemblages
The diatom community composition reflected the distinction of

riverine and estuarine conditions in the Ebro Estuary. Clusters 1 and
2 correspond to diatom assemblage characteristic of riverine
conditions, typical of oligohaline waters, with minor conductivity
fluctuations, and very few sudden salt-wedge intrusions. The
diatom community is rather similar within sites, being Cocconeis
placentula var. euglypta, C. placentula var. trilineata, Navicula cryp-
totenella and Amphora pediculus, widespread diatom species that
thrive well in this riverine state. In contrast, clusters 3 and 4
correspond to diatom assemblages characteristic of estuarine
conditions, with a marine influence at both superficial and deep
water layers. This marine influence produces strong phys-
ichochemical gradients between sites, and as a consequence the
diatom community reflects this variation being less similar within
sites and constituted mainly of Nitzschia frustulum, Nitzschia
inconspicua, C. placentula var. euglypta, Tabularia fasciculata and
Rhoicosphenia abbreviata.

Despite the separation of the Ebro Estuary diatom community
into riverine and estuarine assemblages, most abundant diatom
species inhabit in both assemblages, with different proportions or

combinations to produce the distinction between assemblages.
Therefore, the abundance of some of these species depends on the
prevailing ecological situation in the estuary. For example, high
abundances of Amphora pediculus and C. placentula var. euglypta
were more characteristic of riverine conditions, while high abun-
dances of N. frustulum were mostly characteristic of estuarine
situations. In contrast, there are diatom species that contributed
only to riverine conditions (C. placentula var. placentula, Nitzschia
amphibia, Navicula cf. cryptotenelloides, Achnanthidium minutissi-
mum, Navicula capitatoradiata), while others were only character-
istic of estuarine conditions (Navicula aff. mollis, Diploneis sp.,
Navicula gregaria, Amphora polita, Nitzschia cf. palea, Navicula cf.
perminuta). These are type-specific taxa of riverine and estuarine
situations, although they were present at low abundances and/or
low frequencies. We can conclude that the most abundant and
frequent diatom species in the Ebro Estuary can tolerate a wide
range of conductivity and nutrient concentrations, especially in
estuarine conditions, where there is high physicochemical vari-
ability between superficial and deep water layers due to water
stratification. Our results reinforce other studies reporting this
broad tolerance of diatom communities to changes in environ-
mental variables in fluctuating systems (Underwood,1994; Sullivan
and Currin, 2000; Trobajo et al., 2004a; Bate and Smailes, 2008).

Fig. 5. DCA of diatom community in the Ebro Estuary. Riverine samples with few salt-
wedge intrusions are represented by Cluster 1 (most of October 2007 samples) and
Cluster 2 (most of April 2008 samples). Estuarine samples with marine influence both
at superficial and deep layers are represented by Cluster 3 (most of October 2007
samples) and Cluster 4 (most of April 2008 samples).

Table 6
Resume of the Canonical Variates Analyses (CVA) with forward selection of envi-
ronmental variables.

CVA axis

1 2 3

Eigenvalues 0.6 0.3 0.1
% total variance 18.8 28.2 31.1
% explained variance 60.6 90.9 100.0

Table 7
Spearman correlation coefficients between environmental variables statistically significant from CVA and the rest of physicochemical parameters. Only significant correlations
(P < 0.01) are listed. All the environmental parameters except from pH have been logarithmically transformed.

Temp (�C) Conductivity
(mS/cm)

PePO3�
4

(mg/L)
TP
(mg/L)

NeNHþ4
(mg/L)

NeNO�2
(mg/L)

NeNO�3
(mg/L)

TN
(mg/L)

SieSiO4�
4

(mg/L)
Water
chl a (mg/L)

POM
(%)

TSS
(mg/L)

pH 0.303 �0.632 �0.486 �0.299
Water chl a (mg/L) �0.296 �0.299 �0.327 0.391 0.391
Sea distance (km) �0.628 0.329
Flow fluctuation (m3/s) �0.268 0.444 0.407 0.554 0.548 �0.537 �0.413 �0.537 0.534

Fig. 6. RDA showing the relationship between diatom assemblages under riverine
conditions and selected environmental variables. Significant environmental variables
are displayed in black meanwhile supplementary variables have been added in light
grey. Samples are shown by symbols according to the first axis. “E” label in sampling
sites have been omitted. s- superficial, d- deep, n- natural. Min.flow ¼ minimum Ebro
River flow, Max.flow ¼maximum Ebro River flow. O ¼ October 2007, J ¼ January 2008,
A ¼ April 2008, JU ¼ July 2008, S ¼ September 2008, D ¼ December 2008.
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It is of note that the benthic diatom community from the Ebro
Estuary seems to be more affected by environmental parameters
than by the substrata type, since no clear segregation was found
between samples (Fig. 3, supplementary figure). Similar results
were previously reported for the Ebro Estuary (Rovira et al., 2009)
and for other ecosystems when comparing diatom assemblages
from natural and artificial substrata (Lane et al., 2003), from several
natural substrata (Winter and Duthie, 2000) and from different
macroalgal hosts (Snoeijs, 1994).

4.3.2. Seasonal diatom assemblages
An increase in abundances of Amphora pediculus, Amphora

indistincta, Rhoicosphenia abbreviata, and Nitzschia inconspicua
characterised riverine conditions before the spring floods, and
Amphora pediculus accounted for the highest abundance in these
situations. While A. pediculus has been considered eutraphentic
(Van Dam et al., 1994), other authors consider this species sensitive
to organic pollution (Kwandrans et al., 1998). In the present study,
this species was dominant in April but abundant also in other
situations where suspended organicmatter was still low. Therefore,
it could be considered as a potential indicator of situations of low
pH and low organic matter content.

In contrast, Cocconeis placentula var. euglypta, C. placentula var.
trilineata, Navicula cryptotenella and Navicula recens abundances
increased in riverine situations after spring floods, with higher
temperatures and higher organic matter content. C. placentula var.
euglypta also increased in sites close to the sea (E7) in the December
campaign, where the Ebro River flowwas high (gt; 500 m3 s�1) and
therefore the salt-wedge disappeared approximately 10 days before
sampling. This disturbance affected the diatom community and
probably produced a rapid re-colonisation of available substrata
patches in estuarine sites close to the sea (physically stressed areas
due to the erosion of sea waves) by species more characteristic of
riverine conditions (e.g. C. placentula var. euglypta). Ecological
preferences of this diatom species are still not determined, being
indicator of different salinity, nutrient and productivity ranges and
hydrological conditions (Jones, 1978; Hill and Knight, 1988; Leland

et al., 2001; Trobajo et al., 2004a; Gari and Corigliano, 2007; Licursi
et al., 2010). In the present study, it occurred in a wide range of
environmental conditions, indicating that it could represent an
opportunistic and tolerant species that can rapidly colonise
substrata (Hameed, 2003).

Diatom assemblages of estuarine conditions under well-
established salt-wedge periods were characterised by Cocconeis
placentula var. euglypta, Tabularia fasciculata and Navicula
recens, but in dynamic situations they were dominated by Nitz-
schia frustulum and Nitzschia inconspicua. Both N. frustulum and
N. inconspicua have been considered euryhaline species tolerant
also to high organic matter and nutrient concentrations (Van Dam
et al., 1994; Clavero et al., 2000; Ziemann et al., 2001;
Trobajo et al., 2004a, 2004b). This broad tolerance of abundant
and frequent estuarine diatom species, e.g. N. frustulum and
N. inconspicua, has to be considered in further ecological studies,
especially when assessing Ebro Estuary ecological status. In
freshwater systems, where environmental strong fluctuations
have been related to human disturbances, these species have
been identified as species tolerant to pollution; while in the Ebro
Estuary and other estuarine systems, this tolerance can be also
due to natural environmental fluctuations (Dauvin, 2007; Elliott
and Quintino, 2007).

The present study provides an ecological basis for further
studies on temporal and spatial distribution of benthic diatom
communities in highly stratified estuaries and similar ecosystems.
In such heterogeneous and dynamic systems, the recognition of the
ecological conditions that drive the benthic diatom community is of
crucial importance as has been shown here. This study also shows
the significance of the hydrological dynamics in affecting diatom
community in a highly stratified estuary, where river flow magni-
tude and fluctuations create high physicochemical variability
especially at sites close to the sea. Further studies on the effects of
these hydrological processes on estuarine biota in general and
diatoms in particular are required in order to success in assessing
the Ebro Estuary ecological status according to European Water
Framework Directive.

Fig. 7. RDA showing the relationship between diatom assemblages under estuarine conditions and selected environmental variables. Fig. 7a: Samples classified by symbols
according to first axis. Fig 7b: Samples classified by symbols according to second axis. Significant environmental variables are displayed in black meanwhile supplementary variables
have been added in light grey. “E” label in sampling sites have been omitted. s- superficial, d- deep, n- natural. Min.flow ¼ minimum Ebro River flow, Max.flow ¼ maximum Ebro
River flow. O ¼ October 2007, J ¼ January 2008, A ¼ April 2008, JU ¼ July 2008, S ¼ September 2008, D ¼ December 2008.
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Fig. s1. NMDS based on similarity between samples using diatom species composition. s- superficial, d- deep, n- 

natural. O = October 2007, J = January 2008, A = April 2008, JU = July 2008, S = September 2008, D = December 

2008. 
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a b s t r a c t

Diatom indices are used to evaluate the ecological status of rivers but they have been rarely applied in
estuaries. This study aimed to identify the diatom species indicating the main environmental gradients
and pressures in a highly stratified estuary; and to evaluate the applicability of existing freshwater dia-
tom indices. Marine influence due to salt-wedge intrusion and sea water mixing appeared as the main
factor affecting diatom community. Three diatom assemblages were identified: indicators of riverine con-
ditions (without marine influence), indicators of estuarine conditions (heterogeneous conditions with
higher conductivities due to marine influence) and those specifically indicating well-established salt-
wedge situations. Nowadays, the main human pressure affecting diatom community in the Ebro Estuary
is the hydrological alteration resulting from flow regulation and abstraction. Several limitations were
encountered in the application of diatom indices (e.g. inverse response with nutrients; ecologically
important species not considered). Therefore, their use in estuaries should be done cautiously.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Estuaries and other transitional waters are dynamic ecosystems
showing a high spatial and temporal physicochemical variability
(Cloern et al., 1989; Rovira et al., 2009; Webster et al., 2000), and
they can also present several pollution gradients due to the high
number of human activities influencing them. Moreover, some
natural stressors in transitional waters can be modified by human
activities, making it very difficult to discern natural from anthropo-
genic stressors (Dauvin, 2007; Elliott and Quintino, 2007). There-
fore, dominant estuarine flora and fauna will reflect this natural
variability, but at the same time it may have features very similar
to those found in anthropogenically stressed areas difficulting the
detection of anthropogenic stress effects and, consequently, the
accurate assessment of ecological status in estuaries (Elliott and
Quintino, 2007).

The Water Framework Directive (WFD; EC, 2000) aims to assess
the ecological status of all European water bodies (including tran-
sitional waters) using hydromorphological, physicochemical and
biological indicators (i.e. phytoplankton, macroalgae, phytoben-
thos, macroinvertebrates and fish) (Allan et al., 2006; Borja et al.,
2004; Logan and Furse, 2002). Due to its reduced mobility and
short generation times, phytobenthos has shown a rapid response
to environmental changes and can integrate environmental condi-

tions better than other bioindicators (Smol and Stoermer, 2010);
being commonly used in the assessment of the ecological status
and monitoring of anthropogenic impacts. Diatoms are the main
component of phytobenthos, being one of the most important
algae groups used for ecological assessment (Descy and Coste,
1991; Kelly et al., 1995, 1998; King et al., 2006; Warwick et al.,
1990). Their ubiquity, their direct and sensitive response to physi-
cochemical changes, and their preservation in sediments for a long
time makes them good water quality indicators for both present
and past environmental changes (Smol and Stoermer, 2010).

In Europe there are about 20 diatom-based metrics that were
initially developed to assess nutrient and/or organic pollution in
rivers and, later, some of them have been adapted to fulfil the
WFD requirements of assessing the ecological status of these eco-
systems (Kelly et al., 2009). Nowadays, diatom indices are being
routinely used in most EU member states to evaluate the ecological
quality of rivers and streams. However, little information is avail-
able about the use of benthic diatoms as bioindicators in estuaries
and other transitional systems, with only very few studies carried
out in Europe (Bogaczewicz-Adamczak and Dziengo, 2003; Della
Bella et al., 2007; Zgrundo and Bogaczewicz-Adamczak, 2004)
and in USA (Bauer et al., 2007). The study of Della Bella et al.
(2007) is the only one dealing with the controversies of water
quality assessment in these complex water bodies.

The present study is the first attempt to evaluate the use of
benthic diatoms to assess the ecological status in a highly stratified
estuary. Highly stratified estuaries are usually characterised by
weak tides, resulting in strong vertical water column stratification

0025-326X/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
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that affects biological communities (Ibáñez et al., 1997; Nebra
et al., 2011; Rovira et al., 2009). The study had two main objec-
tives: the first was to identify the main environmental gradients
in the Ebro Estuary and establish diatom indicator species associ-
ated with these gradients; the second objective was to identify
the most relevant human pressures and evaluate the application
of existing freshwater diatom indices to assess the ecological status
of a highly stratified estuary, namely the Ebro Estuary.

2. Materials and methods

2.1. Study area

The Ebro Estuary covers an approximate area of 10 km2 and is
40 km long with a mean width of 237 m and a mean depth of
6.8 m. It is considered a ‘‘micro-tidal salt-wedge estuary’’ with a ti-
dal range around 20 cm. This weak tidal range favours the vertical
stratification of the water column and the existence of a salt
wedge, with a maximum intrusion in the Ebro River of 32 km.
The hydrology and dynamics of this salt wedge are controlled
mainly by the Ebro River flow, disappearing when the Ebro River
flow is above 400 m3/s. Between 250 and 400 m3/s the salt wedge
occupies the last 5 km of the estuary, and with discharges below
250 m3/s, the salt wedge advances up to 18 km from the river
mouth (this is the most frequent situation). When the river flow
is less than 100 m3/s, the salt wedge reaches its maximum extent
(32 km from the river mouth), although this situation is much less
frequent (Ibáñez et al., 1997). The lower Ebro River flow has been
largely regulated since 1960s with two reservoirs (Mequinenza
and Riba-Roja) situated 100 km upstream the river mouth for
hydropower purposes, and it has decreased by 40% due to intensive
water uses in the Ebro basin, with irrigation accounting for 90% of
water consumed (Ibáñez and Prat, 2003).

2.2. Sampling

Eight sampling sites distributed every 3–6 km within the estu-
ary were sampled every 3 months from October 2007 to December

2008 (Fig. 1). Benthic diatom samples were collected from both
natural substrata (mainly macrophytes Potamogeton pectinatus
and Ceratophyllum spp., and wood debris where macrophytes were
not available) and artificial substrata (fired clay bricks). Fired clay
bricks were placed at superficial (0.5 m) and deep (4–6 m) levels
at each site. This sampling design allowed the gathering of both
vertical and horizontal physicochemical gradients in the estuary.
Artificial substrata were considered robust enough to resist high
flows and sudden flow fluctuations that characterise the lower
Ebro River. However, due to sudden increases in the river flow,
some samples of artificial substrata were not recovered during
the sampling period. An area of 4 cm2 was scrapped off the artifi-
cial substrata and three fragments from natural substrata were in-
cluded in each replicate. Two replicates from both artificial and
natural substrata were processed in each site.

Water depth, temperature, electrical conductivity (EC25), dis-
solved oxygen (DO2), and pH were measured in situ using an YSI
556 multiprobe. Flow direction and velocity were also measured
in situ using a BFM 001 current flow meter.

Lower Ebro River flow records (measured in Tortosa, 40 km up-
stream from the river mouth) were obtained from the Ebro Hydro-
graphical Confederation (CHE) database. Historical data from 1913
to 2008 was used to analyse the annual average of daily flow and
monthly fluctuation range (difference between maximum and
minimum flow during 1 month) of lower Ebro River flow. The data
from 30 days before sampling was used to calculate average, max-
imum, minimum, and fluctuation range of the lower Ebro River
flow during each sampling campaign.

2.3. Nutrient and chlorophyll analyses

Water samples were collected both at superficial and deep
water layers in order to determine nutrients and chlorophyll a con-
tent. Dissolved nutrients: silicate (Si-SiO4�

4 ), nitrate (N-NO�3 ), ni-
trite (N-NO�2 ), phosphate (P-PO3�

4 ), ammonium (N-NHþ4 ); total
nitrogen (TN) and total phosphorus (TP) were measured following
Koroleff et al. (1977). Historical data for phosphate (P-PO3�

4 ) and

Fig. 1. Ebro Estuary map showing sampling sites.
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nitrate (N-NO�3 ) was obtained from 1987 to 2008 from CHE data-
base to show annual and monthly variability.

Total suspended solid concentration (TSS) and particulate or-
ganic matter (POM) were quantified according to UNE-EN 872
norm (AENOR, 1996). Phytoplankton chlorophyll a was extracted
using 90% acetone and measured with a fluorimeter using Loren-
zen formula (Lorenzen, 1966).

2.4. Diatom identification

Benthic diatom samples were oxidised with H2O2 30% v/v a few
hours in order to remove the organic matter and HCl� 37% v/v was
added to eliminate carbonates, as described in Renberg (1990).
Clean valves were permanently mounted with Naphrax� (refrac-
tive index 1.74). Slides were examined using a LEICA DMI 3000B
light microscope equipped with differential interference contrast
(DIC) under oil immersion objective at �100 magnification
(n.a = 1.40). A minimum of 400 valves were counted at both natu-
ral and artificial replicates and identification of diatoms was done
down to species level using specialised bibliography (e.g. Krammer
and Lange-Bertalot, 1986, 1988, 1991a,b; Lange-Bertalot, 2001;
Witkowski et al., 2000).

2.5. Data analysis

A principal component analysis (PCA) with all environmental
data available (water depth, distance to the sea, water velocity,
pH, DO2, temperature, EC25, water chlorophyll a, dissolved nutri-
ents, TN, TP, TSS, POM and lower Ebro River flow records) was per-
formed to reduce the dimensionality of the dataset and determine
major environmental gradients in the Ebro Estuary. A total of 96
samples were included in the analysis using previously standard-
ised variables (values minus its average and divided by its standard
deviation). Varimax rotation was applied to maximise the variance
of each of the factors, so the total amount of variance accounted for
is redistributed over the extracted factors. Annual averages of daily
flow and monthly fluctuation range of lower Ebro River flow were
compared before and after reservoir construction by a one-way

Table 2
Diatom taxa with relative abundance (RA > 0.2%) and present in more than 5% of the Ebro Estuary samples.

Diatom taxa % RA Diatom taxa % RA

Achnanthes amoena Hustedt 0.80 Navicula aff. normaloides Cholnoky 0.20
Achnanthidium minutissimum (Kützing) Czarnecki 1.42 Navicula perminuta Grunow 1.13
Achnanthes sp. 0.28 Navicula cf. perminuta Grunow 1.25
Amphora inariensis Krammer 0.29 Navicula recens (Lange-Bertalot) Lange-Bertalot 2.36
Amphora indistincta Levkov 2.22 Navicula aff. recens (Lange-Bertalot) Lange-Bertalot 0.27
Amphora aff. luciae Cholnoky 0.49 Navicula reichardtiana Lange-Bertalot 0.20
Amphora cf. meridionalis Levkov 0.61
Amphora ovalis (Kützing) Kützing 0.21 Navicula tripunctata (O.F. Müller) Bory 0.36
Amphora pediculus (Kützing) Grunow 8.32 Navicula veneta Kützing 0.22
Amphora polita Krasske 0.58 Nitzschia amphibia Grunow 0.40
Amphora cf. vetula Levkov 1.83 Nitzschia constricta (Kützing) Ralfs 0.35
Bacillaria paxillifera (O.F. Müller) Hendey 2.57 Nitzschia dissipata (Kützing) Grunow 2.20
Cocconeis cf. neothumensis var. marina De Stefano, Marino & Mazzella 0.71 Nitzschia filiformis (W. Smith) Van Heurck 0.90
Cocconeis pediculus Ehrenberg 1.03 Nitzschia cf. fonticola (Grunow) Grunow 0.41
Cocconeis placentula var. euglypta (Ehrenberg) Grunow 14.62 Nitzschia frustuluma (Kützing) Grunow 8.19
Cocconeis placentula var. placentula Ehrenberg 1.34 Nitzschia frustulum var. bulnheimiana (Rabenhorst) Grunow 0.81
Cocconeis placentula var. trilineata (M. Peragallo & J. Héribaud) Cleve 5.30 Nitzschia inconspicua Grunow 5.44
Cyclotella meneghiniana Kützing 0.26 Nitzschia microcephala Grunow 0.21
Diploneis sp. 1.15 Nitzschia palea (Kützing) W. Smith 0.74
Eolimna subminuscula (Manguin) Moser, Lange-Bertalot & Metzeltin 0.43
Fallacia clepsidroides Witkowski 0.41 Nitzschia cf. palea (Kützing) W. Smith 0.60
Gomphonema grovei var. lingulatum (Hustedt) Lange-Bertalot 0.40 Nitzschia prolongata Hustedt 0.34
Gomphonema cf. minutum (C. Agardh) C. Agardh 0.25 Nitzschia cf. sociabilis Hustedt 0.24
Gomphonemopsis obscura (Krasske) Lange-Bertalot 0.30 Parlibellus cf. berkeleyi (Kützing) Cox 0.23
Gomphonema parvulum (Kützing) Kützing 0.22 Planothidium iberense Rovira & Witkowski 0.43
Melosira varians C. Agardh 0.35 Pleurosira laevis (Ehrenberg) Compère 0.24
Navicula antonii Lange-Bertalot 1.21 Psammothidium punctulatum (Simonsen) Bukhtiyarova et Round 0.30
Navicula capitatoradiata Germain 0.21 Rhoicosphenia abbreviata (C.Agardh) Lange-Bertalot 7.24
Navicula cryptotenella Lange-Bertalot 2.52 Synedra ulna (Nitzsch) Ehrenberg 0.21
Navicula cf. cryptotenelloides Lange-Bertalot 0.59 Tabularia fasciculata (C.Agardh) Williams & Round 2.67
Navicula gregaria Donkin 0.54 Tabularia tabulata (C.Agardh) Snoeijs 1.59
Navicula aff. mollis (W. Smith) Cleve 0.72 Thalassiosira pseudonana Hasle & Heimdal 0.22

a Nitzschia frustulum sensu lato: Our recent investigation (in preparation) suggest that specimens identified here as N. frustulum correspond to the initial cells of N.
inconspicua after auxosporulation. However, we decided to maintain the division between the two taxa since nowadays they are still routinely identified as two different
entities and, therefore, existing diatom indices also consider them separately.

Table 1
Overview of diatom-based indices included in the present study. Code: indices
abbreviation; source: publication from which the index was first described.

Code Index Source

CEE Descy and Coste diatom index Descy and Coste (1991)
DESCY Descy index Descy (1979)
DI-CH Swiss diatom index Buwal (2002)
EPI-D Diatom-based eutrophication/

pollution index
Dell’Uomo (1996)

GENRE Generic diatom index Rumeau and Coste (1998)
IBD Biological diatom index Lenoir and Coste (1996)
IDAP Artois-Picardie diatom index Prygiel et al. (1996)
IDP The Pampean diatom index Gómez and Licursi (2001)
IPS Specific pollution sensitivity index Coste in Cemagref (1982)
L&M Leclercq and Maquet index Leclercq et al. (1987)
LOBO LOBO index Lobo et al. (2002)
SHE Schiefele and Schreiner index Schiefele and Schreiner

(1991)
SID Austrian saprobic index Rott et al. (1997)
SLA Sládecěk index Sládeček (1986)
TDI Trophic diatom index Kelly (1998)
TID Austrian trophic index Rott et al. (1999)
WHAT Watanabe index Watanabe et al. (1986)
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ANOVA. PCA and one-way ANOVA were carried out using SPSS 19.0
for Windows.

Diatom assemblages were differentiated using hierarchical
cluster analysis with Sorensen’s similarity coefficient on relative
abundance data and with a flexible beta (b = �0.25, Dufrêne and
Legendre, 1997) as the linkage method. The statistical significance
of between groups’ differences was tested using the multi-re-
sponse permutation procedure (MRPP). MRPP is a non-parametric
procedure (does not require normality and homogeneity of vari-
ances) that tests the hypothesis of no differences in assemblage
structure among groups. Sorensen coefficient was also used as
the distance measure. Cluster analysis and MRPP procedure were
run with PcOrd 5.0 for Windows. Diatom assemblages resulting
from cluster analysis were visualised in a non-metric multidimen-
sional scaling (NMDS) ordination space using PRIMER 6.0 for
Windows.

Indicator species analysis (Dufrêne and Legendre, 1997) was
used to identify diatom species which are indicators of the diatom
assemblages obtained by cluster analysis and NMDS. Indicator spe-
cies analysis combines the abundance and frequency of diatom
species into an indicator value (IV) that varies from 0 to 100, with
100 being a perfect indicator value. IV is the maximum when all
individuals are found in a single cluster (high specificity) and they
are present in all the samples of the cluster (high fidelity) (Dufrêne
and Legendre, 1997). IV were calculated using PcOrd 5.0 for Win-
dows and only those IV statistically significant with Montecarlo
permutations (999 permutations, P < 0.05) were included in the
analyses.

EC25 optimum and tolerance for each indicator species were cal-
culated with weighted averages using C2 software. Moreover, EC25

minimum, maximum and coefficient of variation (CV; [average/
standard deviation] � 100) were also determined for each indica-
tor species.

Seventeen diatom-based indices developed for river water qual-
ity evaluation were applied (Table 1). Most of these diatom indices
are derived from the weighted average formula of Zelinka andMar-
van (1961), which considers the sum of the species abundance
influenced by their sensitivity and by their indicator value to dif-
ferent pollution gradients:

ID ¼
P

Aj Ij Sj
P

Aj Ij

where Aj = relative abundance of the species j; Ij = indicator value of
the species j; and Sj = sensitivity value of the species j.

These indices were originally developed to assess nutrient and/
or organic pollution in rivers and, recently, some of them have
been adapted to fulfil the WFD requirements of assessing ecologi-
cal status of freshwater ecosystems (Kelly et al., 2009).

Diatom indices were calculated using the OMNIDIA software
version 4.1. Results from indices were assigned to five ecological
status classes established by the WFD: values from 1 to 5 to
‘‘bad’’ status class; values from 5 to 9 to ‘‘poor’’ status class; values
from 9 to 13 to ‘‘moderate’’ status class, from 13 to 16 to ‘‘good’’
status class and the ‘‘high’’ status class to values from 16 to 20.

Relationships between diatom indices and physicochemical
variables were analysed with Spearman rank correlations using
SPSS 19.0 for Windows. In all statistical analyses, except pH, envi-
ronmental data were logarithmically transformed prior to analysis
to reduce skewed distributions. Only species with a relative abun-
dance (RA) > 0.2% and present in more than 5% of the samples were
included in all analyses. Table 2 lists included species and their
authorities.

3. Results

3.1. Hydrological and physicochemical variability of the lower Ebro
River

Historical data of the lower Ebro River flow from early 1900s to
2008 is shown in Fig. 2. Since the construction of reservoirs (mainly
since the construction of Mequinenza reservoir in 1964) and the
expansion of the irrigated area, the lower Ebro River flow de-
creased 40% from an average of 565 m3/s (1913–1963 period) to
356 m3/s (1964–2008 period) (ANOVA, P < 0.05; Fig. 2a). A signifi-
cant decrease in the monthly flow fluctuation range was also ob-
served from an average of 892 m3/s (1913–1963 period) to
487 m3/s (1964–2008 period) after irrigation expansion and reser-
voirs construction (ANOVA, P < 0.05), and therefore the lower Ebro
River flow is more stable now than before damming (Fig. 2b).

The lower Ebro River flow shows a seasonal pattern (Fig. 3a)
both before and after reservoir construction, being higher and
more variable from year to year in late winter and early spring,
and decreasing in magnitude and variability in summer and early
autumn. However, this seasonal pattern was slightly different in
the present study (2007–2008) (Fig. 3b). The initial sampling cam-
paign in 2007 was characterised by an increase in river flow in
early spring, being at its maximum in April (monthly average of
982 m3/s), corresponding to the opening of reservoir flood gates

Fig. 2. (a) Lower Ebro River flow and (b) lower Ebro River flow fluctuation range (difference between maximum and minimum) from 1913 to 2008. The showed values are the
annual averages for daily flow (a) and monthly fluctuation range (b). Data collected in Tortosa (40 km from Ebro River mouth) from Ebro Hydrographical Confederation (CHE).
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due to high water levels after a strong rainfall and melt-water per-
iod. Unfortunately, diatom sampling started in October 2007, and
therefore there is no diatom data of this previous period. Lower
Ebro River flow decreased that summer (monthly average
<200 m3/s) and did not increase in autumn and winter due to the
drought suffered that year (water levels in Mequinenza reservoir
were <50% from October 2007 to April 2008, according to CHE
data). At the end of April 2008 and during May 2008 rainfalls filled
reservoir levels again and reservoir flood gates were open from
May until end of June 2008, with a monthly river flow average
�600 m3/s.

Regarding dissolved nutrients, P-PO3�
4 concentration in the low-

er Ebro River clearly decreased from average annual values around
0.2–0.3 mg/L P-PO3�

4 in late 1980s to 0.05 mg/L P-PO3�
4 in the pres-

ent study (Fig. 4a); meanwhile N-NO�3 did not show any signs of
decrease, being the historical average value of the N-NO�3 concen-
tration of 2.43 mg/L (Fig. 4b).

3.2. Environmental gradients in the Ebro Estuary

The two first PCA factors accounted for the 37.83% of the total
variation of the physicochemical and hydrological data considered
(Table 3). The first PCA factor (21.51% of variation, Fig. 5) was well
and negatively correlated with EC25 and water depth; and posi-
tively correlated with water velocity, DO2, N-NO�3 , TN and
Si-SiO4�

4 . This factor separated deep water samples where the salt
wedge was present from all the others, comprising both superficial
and deep water non-salt-wedge samples. Salt-wedge water sam-
ples did not only have higher conductivities and lower nutrient
concentrations, but also lower water velocities and lower DO2.
The decrease of DO2 and water velocity was stronger near the
salt-wedge tip, where the water can remain still for a long period
and the oxygen consumption due to biological processes is higher.
The second PCA factor (16.32% of variation, Fig. 5) was only related
to hydrological variables, being strongly and positively correlated

Fig. 3. (a) Monthly average and standard deviation of lower Ebro River flow from 1913 to 2008 before (grey bars) and after (black bars) construction of Mequinenza reservoir
in 1964; (b) monthly average and standard deviation of lower Ebro River flow during the present study (2007 and 2008). Data collected in Tortosa (40 km from Ebro River
mouth) from Ebro Hydrographical Confederation (CHE).

Fig. 4. (a) Historical dissolved phosphate (P-PO3�
4 ) and (b) historical dissolved nitrate (N-NO�3 ) concentrations in the lower Ebro River from 1987 to 2008. Annual averages and

standard deviation values are shown. Data collected in Tortosa (40 km from Ebro River mouth) from Ebro Hydrographical Confederation (CHE).
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with the average, maximum and fluctuation range of lower Ebro
River flow and which differentiated January samples from the rest.
River flow was low (<200 m3/s) and stable from summer 2007 to
spring 2008 because of the scarce rainfall during that period. Janu-
ary 2008 samples had therefore been subjected to the longest per-
iod of low and stable flow until April, when rainfall returned. Thus,
this axis could be related to stability of lower Ebro River flow dur-
ing low flow periods, with the consequent stability of the salt
wedge in its estuary.

3.3. Diatom assemblages and indicator species

A total of 160 diatom species were identified. From these, 62
species had a total relative abundance higher than 0.2%, occurring
in more than 5% of samples and therefore were the species selected
for the statistical analyses (Table 2). MRPP indicated significant dif-

ferences between the identified groups in cluster analysis
(A = 0.199, P = 0.01). Cluster analysis (view Supplementary mate-
rial S1) and NMDS identified two main diatom assemblages
(Fig. 6): one comprised of samples without or with weak marine
influence (i.e. samples of riverine conditions, mostly upstream sites
without salt-wedge intrusions); and the other comprised of sam-
ples with marine influence at deep water layers, due to salt-wedge
presence, but also (although at a minor scale) at superficial layers
due to the advective salt-wedge circulation and proximity to the
sea (i.e. samples of estuarine conditions, mostly downstream sites).

Benthic diatom indicator species of both riverine and estuarine
conditions were recognised through indicator species analysis
(Supplementary material S2). From the 48 species that showed sta-
tistically significant indicator values (IV) after Montecarlo permu-
tation test (P < 0.05), 17 species had high IV (>60%) and could
therefore be considered as good indicator species of the two main
ecological conditions identified in the Ebro Estuary. Thus, Achnan-
thidium minutissimum (IV = 77%), Amphora pediculus (IV = 80%),
Amphora cf. vetula (IV = 78%), Cocconeis placentula var. euglypta
(IV = 84%), Cocconeis placentula var. trilineata (IV = 85%), Navicula
antonii (IV = 80%), Navicula cryptotenella (IV = 78%), Navicula cf.
cryptotenelloides (IV = 63%) and Nitzschia amphibia (IV = 60%)
emerged as good indicator species of riverine conditions in the
Ebro Estuary. On the other hand, Amphora polita (IV = 69%), Navic-
ula gregaria (IV = 61%), Navicula aff. mollis (IV = 69%), Navicula per-
minuta (IV = 60%), Navicula recens (IV = 61%), Nitzschia constricta
(IV = 61%), Nitzschia frustulum (IV = 83%) and Tabularia fasciculata
(IV = 65%) emerged as good indicator species for the estuarine
conditions.

On the whole, the indicator species of riverine conditions
tended to show higher frequency of occurrence within the condi-
tion (high fidelity) than those of estuarine conditions. The specific-
ity of the 48 species considered for each of the two conditions was
relatively high (>65%), though very high (>95%) specificity was only
found in some indicator species of estuarine conditions such as
Achnantes amoena, Amphora aff. luciae, A. polita, Cocconeis cf. neot-
humensis var. marina, Diploneis sp., Fallacia clepsidroides, Gompho-
nemopsis obscura, Navicula cf. perminuta, Nitzschia prolongata,
Parlibellus cf. berkeleyi, Planothidium iberense and Psammothidium
punctulatum. Interestingly, most of these species showed a very
low fidelity (they were only found in a reduced subset of samples
within estuarine conditions), resulting in a low IV.

Optimum, tolerance, minimum, maximum and coefficient of
variation for conductivity (EC25) are also listed for all the indicator
species of riverine and estuarine conditions in Supplementary
material S2. Although most indicator species were present along
the whole conductivity gradient, their EC25 optimum depended
on the species considered. While indicator species of riverine con-
ditions showed a more similar EC25 optimum (ca 2.45 mS/cm),
indicator species of estuarine conditions exhibited a considerable
variation in their EC25 optimum, ranging from 3.1 mS/cm in the
case of N. recens up to 34.3 mS/cm for Amphora aff. luciae.

Interestingly, some indicator species of estuarine conditions
such as Amphora aff. luciae, Cocconeis cf. neothumensis var. marina,
Diploneis sp., G. obscura, Parlibellus cf. berkeleyi and P. iberense
showed both the highest EC25 optimum values (>17 mS/cm) and
the lowest coefficients of variation, and most of them also showed
the highest specificity (>95%) and the lowest fidelity (<25%) values
(i.e. they were present in particular samples within the condition).

3.4. Application of diatom-based indices

There are no specific indices for assessing ecological status of
estuaries and other transitional waters using diatoms. Therefore,
as a first step towards developing such an index, we evaluated

Table 3
Percentage of the explained variance and factor scores of the standardised environ-
mental variables included in the PCA. Factor scores below 0.40 are not shown.

% Variance explained PCA factor

1 2

21.51 16.32

Depth (m) �0.82
DO2 (mg/L) 0.53
EC25 (mS/cm) �0.84
N-NO�3 (mg/L) 0.79
TN (mg/L) 0.77

Si-SiO4�
4 (mg/L) 0.70

Water velocity (m/s) 0.83
Max. flow (m3/s) 0.98
Flow fluctuation (m3/s) 0.98
Average flow (m3/s) 0.96

Fig. 5. Representations of the samples in the PCA factor space [1, 2]. Filled symbols
represent deep samples with salt-wedge presence; empty symbols represent
superficial samples and deep non-salt-wedge samples. Symbol shapes identify the
sampling campaigns; circles: October 2007, squares: January 2008, rectangles: April
2008, ellipses: July 2008, right-sided triangles: September 2008, down-sided
triangles: December 2008.
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the application of 17 diatom-based indices developed for rivers
(see Section 2) to our sample set.

The ecological status classification of the Ebro Estuary de-
pended entirely on which index was applied. For any given sam-
pling campaign, different indices showed very different status
class assessments of the Ebro Estuary (Table 4). Moreover, the sta-
tus class resulting from the application of most indices also varied
depending on the season considered. Extreme status classes were
assigned to some sampling campaigns; January and April resulted
in a ‘‘bad’’ class for TDI, meanwhile December was rated as ‘‘high’’
when applying DESCY. In general, trophic indices (TDI, TID) were
the most severe ones, assigning ‘‘bad’’ or ‘‘poor’’ ecological status
in all sampling campaigns (Table 4).

Diatom indices were also applied separately to the two groups
of samples corresponding to riverine and estuarine conditions. In
general, samples of estuarine conditions (most samples of down-
stream sites) showed lower ecological status values than samples
of riverine conditions (mainly samples of upstream sites) (Supple-
mentary material S3). For some indices (i.e. CEE, DESCY, EPI-D,
GENRE, IBD, IDAP, IPS, L&M, TDI and WHAT) this differences re-
sulted in an inferior ecological status class.

The percentage of indicator species considered in each index is
represented in Table 5. On the whole, the indices applied included
a higher percentage of indicator species of riverine conditions than
of estuarine conditions. Except for IPS and TDI, the other 14 diatom
indices that consider diatoms at species level did not take into ac-
count a very high percentage of indicator species of estuarine con-
ditions (from 61% to up 96% indicator species were excluded
depending on the index).

Spearman rank correlations were applied to all Ebro Estuary
samples to find relationships between diatom-based indices and
physicochemical variables (Table 6). Most indices were strongly

and negatively correlated with conductivity (P < 0.05). The correla-
tions of indices with nutrients were very weak and most of them
showed an inverse response (positive correlation with nutrient
concentration) to the expected one. Only IDP, L&M and trophic
indices (TDI and TID) were negatively correlated with TP (IDP),
N-NO�2 (L&M, TDI and TID) and N-NO�3 (TID), though all the corre-
lation coefficient values were rather low (i.e. below 0.4).

In order to study the possible relationship between indices and
nutrient enrichment without the strong effect of conductivity,

Fig. 6. Non-metric multidimensional scaling (NMDS) ordination plot of Ebro Estuary samples according to benthic diatom community composition. Filled squares: diatom
assemblage of riverine conditions; empty circles: diatom assemblage of estuarine conditions.

Table 4
Ecological status class obtained for each sampling campaing after the application of diatom indices considered in OMNIDIA. Mod. = Moderate.

CEE DESCY DI-CH EPI-D GENRE IBD IDAP IDP IPS L&M LOBO SHE SID SLA TDI TID WHAT

October 07 Mod. Good Poor Mod. Mod. Mod. Mod. Mod. Mod. Good Mod. Mod. Mod. Mod. Poor Poor Good
January 08 Mod. Good Mod. Mod. Mod. Mod. Mod. Mod. Mod. Mod. Mod. Mod. Mod. Mod. Bad Poor Good
April 08 Mod. Good Mod. Mod. Poor Mod. Mod. Mod. Good Mod. Mod. Good Mod. Good Bad Poor Good
July 08 Good Good Mod. Mod. Poor Mod. Mod. Mod. Good Good Good Good Good Good Poor Poor Good
September 08 Mod. Good Poor Mod. Mod. Poor Mod. Mod. Mod. Good Mod. Mod. Mod. Mod. Poor Poor Good
December 08 Good High Mod. Mod. Mod. Mod. Mod. Mod. Mod. Good Mod. Mod. Mod. Mod. Poor Poor Good

Table 5
Percentage (%) of indicator diatom species of riverine and estuarine conditions
considered in each diatom-based index applied. Cons: indicator species considered;
no cons: indicator species not considered. GENRE index was excluded since it only
considers diatoms at genus level.

Index Riverine conditions Estuarine conditions

% Cons. % No cons. % Cons. % No cons.

CEE 72.73 27.27 38.46 61.54
DESCY 59.09 40.91 11.54 88.46
DI-CH 72.73 27.27 26.92 73.08
EPI-D 72.73 27.27 30.77 69.23
IBD 81.82 18.18 34.62 65.38
IDAP 54.55 45.45 30.77 69.23
IDP 63.64 36.36 15.38 84.62
IPS 81.82 18.18 65.38 34.62
L&M 63.64 36.36 19.23 80.77
LOBO 50.00 50.00 7.69 92.31
SHE 72.73 27.27 30.77 69.23
SID 72.73 27.27 34.62 65.38
SLA 72.73 27.27 26.92 73.08
TDI 81.82 18.18 80.77 19.23
TID 77.27 22.73 34.62 65.38
WHAT 40.91 59.09 3.85 96.15
Average 68.20 31.80 30.80 69.20
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Spearman rank correlations were also applied in two groups of
samples with more or less stable conductivity: (i) upstream super-
ficial samples without salt-wedge influence (Table 7); and (ii) deep
water samples with salt-wedge presence (Table 8). The negative
correlation between indices and conductivity was still very strong
in the case of upstream superficial sites, and once more only very

few indices showed negative response to nutrients (i.e. IDP, L&M,
TDI and TID). Correlation between conductivity and indices in
salt-wedge samples did not show a clear pattern, being positively
or negatively correlated depending on the index considered
(Table 8). Negative correlations between diatom-based indices
and nutrient concentrations increased when salt-wedge samples

Table 6
Spearman rank correlations between diatom indices and water physicochemical parameters in the Ebro Estuary. Only significant correlations at P < 0.05 are shown. Negative
correlations of indices and nutrients are highlighted in bold. Vel. water velocity.

pH Temp
(�C)

DO2

(mg/L)
EC25

(mS/cm)
TP
(lg/L)

N-NO�2
(lg/L)

N-NO�3
(mg/L)

TN
(mg/L)

Chl a
(lg/L)

TSS
(mg/L)

POM
(%)

Vel.
(m/s)

CEE -0.53
DESCY �0.24 �0.34 0.30 0.26 �0.23 0.28 �0.27
DI-CH �0.52 �0.36 �0.20 0.31 0.37 0.30 �0.31 0.29
EPI-D �0.56 0.23
GENRE �0.34
IBD �0.56
IDAP �0.62 0.29 0.22
IDP �0.57 �0.36 0.22 �0.33 0.48 0.44 0.29 0.34 �0.21 0.25
IPS �0.59 0.31 0.25
L&M �0.54 0.29 �0.25 �0.21
LOBO 0.24 0.23
SHE �0.22 �0.36 0.29 0.22 0.32
SID �0.37 0.23 0.26
SLA �0.23 �0.20 �0.24
TDI 0.32 �0.21 0.23 �0.30 �0.24 �0.29
TID 0.23 �0.54 �0.28
WHAT �0.56 0.30 0.25

Table 7
Spearman rank correlations between diatom indices and physicochemical parameters in upstream superficial samples. Only significant correlations (P < 0.05) are shown.
Significant negative correlations between diatom indices and nutrients are highlighted in bold. Vel. water velocity.

pH Temp
(�C)

DO2

(mg/L)
EC25

(mS/cm)
TP
(lg/L)

N-NHþ4
(lg/L)

N-NO�2
(lg/L)

N-NO�3
(mg/L)

TN (mg/L) Chl a
(lg/L)

TSS
(mg/L)

POM
(%)

Velo
(m/s)

CEE �0.45
DESCY �0.33 �0.39 �0.33 0.39 0.40 0.28 �0.34
DI-CH �0.53 �0.40 �0.36 0.39 0.35 �0.36
EPI-D �0.53
GENRE �0.34 �0.34
IBD �0.54
IDAP �0.51 �0.53 0.41 0.34 �0.30
IDP �0.59 �0.32 �0.33 0.44 0.48 0.30 0.30
IPS �0.48 �0.55 0.44 0.35 �0.33
L&M �0.49 0.29 �0.30 �0.33
LOBO �0.35 0.30
SHE �0.38 �0.48 0.41 0.37 �0.29 0.31 0.39
SID �0.46 �0.32
SLA �0.36
TDI 0.50 0.37 �0.51 �0.49 �0.33
TID �0.48 �0.39
WHAT �0.44 �0.35 0.35 0.30 �0.33

Table 8
Spearman rank correlations between diatom indices and physicochemical variables at salt-wedge deep samples. Only significant correlations at P < 0.05 are shown. Significant
negative correlations between diatom indices and nutrients are highlighted in bold.

pH Temp (�C) EC25 (mS/cm) TP (lg/L) N-NHþ4 (lg/L) N-NO�2 (lg/L) N-NO�3 (mg/L) TN (mg/L) Si-SiO4�
4 (mg/L) Chl a (lg/L) TSS (mg/L)

CEE 0.66
DI-CH �0.72 �0.71 �0.79 0.65
EPI-D 0.62 0.73 �0.66 0.65
IBD 0.75 �0.71 �0.82
IDAP �0.72 �0.62 �0.62
IDP �0.68 �0.65
IPS 0.73 �0.65
L&M 0.75 0.71 0.66
SHE �0.84 �0.62
SID �0.64 �0.61 0.74
TDI �0.66
TID 0.69 �0.70 �0.72 �0.61
WHAT 0.70 �0.62 �0.71 0.67
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were considered alone, as it was the case of EPI-D, IBD, IDAP, IPS,
SHE, SID, TDI, TID and WHAT.

4. Discussion

4.1. Identification of potential human pressures in the Ebro Estuary

Results indicate that, at present, the main anthropogenic pres-
sure in the Ebro Estuary is associated with the hydrological alter-
ation of the lower Ebro River (i.e. increased salt-wedge presence
and river flow stability). Both salt-wedge presence and periods of
low and stable flows are natural processes occurring in a stratified
estuary with scarce and seasonal rainfall periods. However, in-
creased irrigation and reservoir construction in early 1960s caused
a decrease of 40% of the lower Ebro River flow (Ibáñez et al., 1996;
Sabater et al., 2008; Sierra et al., 2004) and therefore flow is lower
and more stable now than before intensive water use. Flow regula-
tion increased the presence of the salt wedge during most part of
the year and reduced changes in its position (Ibáñez et al., 1996,
1997), causing a potential impact on biological communities, not
only at a spatial scale, because the salt wedge is found further up-
stream than before reservoir construction, but also at a temporal
scale, because the salt wedge is sometimes present during melt-
water and rainfall periods.

Regarding nutrient concentrations, the lower Ebro River and its
estuary showed severe eutrophication due to phosphorus enrich-
ment during the 1980s and 1990s. This situation changed since
1995–1996, when phosphorus concentration suddenly decreased
from values of 0.2–0.3 mg/L P-PO3�

4 to values of 0.05 mg/L P-PO3�
4

in the present study. This decrease in phosphorus could be ex-
plained by the construction in mid 1990s of waste water treatment
facilities in the main cities of the middle Ebro basin together with
the banning of detergents with phosphates; these may have re-
duced eutrophic conditions and therefore decreased phytoplank-
ton concentrations (Ibáñez et al., 2008, 2012; Torrecilla et al.,
2005). However, the same trend has not been observed for nitrate
concentration, likely due to its origin from non-point sources from
agriculture, which are much more difficult to control (Torrecilla
et al., 2005). Nowadays, nutrient concentrations in the lower Ebro
River and more specifically in its estuary (i.e. the last 40 km) are
relatively low and show low seasonal variability when compared
to other large Mediterranean rivers (Blanco et al., 2008; Leira and
Sabater, 2005; Tornés et al., 2007). Therefore, it seems that at pres-
ent, nutrient enrichment may not constitute the main pressure for
diatom communities in the Ebro Estuary.

4.2. Diatom assemblages and indicator species in the Ebro Estuary

The benthic diatom community responds to the main environ-
mental gradients and human pressures in the Ebro Estuary, namely
the marine influence as a result of the river flow dynamics, which
is the main factor driving species composition and distribution
(Rovira et al., 2012). Conductivity thresholds between indicator
species of riverine and estuarine conditions in Ebro Estuary are
around 3 mS/cm which is in agreement with previous studies
recording a change in diatom community composition around
salinities of 3 ppt (Hammer, 1986; Ryves et al., 2002). Interestingly,
though different substrata was used (artificial and natural), benthic
diatom community in the Ebro Estuary is more affected by the
marine influence than by substrata type (Rovira et al., 2012).

A few decades ago, under eutrophic conditions, nutrient enrich-
ment probably influenced diatom community much more than
now, as it has been found in other estuarine systems (Gómez
et al., 2009; Underwood et al., 1998). However, since no benthic
diatom data exists from these eutrophic conditions, either of the

lower Ebro River or its estuary, it is very difficult to hypothesise
how the diatom community responded to nutrient concentration
in the past and, more importantly, to have a comparative approach
in which the nutrient gradient is wide enough to show an impact
on the diatom community composition and distribution.

In general, the specificity of indicator diatom species for each
environmental condition was fairly high (>70% in most cases),
showing that it is possible to identify and rely on these species
as indicators of each type of condition. Amphora minutissimum, Am-
phora pediculus, Amphora cf. vetula, Cocconeis placentula var. euglyp-
ta, Cocconeis placentula var. trilineata, Navicula antonii, Navicula
cryptotenella, Navicula cf. cryptotenelloides and Nitzschia amphibia
indicate riverine conditions, these are situations with no (or with
very weak) marine influence. These riverine conditions are mainly
found in upstream sites of the Ebro Estuary. On the other hand,
Amphora polita, Navicula gregaria, Navicula aff. mollis, Navicula per-
minuta, Navicula recens, Nitzschia constricta, Nitzschia frustulum and
Tabularia fasciculata indicate estuarine conditions in the Ebro
Estuary (i.e. situations with marine influence at both superficial
and deep water layers).

However, only few species reached specificities of 100%, reveal-
ing that, even though indicator species showed a strong preference
for one of the two main environmental conditions in Ebro Estuary
(i.e. riverine and estuarine), most of them can also be found along
the whole estuary, even when the other environmental condition is
prevailing. Therefore, and as it can also be quickly withdrawn from
the species EC25 minimum, maximum and coefficient of variation,
the indicator species of Ebro Estuary are tolerant to a wide range of
salinity conditions, as it has been found in other similar fluctuating
systems (Bate and Smailes, 2008; Sullivan and Currin, 2000;
Trobajo et al., 2004; Underwood, 1994).

Due to the interaction between river flow and the sea and the
consequent salt-wedge dynamics, estuarine conditions are less
homogenous (both at spatial and temporal scales) than riverine
conditions, and therefore, the distribution of some indicator spe-
cies is restricted to very particular situations. This is the case of
Amphora aff. luciae, Cocconeis cf. neothumensis var.marina, Diploneis
sp., Gomphonemopsis obscura, Parlibellus cf. berkeleyi and Planothidi-
um iberense. These species are only found in situations of
well-established salt wedge and consequently showing very high
specificity (the salt wedge is only present in estuarine conditions)
but very low fidelity (well-established salt wedge is not always
present in estuarine conditions; and when present do not affect
all samples). Because these diatom species are not only abundant
in deep samples but also in their corresponding superficial sam-
ples, they can be considered indicative at both water layers of a
long term salt-wedge presence. Thus, our results show that not
only species having high indicator value (i.e. showing high specific-
ity and high fidelity values) can be considered good indicators of
environmental conditions but that species showing other combi-
nation of fidelity and specificity may be also useful indicators of
a particular situation within a given condition. The same
conclusion has also been previously reached for diatom species
of Mediterranean streams (Tornés et al., 2007).

The categorisation of indicator diatom species of estuarine
conditions allows the detection of hydrological pressures caused
by flow regulation and abstraction and the consequent alteration
of salt-wedge dynamics in a highly stratified estuary. However,
because the occurrence of most indicator species is not strictly re-
stricted to a particular condition, it would be muchmore reliable to
consider the relative abundance of the indicator species all to-
gether rather than considering the abundance of each indicator
species separately. Thus, in the Ebro Estuary two possible diatom
species combinations would allow the detection of hydrological
pressures both at spatial and temporal scales: (i) high abundances
of A. polita, N. gregaria, Navicula aff. mollis, N. perminuta, N. recens,

L. Rovira et al. /Marine Pollution Bulletin 64 (2012) 500–511

93



N. constricta, N. frustulum and T. fasciculata (typical from estuarine
conditions) when found in upstream sites (or in downstream sites
during periods of expected high flow) would indicate a consider-
able flow reduction affecting diatom communities; and (ii) high
abundances of Amphora aff. luciae, Cocconeis cf. neothumensis var.
marina, Diploneis sp., G. obscura, Parlibellus cf. berkeleyi and P. ibe-
rense in downstream sites would indicate a well-established and
long-lasting salt wedge. This situation occurs naturally in summer,
but can also be present in other seasons where human alterations
in hydrological conditions have prevented the salt wedge from
being flushed away. An unsolved issue is to be able to discriminate
the response of diatom assemblages to anthropogenic (i.e. flow
regulation and abstraction) versus natural stresses (i.e. drought
conditions), as well as the characterisation of reference conditions
under a more fluctuating dynamics of the salt wedge.

4.3. Diatom indices evaluation

None of the studied indices were strongly and negatively corre-
lated with P-PO�34 and only the trophic indices (i.e. TDI and TID)
showed significant negative correlation with the dissolved nitro-
gen (i.e. N-NO�3 and N-NO�2 ). Besides, TID accounted for the highest
negative correlations with NO�3 and NO�2 when only salt-wedge
samples were considered (N is usually the limiting nutrient in salt
water). However, trophic indices were originally developed to de-
tect phosphorus enrichment instead of nitrogen (Kelly, 1998; Rott
et al., 1999). Moreover, the obtained low class values (‘‘poor’’ and
‘‘bad’’ classifications) do not correspond to the trophic status of
the lower Ebro River when phosphorus concentrations are consid-
ered, which would be classified as mesotrophic according to Dodds
et al. (1998) classification of temperate rivers. Nowadays, the nar-
row range of nutrient variability in the lower Ebro River and partic-
ularly in the Ebro Estuary could be one of the factors explaining the
weak relationship found between nutrients and diatom indices,
resulting in unrealistic water quality assessments of the Ebro
Estuary.

Other important limitations were also identified when the
existing diatom indices were applied. Because most of indices have
been developed from and for North-Central European freshwater
systems, several ecologically important species of the Ebro Estuary
are not included in most of the indices (e.g. Amphora aff. luciae, A.
polita, G. obscura or Navicula aff. mollis, all considered to be brack-
ish or marine species; Archibald, 1983; Hartley, 1986; Witkowski,
2000). Furthermore, some of the species considered in the indices
may not indicate the same environmental situation in freshwater
systems as in estuaries. For example, in freshwater systems
N. frustulum has been found to be very abundant in situations with
high levels of organic matter (Leira and Sabater, 2005), high inor-
ganic nutrient concentrations (Van Dam et al., 1994), and high con-
ductivities resulting from human activities (Rimet, 2009; Van Dam
et al., 1994). However, as estuaries are characterised by much
greater fluctuating conditions than rivers and by an intrinsic level
of nutrients and organic matter (Trobajo and Sullivan, 2010), the
high abundance of N. frustulum and accompanying taxa (A. polita,
N. gregaria, Navicula aff. mollis, N. perminuta, N. recens, N. constricta
and T. fasciculata) are indicative of estuarine conditions without
having to imply a decrease in the ecosystem health or ecological
status.

In conclusion, our results show that none of the diatom indices
developed for river quality evaluation and later adapted to assess
the ecological status of these ecosystems (Kelly et al., 2009) can
properly assess the ecological status of the Ebro Estuary. Thus,
the application of freshwater indices in estuaries and other transi-
tional waters should be done very cautiously. The only ones that
show the expected response to nutrients and consider a high per-
centage of indicator species are the trophic indices (TDI and TID),

which could be potentially adapted to estuarine ecosystems after
some adjustments in their species indicator values. Before the
application of any diatom index some relevant issues need to be
clarified, such as the characterisation of reference conditions, the
distinct (or similar) effects of natural and anthropogenic stressors
on diatom communities, and the type of response of diatom assem-
blages to an increased hydrological stability due to anthropogenic
stressors (i.e. flow regulation). Therefore, in order to implement a
diatom biomonitoring system for transitional waters, further re-
search is needed to understand the role of diatom communities
in this type of ecosystems.
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EC25 (mS/cm) 
Riverines pecies IV S F Op. Tol. Min. Max. CV 
Cocconeis placentula var. trilineata 85 88 97 2.5 1.6 0.8 52.6 243 
Cocconeis placentula var. euglypta 84 84 100 2.5 1.9 0.8 52.6 210 
Amphora pediculus 80 80 100 2.5 2.0 0.8 52.6 216 
Navicula antonii 80 84 95 2.4 1.7 0.8 52.6 213 
Navicula cryptotenella 78 80 98 2.3 1.6 0.8 52.6 238 
Amphora cf. vetula 78 89 88 2.6 1.8 0.8 52.6 240 
Achnanthidium minutissimum 77 91 84 2.4 1.8 0.8 52.6 246 
Navicula cf. cryptotenelloides 63 83 76 2.3 1.6 0.8 51.6 281 
Nitzschia amphibia 60 79 76 2.9 2.4 0.8 52.6 252 
Cocconeis pediculus 59 67 88 2.7 1.7 0.8 52.6 229 
Cocconeis placentula var. placentula 56 93 60 2.2 1.6 0.8 52.6 210 
Amphora indistincta 54 89 60 2.4 2.0 0.8 52.6 258 
Amphora cf. meridionalis 53 79 67 2.9 2.6 0.8 52.6 214 
Navicula capitatoradiata 50 93 53 2.1 1.3 0.8 42.9 301 
Amphora ovalis 49 84 59 2.7 2.2 0.8 52.6 253 
Navicula tripunctata 47 67 71 2.4 1.6 0.8 51.9 257 
Nitzschia cf. fonticola 45 65 69 2.8 2.2 0.8 43.1 256 
Gomphonema parvulum 38 79 48 2.4 1.8 0.8 52.6 264 
Navicula reichardtiana 37 83 45 2.2 1.5 0.8 51.9 275 
Melosira varians 36 84 43 2.2 1.4 0.8 51.9 279 
Synedra ulna 34 82 41 2.4 1.6 0.8 51.9 234 
Gomphonema cf.minutum 30 79 38 2.2 1.6 0.8 52.6 309 

EC25 (mS/cm) 
Estuarine species IV S F Op. Tol. Min. Max. CV 
Nitzschia frustulum 83 90 92 6.0 3.4 0.8 52.6 213 
Amphora polita 69 97 71 4.9 3.4 1.0 51.9 158 
Navicula aff. mollis 69 82 84 4.5 2.6 1.0 51.9 176 
Tabularia fasciculata 65 73 89 3.7 2.4 0.8 42.9 200 
Navicula recens 61 65 95 3.1 2.0 0.8 52.2 219 
Navicula gregaria 61 89 68 11.2 4.0 0.8 52.2 166 
Nitzschia constricta 61 93 66 6.7 3.2 1.0 52.2 142 
Navicula perminuta 60 95 63 6.4 2.9 0.8 51.9 156 
Nitzschia cf. palea 56 88 63 4.3 2.5 0.8 52.2 233 
Diploneis sp. 56 96 58 28.0 4.0 1.0 52.2 144 
Achnanthes sp. 52 93 55 8.2 2.7 0.8 51.9 142 
Tabularia tabulata 48 76 63 3.4 1.6 0.8 42.9 200 
Achnanthes amoena 46 98 47 8.3 5.2 0.8 52.6 133 
Nitzschia prolongata 45 96 47 7.1 4.9 1.0 52.2 154 
Navicula veneta 37 79 47 3.2 2.2 0.8 52.6 209 
Navicula aff. recens 37 87 42 3.4 1.7 1.0 51.9 231 
Amphora aff. luciae 34 99 34 34.3 3.4 1.0 52.2 95 
Gomphonema grovei var. lingulatum 32 87 37 2.8 2.3 0.8 51.9 200 
Navicula cf. perminuta 31 97 32 4.8 2.7 1.0 51.6 192 
Fallacia clepsidroides 26 99 26 9.5 3.5 1.0 51.6 105 
Gomphonemopsis obscura 23 96 24 26.4 3.2 0.8 42.9 123 
Psammothidium punctulatum 18 100 18 8.2 2.7 1.0 39.9 109 
Cocconeis cf. neothumensis var. marina 18 100 18 17.2 3.3 4.5 39.9 74 
Parlibellus cf. berkeleyi 18 100 18 23.7 5.0 1.0 51.6 87 
Navicula aff. normaloides 17 91 18 17.4 5.5 1.0 45.3 153 
Planothidium iberense 16 100 16 17.2 3.4 3.5 39.9 109 

Supplementary Material S2. Indicator values (IV) and conductivity (EC25) optimum, tolerance, 

minimum, maximum and coefficient of variation (CV) of indicator diatom species of riverine and 

estuarine conditions in the Ebro Estuary. Only species with statistically significant IV (P < 0.05) 

are considered. Fidelity (F) and Specificity (S) values are also shown.  
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Supplementary Figure 2. Box-plot diagram of diatom-based indices applied separately in samples from riverine and estuarine 

conditions of the Ebro Estuary. Dashed lines represent the thresholds between ecological status classes.
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Effects of salinity on growth and on valve morphology of
five estuarine diatomspre_603 83..90
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1Aquatic Ecosystems, Institute for Food and Agricultural Research and Technology (IRTA), Crta de Poble Nou Km 5.5,
Sant Carles de la Ràpita, Catalunya, Spain, 2Royal Botanic Garden Edinburgh, Edinburgh EH3 5LR, Scotland, and
3Department of Botany, Natural History Museum, London SW7 5BD, UK

SUMMARY
The effects of salinity on the growth and valve morphol-
ogy of five benthic estuarine diatoms (Nitzschia pusilla,
N. frustulum, N. palea, N. filiformis var. conferta and
Eolimna subminuscula), isolated from both freshwater
and brackish/marine habitats, were investigated. The
four Nitzschia strains grew well over a broad salinity
range, though some (N. pusilla, N. frustulum) showed a
broader salinity range tolerance (from fully saline down
to at least 9.5 ppt) than others (N. palea, N. filiformis
var. conferta had reduced growth at salinities of 16 ppt
and above). Salinity significantly affected the valve
morphology of the five strains studied. However, there
was no consistent pattern in either the morphological
characters affected or the direction of the effects.
Although significant, the effects of salinity on valve
morphology were very small and therefore it seems that
the taxonomic usefulness of some of the classical taxo-
nomical characters is not undermined.

Key words: culture, diatoms, estuarine, morphological
variability, Nitzschia, phenotypic plasticity, salinity.

INTRODUCTION

Diatoms have proved to be excellent environmental
indicators, since they react with speed and sensitivity to
changes in aquatic ecosystems (for detailed reviews on
the subject, see Smol & Stoermer 2010), and due to
the fact that their cell walls are preserved in sediments
for many years, they have also become useful for study-
ing and interpreting past conditions. In particular,
diatoms are the most widely used indicators for
palaeosalinity reconstructions (Fritz 1990; Fritz et al.
1991; Juggins 1992; Cumming & Smol 1993; Ryves
et al. 2004; Saunders 2010).

Salinity has often been considered to be an impor-
tant factor determining diatom distribution in estuaries,
and in fact, tolerance to changes in salinity (caused, for
example, by tides, changing freshwater inputs and rain-
fall) has been inferred, from field studies, to be a
prerequisite for most diatoms living in estuaries and

coastal wetlands (Round 1960; Underwood 1994;
Sullivan & Currin 2000; Trobajo et al. 2004a).
However, culture-based studies on the growth of these
species under wide salinity regimes are required to
better interpret the role of the salinity in determining
their natural distributions.

Salinity can also affect morphology, and several
experimental works (Geissler 1970a,b, 1982, 1986;
Schultz 1971; Schmid 1976; Jahn 1986; Wendker &
Geissler 1988; Cox 1995; Trobajo et al. 2004b) have
shown how changes in salinity can modify the valve
morphology of a number of diatoms. These results
are of particular importance in relation to estuarine
diatoms, since many of the common taxa inhabiting
these systems are small and taxonomically very difficult
species, particularly of Nitzschia and Navicula spp.
(Trobajo 2007). Data on the phenotypic plasticity of
these species are essential to improve their taxonomy,
and sound taxonomy is essential for any ecological and
applied work on estuarine and coastal diatoms.

The aims of this study are to determine the effects of
salinity on the morphology of five species of estuarine
diatoms (Nitzschia pusilla Grunow, N. frustulum
(Kützing) Grunow, N. palea (Kützing) W. Smith, N.
filiformis (W. Smith) Van Heurck var. conferta (Richter)
Lange-Bertalot and Eolimna subminuscula (Manguin)
Moser) and to monitor their growth under different
salinity regimes.

MATERIALS AND METHODS

In 2009, samples of microphytobenthos were collected
from brackish and freshwater habitats of the Ebro Delta
and Lower Ebro River. Diatom cultures were established
by micropipetting single cells into Petri dishes contain-
ing f/2 medium (McLachlan 1973) or Woods Hole MBL
medium (Nichols 1973), depending on the original

*To whom correspondence should be addressed.
Email: rosa.trobajo@irta.cat
Communicating editor: C. Katsaros.
Received 13 September 2010; accepted 21 October 2010.
doi: 10.1111/j.1440-1835.2010.00603.x
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salinity of the samples from which the clones were
isolated. Table 1 gives the origin and isolation details of
the clones. Monocultures of Nitzschia pusilla, N. frus-
tulum, N. palea, N. filiformis var. conferta and Eolimna
subminuscula were established by further subculturing.
Species were identified using Krammer and Lange-
Bertalot (1986, 1988; E. subminuscula as Navicula
subminuscula Manguin). The five species studied here
are common in the benthic community of the Ebro
Estuary (Rovira et al. 2009) and they have also been
reported as common in other estuaries and coastal

wetlands and lagoons (Drum & Webber 1966; Sullivan
1982; Bak et al. 2001; Trobajo 2007). However, and in
accordance with the original growth medium of each
clone (Table 1), N. pusilla and N. frustulum are referred
to in this study as ‘brackish’ species, while N. palea, N.
filiformis var. conferta and E. subminuscula are referred
to as ‘freshwater’ ones.

A range of salinities (see Tables 2,3) were obtained
by mixing appropriate proportions of MBL and f/2
media. f/2 medium was prepared using filtered natural
sea water (32 ppt) from the North Sea. Cells of each

Table 1. Origin and isolation information for the five clones used in this study

Taxon Original
strain
designation

Origin Isolation
date

Original
growth
medium

Habitat Sample from Salinity
(ppt)

Nitzschia pusilla IRTA01 La Trinitat salt works pond
(Ebro Delta)

Algal mat 37.32 Feb-10 f/2

Nitzschia frustulum IRTA11 IRTA aquaculture wastewater
lagoon (Ebro Delta)

Stone 31.26 Nov-09 f/2

Nitzchia palea IRTA16 Lower Ebro River (by the
Ginestar island)

Potamogeton pectinatus 0.33 Sep-09 MBL

Nitzschia filiformis var.
conferta

IRTA20 Ebro Estuary (Ebro Delta) Surface of tree trunk 1.89 Apr-09 MBL

Eolimna subminuscula IRTA22 Lower Ebro River (by the
Ginestar island)

Stone 0.38 Oct-09 MBL

The original strain designations correspond to voucher slides and unmounted material held in the Royal Botanic Garden Edinburgh.

Table 2. Growth of the two ‘brackish’ clones after 21 days under different salinity regimes, assessed visually

Salinity (ppt) Nitzschia pusilla Nitzschia frustulum
R1 R2 R1 R2

32 +++ +++ +++ +++
27 +++ +++ +++ +++
22 +++ +++ +++ +++
16 +++ +++ +++ +++
9.5 ++ ++ +++ +++

R1, R2: Growth assessment of replicates 1 and 2, respectively. +++, good; ++, moderately good; +, sparse; -, lack of growth but
survival of inoculum.

Table 3. Growth of the three ‘freshwater’ clones after 21 days under different salinity regimes, assessed visually

Salinity (ppt) Nitzschia palea Nitzschia filiformis var. conferta Eolimna subminuscula
R1 R2 R1 R2 R1 R2

0 +++ +++ +++ +++ +++ +++
1 +++ +++ +++ +++ +++ +++
6 +++ +++ +++ +++ ++ ++

clumpy clumpy
16 ++ ++ ++ ++ + +

very clumpy very clumpy protoplast release protoplast release
22 ++ ++ ++ ++ – –

very clumpy very clumpy protoplast release protoplast release

R1, R2: Growth assessment of replicates 1 and 2, respectively. +++, good; ++, moderately good; +, sparse; -, lack of growth but
survival of inoculum.

© 2011 Japanese Society of Phycology
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clone were transferred to each salinity (Tables 2,3) and
cultures were grown in illuminated cabinets at 22 °C
under a light intensity of 10–15 mmol m-2 s-1 and a LD
(light : dark) cycle of 16 : 8 h lit by cool white fluores-
cent lights (NHM).

After 21 days of culture, the cells were cleaned by
heating with nitric acid. After washing to remove spent
acid, frustules were mounted in Naphrax or coated with
gold-palladium for examination, using light or scanning
electron microscopy, respectively. Because of the small
size of the diatoms studied, all the cell measurements
were made under a high-resolution field emission scan-
ning electron microscope (Zeiss Ultra Plus, Zeiss,
Oberkochen, Germany) (NHM). The variables measured
from at least 10 valves in each treatment were: length
(mm), width (mm), number of fibulae in 10 mm and
number of striae in 10 mm. A qualitative assessment
of the growth response of each strain to salinity was
made visually at day 21 under an inverted microscope
(Olympus CK2, Olympus UK, Watford, UK).

For each species, multivariate ANOVA (MANOVA) was used
to test for significant differences in cell morphology
between salinity treatments. Statistical analyses were
performed using a software package (SPSS for Windows,
Release 12.0.0., SPSS Inc., Chicago, IL, USA). The
level of statistical significance used was P < 0.05.

RESULTS

Growth at different salinities

Whereas the ‘brackish’ clones (i.e. N. pusilla, N. frus-
tulum) grew well over the entire salinity range, with no
or very little change in growth success (Table 2), the
three freshwater clones (i.e. N. palea, N. filiformis var.
conferta, E. subminuscula) were negatively affected at
higher salinities (Table 3). The growth of E. subminus-
cula was already modified at 6 ppt (not only becoming
slightly slower but also showing a clumped distribution
of cells in the culture), at 16 ppt growth was very slow,
and the culture failed to grow at 22 ppt. In contrast, the
speed of growth in both N. palea and N. filiformis var.
conferta was only slightly affected even at 16 and
22 ppt. However, these salinities caused a change in
the spatial distribution of cells of N. palea (very
clumped) and induced protoplast release in many cells
of N. filiformis var. conferta.

Effects of salinity on valve morphology

Salinity subtly but significantly affected the morphology
of the five diatoms. However, the effects were different
in the different species.

N. pusilla (Fig. 6): The classical morphological char-
acters (i.e. length, width, fibula density and stria
density) of N. pusilla were all significantly affected by

salinity (Table 4). At the end of the experiment the
length of this species was significantly lower at 32 ppt
than at the other salinities. Valve width decreased with
decreasing salinity. Both fibula and stria densities were
lowest at the lowest salinities (Figs 8–11).

N. frustulum (Figs 1,2): Width and stria density were
significantly affected by salinity (Table 4). Both were
lowest at the highest salinities (Figs 12,13).

N. palea (Figs 3,4): Length and width were signifi-
cantly affected by salinity (Table 4) but there was no
overall trend, width for example being lowest at 6 ppt
(Figs 14,15).

N. filiformis var. conferta (Fig. 5): Length and width
were again the morphological characters affected by
salinity (Table 4). Valve width increased with increasing
salinity. The significant change in length (greatest
length) was found at 6 ppt (Figs 16,17).

E. subminuscula (Fig. 7): As in the other two ‘fresh-
water’ species, length and width were the morphological
characters affected by salinity (Table 4). The greatest
valve lengths and the lowest valve widths were found at
intermediate salinities (1 & 6 ppt) (Figs 18,19).

DISCUSSION

Comparatively, the ‘brackish’ clones (N. pusilla, N. frus-
tulum) coped better with low salinities than the ‘fresh-
water’ ones (N. palea, N.filiformis var. conferta and E.
subminuscula) did with high salinities. In an earlier

Table 4. Results of multivariate analysis of variance (MANOVA)

of characters against salinity for the five diatom species studied

Diatom species Variable d.f. F P

Nitzschia pusilla Length 3, 38 6.455 0.010
Width 3, 38 3.770 0.016
# fibulae/10 mm 3, 38 6.177 0.002
# striae/10 mm 3, 38 3.643 0.021

Nitzschia
frustulum

Length 3, 41 1.311 0.284
Width 3, 41 4.302 0.010
# fibulae/10 mm 3, 41 2.149 0.109
# striae/10 mm 3, 41 5.912 0.002

Nitzschia palea Length 3, 40 3.012 0.041
Width 3, 40 4.022 0.014
# fibulae/10 mm 3, 40 2.151 0.109
# striae/10 mm 3, 40 1.090 0.364

Nitzschia filiformis
var conferta

Length 3, 41 3.730 0.018
Width 3, 41 64.808 <0.001
# fibulae/10 mm 3, 41 0.179 0.910
# striae/10 mm 3, 41 0.677 0.571

Eolimna
subminuscula

Length 3, 40 16.436 <0.001
Width 3, 40 7.894 <0.001
# striae/10 mm 3, 40 0.125 0.945

Degrees of freedom (d.f.), F-statistics and P values. Bold type
indicates significant difference with variable (P < 0.05). Charac-
ters investigated: valve length and width, number of fibulae in
10 mm, number of striae in 10 mm.

© 2011 Japanese Society of Phycology
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work, Cox (1995) found apparently opposite results
when working with four clones of Navicula. In her study,
the two freshwater clones (N. gregaria Donkin, N. veneta
Kützing) grew well under fully saline conditions, whereas
the brackish/marine ones (i.e. N. phyllepta Kützing, N.
incertata Lange-Bertalot) failed to grow in very low

salinity or freshwater medium. However, two factors
need to be taken into account when interpreting Cox’s
results and ours. First, in both Cox’s (1995) study and
ours, clones were classified as ‘freshwater’ or ‘brackish’
according to the growth medium in which the clones
were originally established, which was in turn guided by

Figs 1–7. Scanning electron micrographs of the five strains studied. Scale bars represent 1 mm (Figs 1–4,6,7) or 5 mm
(Fig. 5). 1,2. External and internal valve views of Nitzschia frustulum, respectively. 3,4. Internal and external valve views of Nitzschia

palea, respectively. 5. External valve view of Nitzschia filiformis var. conferta. 6. Nitzschia pusilla inner valve view. 7. External valve

view of Eolimna subminuscula.

© 2011 Japanese Society of Phycology
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the salinity of the samples from which the clones were
isolated. The designations ‘freshwater’ and ‘brackish’
may therefore not properly characterize the salinity pref-
erences of the species (as in the halobion classifications
of Kolbe 1927, or Hustedt 1953). Second, many taxa
from brackish waters seem to be euryhaline (Simonsen
1962; Eppley 1977; Carpelan 1978). Our results show
that, although four of the five estuarine species studied
here grow well over a broad salinity range, some (N.
pusilla, N. frustulum) have a broader tolerance to salinity
variation (from fully saline down to at least 9.5 ppt; lower
salinities were not tested) than others (N. palea, N.fili-
formis var. conferta grew less well at 16 ppt and above).

Significant differences in the valve morphology of N.
pusilla, N. frustulum, N. palea, N. filiformis var. con-
ferta and E. subminuscula were detected after three

weeks growth under different salinity conditions.
However, there was no consistent pattern in either the
morphological characters affected or the direction of
change. Our results confirm and extend the conclusion
of Trobajo et al. (2004b) that the effects of salinity on
pennate diatom morphology are taxon- or perhaps even
clone-specific. For instance, Jahn (1986) found that
salinity had a clear effect on valve width (reducing it) in
clones of Gomphonema augur Ehrenberg, but not on
stria density. Wendker and Geissler (1988) reported
significant differences in length (decrease), width
(decrease), stria density (decrease) and fibula density
(increase) in clones of Nitzschia palea var. debilis
(Kützing) Grunow grown in enriched chloride-medium
(7.5 g Cl- L-1), and significant differences in length
(decrease), width (increase) and fibula density

Figs 8–13. Error bar graphs showing

the morphological variation of Nitzschia

pusilla and Nitzschia frustulum due to

salinity regime. 8. Variation in valve

length in N. pusilla. 9. Variation in

valve width in N. pusilla. 10. Variation

in fibula density in N. pusilla.

11. Variation in stria density in N.

pusilla. 12. Variation in valve width

in N. frustulum. 13. Variation in stria

density in N. frustulum. Only significantly

affected morphological characters are

shown.
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(decrease) in clones of Nitzschia gandersheimiensis
Krasske, grown in even more enriched chloride-medium
(15 g Cl- L-1). In our data, increasing salinity caused
width to increase in N. pusilla, as in N. gandershe-
imiensis, but stria density also increased, in contrast
with N. ganderheimiensis, and also with G. augur and
N. palea var. debilis, in which stria density remained
constant.

In an earlier study (Trobajo et al. 2004b) a Nitzschia
clone that was identified as N. frustulum (following
Krammer & Lange-Bertalot 1988) was isolated. This
clone showed different morphological responses to
salinity than the present N. frustulum clone. Length,
width and fibula density were the morphological char-
acters significantly affected by salinity in the earlier
clone, whereas in the present one the significantly

affected morphological characters were width and
stria density. However, direct comparison is difficult,
because the salinity treatments in the two studies were
not the same (0.52, 7.0 and 17.5 ppt in Trobajo et al.
2004b; 9.5, 16, 22 and 32 ppt here). Interestingly, for
width (the only character affected significantly in both
studies) the observed trend is the same over compa-
rable salinities (i.e. 7 vs. 9.5 ppt, 17.5 vs. 16 ppt,
previous vs. present, respectively). We are currently
investigating whether any differences between the two
clones could be caused by genotypic differentiation
within a single species, or the presence of several
closely related and morphologically similar ‘species’
within N. frustulum (i.e. N. frustulum is a ‘species
complex’ containing several pseudocryptic or cryptic
species).

Figs 14–19. Error bar graphs showing

the morphological variation of Nitzschia

palea, Nitzschia filiformis var. conferta

and Eolimna subminuscula due to

salinity regime. 14. Variation in valve

length in N. palea. 15. Variation in

valve width in N. palea. 16. Variation

in valve length in N. filiformis var.

conferta. 17. Variation in valve width in

N. filiformis var. conferta. 18. Variation

in valve length in Eolimna subminus-

cula. 19. Variation in valve width in E.

subminuscula. Only significantly affected

morphological characters are shown.
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Previous studies have suggested that width and/or
stria density are particularly reliable taxonomic charac-
ters in some Nitzschia species (Geissler 1970a,b;
Wendker & Geissler 1988; Trobajo et al. 2004b, 2006,
2009), as shown by their low intraclonal variation, either
when subjected to different conditions, or during the
entire life cycle. We found a significant effect of salinity
on stria density in N. frustulum and in N. pusilla, and on
width in all five species studied. However, the changes
were very small and therefore do not undermine the
usefulness of these characters for the discrimination of
these Nitzschia species. Nevertheless, and to be sure,
further experiments over a longer period would be desir-
able, although the changes observed in valvemorphology
might then be determined more by intrinsic changes due
to the life cycle than to the salinity conditions, as was
observed in N. palea var. debilis and N. gandersheimien-
sis (Wendker & Geissler 1988).
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The taxonomy of several small-celled, ecologically significant Nitzschia species, which are frequently confused with each other or whose
names are misapplied, is clarified. Following an examination of type material and modern samples by light and electron microscopy, it
was concluded that N. frustulum (Kützing) Grunow, N. inconspicua Grunow, N. soratensis E. Morales & Vis and N. invisitata Hustedt are
independent species. No morphological basis was found for separating N. frustulum var. subsalina Hustedt or N. boliviana E. Morales &
Vis from N. inconspicua and they are therefore placed in synonymy with N. inconspicua. Nitzschia soratensis, described recently from
Bolivia, has previously been misidentified in Europe, either as N. inconspicua (from which it differs most obviously in having more bluntly
rounded poles, striae within the raphe canal that are composed of triplets, and fibulae that can be seen in light microscopy to widen at their
bases) or asN. abbreviataHustedt ex Simonsen (fromwhich it differs in pore ultrastructure).Nitzschia frustulum resemblesN. inconspicua
in every morphological feature examined, but with wider valves and consistently higher maximum length.

Keywords: diatoms, frustule ultrastructure,Nitzschia, Nitzschia frustulum,Nitzschia inconspicua, Nitzschia invisitata, Nitzschia soraten-
sis, taxonomy, type material

Introduction
NitzschiaHassall is a widely distributed diatom genus with
a large number of species, several of them ecologically
important: they are very common (often the most abundant
taxa) in different types of inland, coastal and marine waters
(references in Trobajo et al. 2004a). Several Nitzschia
species are good indicators of heavy metal contamination
(e.g., Guasch et al. 2009, Tlili et al. 2011), eutrophic and/or
organic conditions (e.g., Lange-Bertalot 1979, Kobayasi &
Mayama 1982, Van Dam et al. 1994, Martín et al. 2010)
and salinity (e.g., Hofmann 1997, Rimet 2009). However,
Nitzschia is also known for its taxonomic difficulty. One
problem is the size of the genus. In 1978, VanLanding-
ham listed ca. 940 species names (both ‘acceptable’ and
‘unacceptable’: Mann 1986) and since then a further 170
species names have been added (Fourtanier & Kociolek
2011). Besides these, there are hundreds of named varieties
and forms, whose status has mostly not been checked. The
type specimens of many taxa have not been studied in detail
or were never designated. Moreover, Nitzschia species
offer few characters for diagnosis under the light micro-
scope (LM): they have finely structured valves with parallel
striae, limited variation in valve outline (usually narrowly

∗Corresponding author. Email: rosa.trobajo@irta.cat

(Received 2 March 2012; accepted 17 September 2012)

lanceolate valves with slightly protracted or subcapitate
poles) and the raphe is almost invisible. Consequently,
identification of cleaned valves is often difficult and the tax-
onomy ofNitzschia is unstable. Identification of living cells
is evenmore problematic, since the chloroplast arrangement
is almost constant, with two elongated plates lying end-to-
end along the cell, which obscure the little detail present on
the valves. Nitzschia section Lanceolatae Grunow, which
includes the species treated in this study, is particularly chal-
lenging, since most have small–medium cells (ca. 5–40μm
length× 2–6μmwidth) with very delicate structure (rarely
less than 20 striae in 10μm).

Nevertheless, there are reasons for optimism about
improving the classification and identification of Nitzschia
species. Many types and other specimens have been
examined and documented by electron microscopy (e.g.,
Archibald 1966, 1972a, b, Lange-Bertalot 1977, 1978,
1980, 1990, Lange-Bertalot & Simonsen 1978, Coste &
Ricard 1980, 1981, Archibald 1983, Kobayasi 1985, Lobo
& Kobayasi 1990, Lobo et al. 1990, Medlin & Hasle
1990, Denys & Lange-Bertalot 1998, Morales & Hamil-
ton 2002, Genkal & Popovskaya 2003, Trobajo & Cox
2006, Tudesque et al. 2008, Alakananda et al. 2012,
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Cocquyt et al. 2012, Trobajo et al. 2012), and useful extra
characters have been found, including aspects of areola
structure, the presence or absence of amarginal ridge, raphe
endings, fibulamorphology, and girdle structure (e.g.,Mann
1978, 1986). Furthermore, some experimental work has
been carried out to study the effects of environmental con-
ditions on the valve morphology and growth of Nitzschia
species (Trobajo et al. 2004a, 2011), and various molec-
ular markers have been evaluated for their potential to
resolve species boundaries and relationships in Nitzschia
and Pseudo-nitzschiaH. Peragallo (e.g., Amato et al. 2007,
Trobajo et al. 2009, 2010, Rimet et al. 2011).

The status of five problematic taxa of Nitzschia sect.
Lanceolatae is evaluated. All five taxa have very small
cells and simple elliptical to lanceolate outlines and their
classification has been in flux for more than 30 years.
However, despite their confused taxonomy, the supposed
ecology of these taxa is routinely used to assess and mon-
itor water quality and ecosystem health (Van Dam et al.
1994, Trobajo et al. 2004b, Gomà et al. 2005, Potapova
& Charles 2007, Tornés et al. 2007, Rovira et al. 2009,
2012a), or used to infer past salinity or nutrient condi-
tions (Ryner et al. 2007, Hassan et al. 2009, Hadley et al.
2010).

Nitzschia frustulum (Kützing) Grunow was initially
described as Synedra frustulum by Kützing (1844) and
the type material has been examined in detail by Lange-
Bertalot (1977) and Trobajo & Cox (2006). Like many
other long-established diatom species, N. frustulum accu-
mulated infraspecific taxa between 1844 and the 1980s,
with over 30 varieties and forms listed by Fourtanier
& Kociolek (2011). Very few of these are used and
recorded, the main exceptions being N. frustulum var. per-
pusilla (Rabenhorst) Van Heurck, var. perminuta Grunow
and var. subsalina Hustedt, because these were the three
infraspecific taxa included in the standard flora used
between 1930 and 1988 for identifying freshwater diatoms
(Hustedt 1930). Nitzschia frustulum var. perminuta is now
treated as an independent species, N. perminuta (Grunow)
M. Peragallo (Krammer & Lange-Bertalot 1988), and is
not considered here. Nitzschia frustulum var. perpusilla
was discussed by Lange-Bertalot (1977), who disagreed
with Hustedt’s (1930) opinion that it was synonymous
with N. inconspicua Grunow, first described for a par-
ticularly small-celled Nitzschia by Grunow (1862). The
identity of N. inconspicua remains unclear and conflict-
ing opinions exist concerning the relationships between
this species and N. frustulum var. subsalina, N. abbre-
viata Hustedt ex Simonsen and N. invisitata Hustedt;
different classifications and names are offered by Lange-
Bertalot (1977, 1993), Lange-Bertalot & Simonsen (1978),
Krammer & Lange-Bertalot (1988) and Hofmann et al.
(2011).

Here, an attempt is to clarify the taxonomy of these
diatoms using light and electron microscopy, with special
reference to type material, with the aim of providing clear

criteria for their identification and a sound taxonomy as a
basis for further biogeographical and ecological work.

Material and methods
Slides and mounted type material of N. frustulum var. frus-
tulum, N. frustulum var. subsalina, N. inconspicua and
N. invisitata were examined using light and scanning elec-
tron microscopy (SEM). Recently, Morales & Vis (2007)
described two new related species from the South Amer-
ican Bolivian Altiplano: N. soratensis E. Morales & Vis
and N. boliviana E. Morales & Vis; type materials of both
species were here also illustrated and described in detail.
Additionally, modern samples from the UK and Spain were
also examined under LM and SEM.

The following materials were studied:

(1) Nitzschia frustulum var. frustulum: some new illus-
trations were prepared from the type material
specified and examined by Trobajo & Cox (2006).

(2) Nitzschia frustulum var. subsalina: Hustedt Col-
lection, slide 144/1 Oldesloe, Holstein I, 1; 15
July 1922, and unmountedmaterial E3687 (Hustedt
Collection at Bremerhaven [BRM]). Unmounted
material was prepared for SEM and a new slide
was prepared in Naphrax (Brunel Microscopes:
http://www.brunelmicroscopes.co.uk/) from the
unmounted material and this is preserved in the
Royal Botanic Garden Edinburgh (E) as E5159/1.

(3) Nitzschia inconspicua: the original slide 372 in
the Grunow Collection in the Naturhistorisches
MuseumWienwas studied. Someunmountedmate-
rial (GrunowCollection Acquisition 1901, no. 935)
was prepared for SEMand also a new slide prepared
in Naphrax as E5154 (E).

(4) Specimens of N. inconspicua were also studied
from the following modern samples:
• River Idle, Tiln, Nottinghamshire (UK National
Grid Reference [NGR]: SK 714 857). Sam-
ple collected on 16 July 2001, from submerged
cobbles (sample MK101123);

• River Erewash, Toton, Nottinghamshire (UK
NGR: SK 503 342). Sample collected on 6
September 2001, from submerged cobbles (sam-
ple MK101187);

• Clumber Lake, Nottinghamshire (UK NGR: SK
624 760). Sample collected on 30 July 2001,
substrate unknown (sample MK102015);

• Four sites from the Ebro Estuary (Catalonia,
Spain, 40◦43′16.59′′N, 0◦40′37.79′′E): (i) E4 site
(18 km up from river mouth). Sample collected
from artificial substrata (fired clay bricks) at a
deep level (4 m). Collected on 22 April 2008. (ii)
E5 Site (12 kmup from rivermouth). Sample col-
lected from artificial substrata (fired clay bricks)
at a deep level (6.1m).Collected on 15December
2008. (iii) E5 Site (12 km up from river mouth).
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Sample collected from artificial substrata (fired
clay bricks) at a surficial level (0.5 m). Collected
on 8 July 2008. (iv) E7 Site (3.5 km up from river
mouth). Sample collected from wood debris at a
surficial level. Collected on 22 April 2008.

(5) Nitzschia invisitata: Hustedt Collection, slide
M1/69, ‘Celebes 71,Mahalone-See’, andunmounted
material AS1322 (BRM).

(6) Nitzschia sp. 1: In some modern samples from UK
freshwater sites valves were found in LM that were
very similar to those of N. inconspicua and had
been identified under this name, but which had
a distinct ultrastructure. Individuals from the fol-
lowing samples were used for morphometrics of
Nitzschia sp. 1. (i) River Yarrow, downstreamCros-
ton Sewage Treatment Works (STW), Lancashire
(UK NGR: SD 478 187). Collected on 26 August
1997, from submerged cobbles (sampleMK98050).
(ii) Yarty River, Gammons Hill, downstream A35,
Devon (UK NGR: SY 282 983). Collected on 13
August 2002, from submerged cobbles (sample
MK102240). (iii) Houselop Beck, Bradley, County
Durham (UK NGR: NZ 106 362). Collected on 11
June 2009, from submerged cobbles.
Light micrographs were prepared from the River
Irwell upstream, Bolton STW (UK NGR: SE
763049; slideMK100518). SEMobservationswere
made on clonal material (clones NIT1008KEL and
NIT1009KEL) isolated from submerged cobbles in
Houselop Beck (see above) in June 2011.

(7) Nitzschia soratensis and N. boliviana: LM and
SEM pictures were made from the oxidized holo-
type material (epilithon), collected from a stream
at the Alpine region of Sorata (Stream no. 27,
15◦46.874′S, 68◦39.677′W, in McClintic et al.
2003),Department of La Paz, Bolivia, and available
at the Academy of Natural Sciences of Philadelphia
Diatom Collection (ANSP GC 26804).

Modern samples were cleaned with 70% nitric acid and
rinsed (by decanting) with deionized water until neutral pH
was reached.

LM observations and morphometric measurements
were performed with a Zeiss Axio Imager M2 using a
Plan-Apochromat×100objective (numerical aperture: 1.4)
with bright field and differential interference contrast optics;
photographswere taken using anAxiocamHRcdigital cam-
era. Where it was important to obtain maximum resolution,
especially to check the visibility of valve poroids in LM, the
condenserwas oiled. For SEMexamination ofN. frustulum,
N. frustulum var. subsalina, N. inconspicua and Nitzschia
sp. 1, the cleaned frustules were dried onto glass coverslips
attached to aluminium stubs, coated with gold–palladium
or platinum, and studied in a Zeiss Ultra Plus or LEO Supra
55VP. Type material of each of N. invisitata, N. soratensis

and N. boliviana was concentrated on a polycarbonate
membrane filter with a 3-μm mesh, attached to aluminium
stubs and sputtered with a 30-nm platinum layer. The stubs
were then examined outwith aHitachi SU-70 field emission
scanning electron microscope using an accelerated voltage
of 5 kV.

Significant differences in cell morphology were tested
with analysis of variance (ANOVA), followed by Games–
Howell post-hoc tests. These analyses were performed with
SPSSv 12.0 and the level of statistical significance usedwas
p < 0.05.

Results
Nitzschia frustulum (Kützing) Grunow in Cleve &
Grunow 1880 var. frustulum (Figs 1–9, 45–46, 55–60)
Basionym. Synedra frustulum Kützing 1844, p. 63, pl. 30,
fig. 77.

Light and electron microscopy of type material. Additional
new LM and SEM micrographs are given along with data
derived from Trobajo & Cox (2006) to facilitate compar-
isons with N. frustulum var. subsalina, N. inconspicua and
the other species for which new information is presented
(Table 1). The type slide was also scanned for initial cells
(i.e., the first cell formed within the auxospore). Although
none were found, two long valves measuring 33 and 34μm
(e.g., Fig. 1) were found that were slightly flexed, as might
be expected in post-initial cells.

The valves of N. frustulum var. frustulum are linear to
lanceolate, with slightly protracted, narrow apices (Figs
1–9, 45–46). The striae are uniseriate, both on the valve
face and within the raphe canal (Figs 57–60), where each
stria is represented by a single areola (Figs 58–59). The
boundary between the raphe canal and the valve face is
not marked externally by a wider separation of the stria
areolae (Figs 58–59). On the mantle, the striae are very
short, comprising one areola within the raphe canal and one
outside (Fig. 58). All areolae are round and occluded by
a delicate hymen, which can be detected both externally
and internally (Figs 58–60 and see Trobajo & Cox 2006).
The raphe is interrupted centrally by a small central nod-
ule (Fig. 60), the external central raphe endings are straight
and slightly depressed (Fig. 58) and the polar raphe endings
are strongly hooked towards either the valve face (Fig. 59)
or the mantle (Trobajo & Cox 2006). The fibulae are short
bars, whose bases are linked by slight longitudinal ridges
of silica (Fig. 60).

Nitzschia frustulum var. subsalina Hustedt 1925
(Figs 10–14, 47–48, 61–69)
Hustedt (1925) described var. subsalina from brackish
water sites near Oldesloe, Schleswig-Holstein, Germany,
where he found it as isolated individuals (‘vereinzelt’) in
three sets of samples. Although the taxonwas not abundant,
it was not difficult identifying specimens on slide 144/1
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Figs 1–44. Light micrographs in bright field optics showing the size variation in five Nitzschia taxa, with valves of almost equal length in
vertical columns (except Figs 1, 15–17, 26–28 and 36) in order to facilitate inter-species comparisons. Figs 1–9. Nitzschia frustulum, slide
BM18159, the lectotype slide of ‘Synedra frustulum’ comprising material fromMeneghini, Kützing accession 210. Figure 1 is the longest
valve discovered on the type slide. Figs 10–14. Type material of N. frustulum var. subsalina on slide E5159/1. Figs 15–17. Type material
of N . boliviana from Sorata Department, Bolivia, ANSP GC 26804 (= N. inconspicua). Figs 18–25. Type material of N . inconspicua on
slide E5154. Figs 26–28. Type material of N . soratensis from Sorata Department, Bolivia, ANSP GC 26804. Figs 29–35. Nitzschia sp. 1
(= N. soratensis) on slide MK100518 (at E) from the River Irwell. Figs 36–44. Nitzschia invisitata, isolectotype material on slide M1/69,
Hustedt Collection. Fig. 36. Initial valve. Scale bar = 10μm.
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Figs 45–54. Selected valves of five Nitzschia taxa in differential interference contrast optics showing stria arrangement and struc-
ture. Figs 45–46. Nitzschia frustulum var. frustulum. Figs 47–48. Nitzschia frustulum var. subsalina (= N. inconspicua). Figs 49–50.
Nitzschia inconspicua. Figs 51–52. Nitzschia sp. 1 (= N. soratensis). Figs 53–54. Nitzschia invisitata. Scale bar = 5μm.

Figs 55–60. Nitzschia frustulum var. frustulum from type material, Kützing accession 210, external (Figs 55, 57–59) and internal
(Figs 56, 60) views. Fig. 55. Whole valve. Fig. 56. Whole valve. Fig. 57. Frustule in girdle view, note the lack of a discrete, separated row
of areolae on the mantle. Fig. 58. Central raphe endings. Fig. 59. Hooked terminal raphe fissure. Fig. 60. Fibulae and central nodule. Scale
bars = 1μm.

that agreed with the typification by Simonsen (1987, p. 93,
pl. 132, figs 4–10).

Light microscopy of type material. Variation in valve
dimensions and features of specimens found on the type
slide and corresponding to N. frustulum var. subsalina are
given in Table 1. The valves were linear, becoming lanceo-
late in the shortest specimens (Figs 10–14); no individuals
shorter than 8μm were found on the type slide or the new
slide. All the specimens had slightly protracted, narrow

apices, but these became less obvious in smaller specimens.
The fibulae were quite regularly distributed along the raphe
canal and shaped like small rectangular dots, with the two
median ones usually further apart than the others (Figs 11–
14, 47–48). However, in some valves the median interspace
was of the samewidth as the other interspaces (Fig. 10). The
striae were very conspicuous and parallel throughout most
of the valve, becoming slightly radiate towards the apices;
the areolae can be resolved in LM (Figs 47–48).
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Figs 61–69. Nitzschia frustulum var. subsalina: type material (accession E3687 at BRM), external (Figs 61–67) and internal (Figs 68–69)
views. Fig. 61. Whole valve: note the central constriction of the raphe canal. Fig. 62. Whole valve: eroded specimen. Fig. 63. Valve seen
from the side opposite the raphe: note the lack of a discrete, separated row of areolae near the edge of the valve (contrast N. soratensis,
Fig. 86). Fig. 64. Central raphe endings; note also the hymenes in the areolae of the raphe canal. Figs 65–66. Terminal fissures turned
towards the mantle or valve face. Fig. 67. Valve pole, showing raphe canal areolae containing hymenes and kinked and hooked terminal
raphe fissure. Figs 68–69. Valves showing fibulae. Scale bars = 1μm.

Electron microscopy of type material. The type material of
N. frustulum var. subsalina appeared to have suffered some
dissolution, judging by the porous appearance of the sil-
ica at high magnifications in many valves (e.g., Figs 62,
69). As in the nominate variety, the striae were uniseri-
ate, both on the valve face and within the raphe canal, and
the boundary between the raphe canal and the valve face
was not marked externally by a wider separation of the
stria areolae (Figs 61–67). Internally, hymenes could be
detected only in a few, apparently better-preserved valves
(torn hymenes were visible in the valve shown in Fig. 68);

externally, hymenes were often detected in the row of areo-
lae bordering the raphe, within the raphe canal (Figs 63–65,
67; contrast the eroded valve in Fig. 62) but rarely else-
where. The raphe was interrupted centrally by a small
central nodule. The external central endings were straight
(Figs 62, 64) and usually (Figs 61, 63), but not always
(Fig. 62), somewhat depressed. The terminal raphe end-
ings were hooked towards either the mantle (Fig. 65) or the
valve face (Figs 66–67), often with a backward deflection
before the hook (especially obvious in Fig. 67). The fibulae
were like those of var. frustulum (Figs 68–69).
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Figs 70–79. Nitzschia inconspicua: type material (from the Raaber Bahnhof, Grunow Collection Acquisition 1901, no. 935), exter-
nal (Figs 70–74, 77–79) and internal (Figs 75–76) views. Figs 70–72. Medium, small and very small valves. Note the clearly visible
hymenes in the raphe canal areolae of all three valves, and in the stria areolae of Fig. 72. Fig. 73. Whole valve; note that the ‘cen-
tral’ raphe endings of this valve are slightly closer to the left-hand pole. Fig. 74. Slightly depressed central raphe endings. Figs 75–76.
Valve interiors. Figs 77–78. Kinked and hooked terminal fissures turned either towards the valve face (Fig. 77) or towards the mantle
(Fig. 78). Fig. 79. Oblique view of disrupted frustule, showing the single row of areolae on the raphe mantle and open girdle bands. Scale
bars = 1μm.

Nitzschia inconspicua Grunow 1862 (Figs 18–25,
49–50, 70–79)
Synonym. Nitzschia frustulum var. inconspicua (Grunow)
Grunow sensu auct. nonnull.

This species was described by Grunow (1862), who
specified a single collection from the Raaber Bahnhof in
Vienna (the terminus, now demolished, of the old East Rail-
way), made on 14 March 1858 from among green algae on
rotting plant material in a warm-water pond.

Diatoms corresponding to Grunow’s (1862) description
and figures are abundant in the Raaber Bahnhof sample and
Grunow later used the same sample to illustrate N. incon-
spicua for Van Heurck’s Synopsis (1881, pl. 69, fig. 6).
However, as well as the diatom illustrated by Grunow in
1862 (pl. 18, though it is pl. 12 in Grunow’s number-
ing, fig. 25a-e) and described (p. 579) as being 7.7–10μm
long (0.0003–0.0004 Austrian inches) and with ‘valvis late
ovato lanceolatis subacuminatis’, the Raaber material also
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contains a different, larger Nitzschia species with rostrate
apices. This was illustrated alongside the smaller species
by Grunow himself (in Van Heurck 1881, the bottom right
valve in fig. 6): Grunow’s annotated copy of Van Heurck’s
Synopsis and original drawings in Vienna prove that fig. 6
was drawn from the Raaber material. The larger Nitzschia
has been illustrated also by Lange-Bertalot (1977, figs 26,
27b) in photographs from Grunow’s slide 372, but it is
clearly not part of the life-cycle variation of N. inconspicua
and so is omitted here.

Note: the name Nitzschia frustulum var. inconspicua
(Grunow) Grunow appears to be invalid under Article 34 of
the International Code ofBotanicalNomenclature (McNeill
et al. 2006), because varietal and species status were used
simultaneously by Grunow in Van Heurck (1881, pl. 69,
fig. 6), where he referred only to ‘N . (frustulum var.) incon-
spicua Grun.’, without indication that varietal status was to
be accepted or preferred. In the text of the Van Heurck
Synopsis (1885), neither N. inconspicua nor N. frustu-
lum var. inconspicua was mentioned. In the index to the
plates (Van Heurck 1884, p. 72), both are listed, with-
out indication that var. inconspicua is to be accepted in
preference. Nitzschia inconspicua was listed as an inde-
pendent species without synonyms by Grunow himself (in
Cleve&Grunow (1880) and Schönfeldt (1907). In his com-
pendium of published diatom taxa, De Toni (1892) also
listed N. inconspicua as an independent species but did not
list N. frustulum var. inconspicua as a synonym, contrast-
ing with his treatment of ‘N. palea var.? romana Grunow’
(from Cleve & Grunow 1880), which was given as a syn-
onym of Nitzschia romana Grunow in Van Heurck (1881,
where N. romana is unambiguously treated as an indepen-
dent species). No valid publication of N. frustulum var.
inconspicua, basedonN. inconspicuaGrunow, that predates
Hustedt’s (1925) description of N. frustulum var. subsalina
has been found.

Light microscopy of type material. The variations in valve
length and width, stria and fibula density of N. inconspicua
specimens found in the type slide are given in Table 1.
Valve shape varied from linear–lanceolate to lanceolate in
longer specimens (Figs 18–19) to elliptical–lanceolate in
the shorter ones (Figs 23–25). Most specimens had very
slightly protracted, narrow apices, although in the very short
specimens, the apices tended to become rounded (Fig. 25).
The fibulae were quite regularly distributed along the raphe
canal (Figs 18–25, 49–50) and appeared like small rectan-
gular dots, with the two median ones usually further apart
than the others. However, in some valves (e.g., Figs 21–22)
themedian interspace was the samewidth as the other inter-
spaces; in other cases (not frequently), the wider interspace
containing the central raphe endings was displaced towards
one end of the cell (not shown in LM but illustrated in
SEM, see Fig. 73). The striae were conspicuous and areo-
lae could be resolved within them (Figs 49–50); except in
the smallest valves, the striae were parallel throughout most

of the valve, becoming slightly radiate towards the apices
(i.e., curved margins). In very small specimens almost no
parallel striae were present, all being curved (Fig. 25, see
also Fig. 72).

Electron microscopy of type material. The ultrastructure
of N. inconspicua specimens was identical to those of
N. frustulum var. subsalina (e.g., compare Figs 70–73 with
Figs 61–63 and Figs 75–76 with Figs 68–69), except that
hymenes could be detected more often in N. inconspicua
specimens from the type material (e.g., Figs 71–74, 77–78),
which was probably due to their better preservation. The
central external raphe endings were straight (Fig. 74) and
slightly depressed (Figs 71, 73–74) and the terminal fissures
were hooked to either side, often with a backward deflec-
tion as in some var. subsalina (Figs 77–78). The oblique
view in Fig. 79 illustrates the mantle structure present in
N. inconspicua, which coincides with that of N. frustulum
var. frustulum and var. subsalina, and which consists of a
single row of elliptical areolae below the raphe canal. Three
or four girdle bands are present in the epitheca, the valvo-
copula bearing a single row of areolae in the pars exterior,
near its junction with the pars interior (Fig. 79).

Modern samples. Nitzschia inconspicua specimens from
modern samples showed the same ultrastructure (Supple-
mentary plate 1, Figs 11–14), valve outline (Supplementary
plate 1, Figs 1–10), and morphometrics (Table 1) as in the
type material, with slight expansion of the ranges of length,
stria density and fibula density.

Nitzschia boliviana E. Morales & Vis 2007 (Figs 15–17,
80–83, supplementary plate 2)

Original description:Morales&Vis 2007, p. 127, figs 260–
264, 271–276.

Light and electron microscopy of type material. Selected
valves of N. boliviana from type material are shown in
Figs 15–17.Valve outlines andmetrics fellwithin the ranges
exhibited by N. inconspicua (Figs 18–25, Table 1). The
fibulae were small rectangular dots, the central pair usually
being more distantly spaced than the remainder.

The valve and raphe structure were exactly as in
N. inconspicua and N. frustulum var. subsalina, including
single areolae within the raphe canal and simple central
raphe endings (Figs 80–81), a backward deflection of the
terminal fissures (Fig. 81), and hymenes that are partic-
ularly obvious externally in the areolae adjacent to the
raphe (Fig. 81). The girdle bands are open (Fig. 82) and
the valvocopula bears a single row of areolae.

Nitzschia sp. 1 (Figs 29–35, 51–52, 84–96)

Light microscopy of modern samples from the UK. The
valve outline and morphometrics of specimens from UK
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Figs 80–83. Nitzschia boliviana: type material (Bolivia, South America, ANSP GC 26804), external (Figs 80–81) and internal
(Figs 82–83) views. Figs 80–81. Valves: note straight or slightly bent central raphe endings; clearly visible hymenes in the raphe canal
areolae and in the stria areolae; single row of areolae on the valve mantle. Fig. 82. Valve with open girdle band with a single row of areolae.
Fig. 83. Oblique view, showing fibula details and raphe system; central nodule and terminal helictoglossae. Scale bars = 1μm.

rivers and a lake are given in Table 1. The valve outline
varied from linear–lanceolate in long specimens (Figs 29,
51) to elliptical–lanceolate or even elliptical in the small-
est valves (Figs 34–35). The apices were usually slightly
protracted, but broader than in N. inconspicua (compare
Figs 29–35 with Figs 18–25). The fibulae were quite regu-
larly distributed along the raphe canal, except at the centre,
where the two median ones were further apart than the oth-
ers (Figs 29, 31–35, 51–52: an exception is Fig. 30), as in
most N. inconspicua and N. frustulum var. subsalina, but
not as clearly as in N. invisitata (Figs 36–44). However,
just as in N. invisitata, the fibulae appeared like the margin
of a page torn from a ring-bound notebook (Figs 29–35,
51–52). The stria areolae could only rarely be resolved in
LM (Figs 51–52).

Electron microscopy of modern samples from UK. The
valves of Nitzschia sp. 1 differed in several respects from
those of the taxa described above. As in N. frustulum var.
frustulum, var. subsalina and N. inconspicua, the striae of
the valve face were uniseriate (Figs 84, 86, 88–91), but
with smaller areolae (relative to the interstriae) and within
the raphe canal each stria was represented by a triplet of
even smaller areolae (Figs 84–86, 88), rather than the single

areola of the other taxa. A triplet of small areolae was also
present within the raphe canal on the mantle (Figs 85, 87);
in addition to the triplets, the mantle had a single row of
small round areolae like those of the valve face (Figs 84–
85, 87). Externally, some valve face areolae often appeared
smaller or occluded along the centre of the valve face
(Figs 84, 86). At the boundary between the raphe canal
and the valve face the areolae were more widely spaced,
creating a narrow plain longitudinal area (Figs 86, 88).
Hymenes could be detected internally and bore very fine
(ca. 5 nm in diameter) areolae in a hexagonal array (quin-
cunx) (Fig. 92 and Supplementary plate 4); externally, the
hymenes were more difficult to detect, except in the areolae
of the raphe canal. The raphe was interrupted centrally by
a small central nodule (Fig. 91). The external central raphe
endingswere slightly expanded and either straight (Figs 84–
85) or slightly deflected towards the mantle (Figs 86–88).
The terminal fissures were very short and either almost
straight (Fig. 94) or curved towards the mantle (Figs 85,
87–88), where they often seemed to fuse with an areola
(Fig. 85). Among more than nine valves photographed
in SEM, none had terminal fissures curved towards the
valve face. Hence, although it is impossible to say that
valve face curvature never occurs, it was concluded with
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Figs 84–92. Nitzschia sp. 1: cultured material (clones NIT1008KEL and NIT1009KEL), external (Figs 84–88) and internal (Figs 89–92)
views. Fig. 84. Disrupted frustule: note the straight central raphe endings. Fig. 85. Oblique view showing the structure of the raphe mantle
and curved terminal fissure. Fig. 86. Whole valve showing a clear strip between the raphe canal triplets of areolae and the valve face
striae. Fig. 87. Oblique view showing the raphe and mantle. Fig. 88. Part of valve with central raphe endings turned towards the mantle.
Figs 89–90. Valves showing fibulae. Fig. 91. Detail of fibulae and central nodule. Fig. 92. Detail of areolae, showing their tendency to
have hexagonal outlines. In the original photograph, the hymen pores could be seen to be arranged in quincunx (Supplementary plate 4).
Scale bars = 1μm or (Fig. 92 only) 200 nm.

confidence that N. soratensis does not have the 1:1 ratio of
mantle to valve face curvature expected inNitzschia species
(see Mann 1984).

The mature cingulum contained four open bands, of
which the first (valvocopula) and fourth bore a single line
of round areolae (more closely spaced on the first band)
(Figs 93–96). Bands 1 and 4 were also wider than the
non-porous bands 2 and 3 (Figs 93–94).

Nitzschia soratensis E. Morales & Vis 2007 (Figs 26–28,
98–105 supplementary plate 3)

Original description. Morales &Vis 2007, p. 128, figs 253–
256, 277–280.

Light microscopy of type material from Bolivia. Selected
valves from the type material of N. soratensis are shown
in Figs 26–28. Valve shape and metrics were entirely

123



Trobajo�et�al.

Figs 93–97. Nitzschia sp. 1: cultured material (clones NIT1008KEL and NIT1009KEL), external views. Figs 93–94. Opposite ends of
a frustule, showing the hypocingulum (h1–h4) and epicingulum (e1–e4). Note that the bands are open (e.g., e1 in Fig. 94, h1, e2 and e4 in
Fig. 93), and that the first and fourth bands (e1, h1, e4) each bear a single row of areolae, which are more densely spaced on the first than the
fourth (e.g., Fig. 93, black arrows on h1 and e4). Fig. 95. Girdle bands derived from a single frustule. Note that the pore density on some
bands (band 4: b4) is higher than those on others (band 1: b1). Fig. 96. Separated open girdle bands: b1 is the first band (valvocopula).
Note the wide ligula of band 2 (arrow), which closes the opening between the ends of band 1. Fig. 97. Nitzschia abbreviata: type material,
whole valve, external view (for further details, see Trobajo et al. 2012). Scale bars = 1μm.

within the ranges exhibited by Nitzschia sp. 1 (Figs 29–35,
Table 1).
Electron microscopy of type material from Bolivia. Exter-
nally, the valves of N. soratensis presented uniseriate striae
(Figs 98–99) formedby small areolae occludedbyhymenes,
whichwere visible, both externally (Figs 99, 101) and inter-
nally (Figs 102–105). Striae from the valve face and valve
mantle ended in two smaller areolae located adjacent to the
raphe, forming a triplet of small areolae within the raphe
canal (Figs 98–101). On the opposite side to the raphe canal,
there was a single row of elongated areolae located along
the valve mantle (Fig. 100). On the mantle adjacent to the
raphe, in addition to the triplets, there was a single row
of small round or elliptical areolae like those of the valve
face (Fig. 101). The raphe was interrupted at the centre and
ran along the junction between valve face and valve man-
tle (Figs 99, 101). The central raphe endings were not bent
but were slightly expanded (Fig. 101), whereas the terminal
raphe ends curved towards the mantle (Fig. 99). Internally,
the fibulae were slightlymore widely separated at the centre
(Figs 102, 104) and a small central nodule was visible inter-
rupting the raphe (Fig. 104), as in Nitzschia sp. 1 (Fig. 91)
and the other species studied here. The triplets of areolae
were visible internally within the raphe canal (Fig. 104).

Note: according to Morales & Vis (2007, p. 128),
the girdle bands are closed, but open ends were clearly
visible in the type material examined (Figs 100, 105). The

valvocopula had one row of wide areolae (Fig. 105) and
a finely fimbriate margin on the pars interior (Fig. 103).
Morales & Vis (2007, fig. 280) showed a frustule in girdle
view, in which the theca can be seen to comprise four bands,
of which the first (the valvocopula, uppermost in their pho-
tograph) and the fourth, but not bands 2 and 3, bear a single
row of areolae, as in Nitzschia sp. 1 (Figs 93–96); more-
over, again as in Nitzschia sp. 1, the pore density in the
valvocopula is less than in band 4.

Nitzschia invisitata Hustedt 1942 (Figs 36–44, 53–54,
106–115)
An isolectotype slide was examined. Apparently, the Lake
Mahalona sample is the only material from which Hustedt
recorded N. invisitata and he regarded the species as a
local endemic of this lake in east-central Sulawesi, Malay
Archipelago (Hustedt 1942, p. 235). Hustedt (1942, p. 134)
indicated that N. invisitata was ‘ziemlich häufig’ (quite
often) in the sample and specimens corresponding to his
drawings (Hustedt 1942, figs 297–300) and the type cat-
alogue (Simonsen 1987, pl. 431, figs 1–6) were easily
identified.

Light microscopy of type material. Valve outline and mor-
phometric data for N. invisitata specimens in the type
material are shown in Table 1. Valve outline varied from
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Figs 98–105. Nitzschia soratensis: type material (Bolivia, South America, ANSP GC 26804), external (Figs 98–101) and internal
(Figs 102–105) views. Figs 98–99. Large and small valves. Note the clearly visible hymenes in the raphe canal (triplets of areolae) and
also in the striae. Fig. 100. Oblique view of the valve mantle opposite the raphe canal showing elongated areolae on the mantle; below
are open girdle bands, some with one row of areolae. Fig. 101. Detail of centre showing one row of areolae below the triplets of areolae
on the valve mantle. Raphe interrupted at the central nodule with straight proximal raphe endings. Fig. 102. Whole valve. Figs 103–104.
Detail of central area. Note the delicate fimbriate margin of the valvocopula which underlaps the valve mantle. Fig. 105. Detail of valve
pole showing girdle bands, at least one of which is open, and the helictoglossa. Scale bars = 1μm.
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Figs 106–115. Nitzschia invisitata: type material (Sulawesi, Malay Archipelago. Hustedt Collection, material AS1322), external
(Figs 106–111) and internal (Figs 112–115) views. Fig. 106. Whole valve. Figs 107–109. Details of external central area. Note the
variability of the areolae (size and morphology); hymenes clearly visible in the raphe canal areolae of all three valves and in the stria
areolae; and proximal raphe endings clearly deflected toward the mantle. Figs 110–111. Hooked terminal fissures turned either towards
the valve face (Fig. 110) or towards the mantle (Fig. 111). Note the morphological plasticity of the areolae located in the raphe canal, both
here and in Figs 107–109. Figs 112–115. Parts of valves showing fibulae, central nodule and terminal helictoglossae. Scale bars = 1μm.
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linear–lanceolate in long individuals (Figs 37–38) to more
lanceolate as the length reduced (Figs 43–44, 54). As with
N. frustulum var. subsalina, no extremely short valves
(<8μm) were found. All the specimens had very slightly
protracted apices. The fibulae were quite regularly dis-
tributed along the raphe canal, except at the centre, where
the two median ones were further apart than the others
(Figs 37–44, 53–54), as in N. inconspicua and N. frustulum
var. frustulum andvar. subsalina.Comparedwith these taxa,
however, the central interspace in N. invisitata was usually
more clearly differentiated and the fibulae were not small
rectangular dots but larger blocks, which expanded towards
the valve face. Their overall visual effect of the fibulae was
like the margin of a page that has been torn from a ring-
bound notebook (Figs 37–44). The stria areolae were easily
resolved in LM (Figs 53–54).

While scanning the whole of slide M1/69, a few valves
were encountered that were interpreted as initial valves or
valves formed by the immediate descendants of initial cells
(e.g., Fig. 36). These were ca. 24μm long and lanceolate,
sometimes with a slight central expansion.

Electronmicroscopy of typematerial. The striae of the valve
face were uniseriate (Figs 106–115), but with rather small
areolae externally (Figs 106–111). Within the raphe canal
each stria was represented by a single, usually triangular or
triradiate areola (Figs 106–111). However, the raphe canal
areolae were highly polymorphic and in the central por-
tion of the valve, they tended to be rounded or elliptical
(Figs 107–109). The same variability was also observed in
the raphe canal areolae located on the mantle (Figs 106,
108). The mantle had two rows of areolae: one near the
raphe canal composed of the polymorphic areolae already
described and a second located below it, composed of single
small rounded areolae (Figs 107–108), similar to those on
the valve face. Hymenes could be detected internally and
externally; those occluding the areolae of the raphe canal
were often more obvious externally than those of the valve
face areolae (Figs 109, 111). The raphewas interrupted cen-
trally and the external endings were strongly expanded and
deflected towards the mantle (Figs 106–109). The terminal
fissures were strongly recurved and turned either towards
the valve face or towards the mantle (Figs 110–111). Inter-
nally the two central fibulae were more separated, and a
central nodule was clearly visible (Figs 112–113). At the
poles, there were small helictoglossae internally (Figs 114–
115), as in the other species studied here and in most
Nitzschia species.

Comparative morphometrics
ANOVA analysis showed highly significant differences
(p < 0.001) for themorphological characters studied, when
N. frustulum var. frustulum, N. frustulum var. subsalina,
N. inconspicua, N. invisitata and N. soratensis were con-
sidered (Table 2). Nitzschia frustulum var. frustulum had

Table 2. Results of analysis of variance (ANOVA) of mor-
phological characters forN. frustulum var. frustulum (1),N. frus-
tulum var. subsalina (2),N . inconspicua (3),N. invisitata (4) and
N. soratensis (5), followed by Games–Howell post-hoc tests,
with F-statistics and p values.

ANOVA
Morphological
characters F12, 1191 p Games–Howell

Width (μm) 2.3 <0.001 1 � 4 = 5 > 3 > 2
Fibulae in 10μm 209 <0.001 1 > 2 = 3 � 5 > 4
Striae in 10μm 158 <0.001 5 � 1 > 2 = 3 � 4

Note: Characters investigated: valve width, number of fibulae
and striae in 10μm. Valve length was not analysed because
this characteristic (unlike width, fibula density and stria density)
varies greatly during the life cycle and the valves examined
cannot be assumed to represent equivalent life-cycle stages.

consistently and considerably wider valves than the rest
of the taxa (Table 2, Fig. 116). Comparing stria densities,
N. invisitata andN. soratensis could be easily distinguished,
N. invisitata having the lowest stria density and N. soraten-
sis the highest (Table 2, Fig. 118). With respect to fibula
density, N. invisitata and N. soratensis were similar and
lower than in the other taxa (Table 2, Fig. 117).

Discussion
The diatoms studied here are easily confused, especially
if only a few valves are found or if insufficient care is
taken to relate shape to size. For example, N. frustulum
and N. inconspicua valves sometimes have a similar shape,
but this occurs at different lengths (compare Fig. 5 with
Figs 13 and 20). Likewise, the poles of longer valves of
N. soratensis (e.g., Figs 29–30) are roughly as protracted
as in some medium-length N. inconspicua (Fig. 21), but
N. soratensis loses this feature in smaller cells, whereas
it persists in N. inconspicua. Furthermore, long cells (i.e.,
those formed early in the life cycle) may be perceived
as being narrower than they really are, because of the
high aspect ratio. It is therefore important to establish a
secure basis for comparison, which was done visually in
Figs 1–44 by aligning valves that have the same length
(except Figs 15–17, 26–28). All the species studied here
become more rounded as they get smaller (as do most
pennate diatoms), so that they ‘converge’ morphologically.
This may help explain why N. soratensis, N. inconspicua
and other morphologically similar taxa are often confused.
Taking into account shape and size variation, stria and
fibula density, and ultrastructural details, the following four
conclusions can be made.

Nitzschia frustulum var. frustulum is distinct from
N. frustulum var. subsalina and N. inconspicua
Nitzschia frustulum var. frustulum has significantly wider
valves than N. frustulum var. subsalina or N. inconspicua,
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Figs 116–118. Error bars (mean ± 2 standard error) showing variation of valve width, fibula and stria density in N. frustulum var.
frustulum (type material), N. frustulum var. subsalina (type material), N. inconspicua (type material + modern populations), N. invisitata
(type material) and N. soratensis (type material + modern population = as Nitzschia sp. 1).

the latter being represented by both type material and mod-
ern populations from Spain and the UK in this study. Valve
width has been proved to be one of the very few reli-
able taxonomic characters in species of Nitzschia section
Lanceolatae, as shown by its low variation when different
modern populations are considered, and by its low intra-
clonal variation, bothwhen subjected to different conditions
(e.g., salinity) and during the entire life cycle (Geissler
1970a, b, Wendker & Geissler 1988, Trobajo et al. 2004a,
2006, 2009, 2011, Hlúbiková et al. 2009). Valve width
is also known to be valuable in other pennate diatoms
from the classic studies of the life cycle by Geitler (1932),
although it is not immune to environmental influence (Jahn
1986). Hence the uses of valve width to separate N. frus-
tulum var. frustulum from N. frustulum var. subsalina or
N. inconspicua constitutes a prima facie case for taxo-
nomic separation, even though all three taxa have similar
fibula and stria densities and share more-or-less identical
ultrastructure.

A further difference supporting separation is that it is
likely thatN. frustulum var. frustulum producesmuch larger
initial valves than var. subsalina or N. inconspicua. Our
cultures of N. inconspicua produce initial cells no more
than 30.1μm long (personal observations), whereas the
type material of var. frustulum, in which no initial cells
were found, nevertheless contains valves of up to 34μm.
Krammer & Lange-Bertalot (1988) recorded a maximum
length for N. frustulum sensu lato of 60μm, but valves
having this length in the type or modern populations were
not observed. Therefore, our results disagree with both (1)
the conclusion of Lange-Bertalot & Simonsen (1978) that
N. frustulum var. subsalina andN. inconspicua are both syn-
onymous with N. frustulum var. frustulum, and (2) a later
classification uniting N. frustulum var. subsalina but not
N. inconspicua with N. frustulum var. frustulum (Krammer
& Lange-Bertalot 1988, p. 94).

In contrast, no secure basis for separating N. incon-
spicua from N. frustulum var. subsalina was found. There

are only minute differences between these taxa in valve
dimensions and none in fibula and stria densities, and
there are also no ultrastructural differences. Both taxa
can live in saline habitats (Hustedt 1925, Trobajo et al.
2011, as Nitzschia frustulum sensu lato). Therefore the
results agree with Lange-Bertalot & Simonsen (1978,
p. 27) and Lange-Bertalot (1993, p. 142) that N. incon-
spicua and N. frustulum var. subsalina should be treated as
synonyms.

Nitzschia inconspicua should be recognized as a
separate species, of which N. frustulum var. subsalina
and N. boliviana are synonyms
In 1993, Lange-Bertalot modified the classification in
Lange-Bertalot&Simonsen (1978) andKrammer&Lange-
Bertalot (1988), arguing thatN. inconspicua did not deserve
recognition as a separate species butmight perhaps beworth
recognition as a variety. Lange-Bertalot (1993) argued
that N. frustulum and N. inconspicua are only phenotyp-
ically, not genotypically differentiated, citing Wendker’s
(1990a) studies of the Schlei Estuary (in which N. frus-
tulum sensu lato was abundant) in support. The recent
benthic diatom flora for central Europe by Hofmann et al.
(2011) adopted Lange-Bertalot’s (1993) classification, sep-
arating N. frustulum var. frustulum and var. inconspicua
within N. frustulum. In the work cited by Lange-Bertalot,
Wendker (1990a, p. 115) stated that she treated N. frustu-
lum and N. inconspicua as synonyms (‘in der vorliegenden
Arbeit als SynonymzuN. frustulum aufgefaßt’). She did not
explain this conclusion, but in a companion paper,Wendker
(1990b) analysed variation in and among Schlei popula-
tions of N. frustulum sensu lato and suggested that the
smaller, narrower and more rounded ‘inconspicua’ mor-
phology, occurring in the lower salinity reaches of the
Schlei, intergraded into the longer, wider and more acute-
ended ‘frustulum’ morphology, occurring nearer the sea.
However, she presented no direct evidence that the variation
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was phenotypic and deferred a decision on the conspeci-
ficity of N. frustulum and N. inconspicua until further
studies could be made of clonal cultures (‘Weiterführende
Untersuchungen an Klonkulturen sollten als Fragestellung
die eventuelle Konspezifität dieser beiden Taxa berück-
sichtigen’).Our studies ofN. inconspicua cultures (personal
observations) show that they never produce thewider valves
characteristic of N. frustulum sensu stricto, nor such long
valves as occur in the type material of N. frustulum.

Two comments can be made about the classification of
N. frustulum and N. inconspicua as varieties of a single
species. First, as noted already by Lange-Bertalot (1993),
the correct name for N. inconspicua, if it is regarded as
synonymous with var. subsalina and treated as a variety
of N. frustulum, is var. subsalina. The name subsalina has
priority (dating from 1925, in the original description by
Hustedt) because Grunow never made a valid new combi-
nation of var. inconspicua. Hence the recent treatment by
Hofmann et al. (2011) would need modification: (1) the
diatom described there as N. frustulum var. inconspicua
(p. 446 and pl. 112, figs 35–40) should have been called
N. frustulum var. subsalina; and (2) most of the speci-
mens presented there as N. abbreviata (p. 446 and pl. 112,
figs 21–27) most likely correspond to N. soratensis (for the
explanation see below).

Second, treating N. inconspicua as a variety of N. frus-
tulum means that it is less likely to be recorded (some
diatomists do not use taxonomic ranks lower than species),
especially if it is believed that it is only a phenotypic modi-
fication (the interpretation of Lange-Bertalot 1993) or a life
history stage (the interpretation of Hofmann et al. 2011,
p. 446), which our morphometric data (e.g., on the length
range: as stated in previous section) indicate it is not. As a
result, the ecology and biogeographical distribution of these
two taxa (N. frustulum and N. inconspicua) will always be
confused.

Nitzschia inconspicua should be treated as an indepen-
dent species. In LM, distinguishing N. inconspicua from
N. frustulum is not impractical, because of the latter’s
wider valves. The more difficult (although not impossi-
ble) separation in LM is between N. inconspicua (fully
or nearly fully euryhaline, from our own experimental
data on clones and salinity) and the more rounded diatom
Nitzschia sp. 1 (which is a strictly freshwater species,
also from our own experimental data). Nitzschia sp. 1 as
stated below should be called N. soratensis (cf. Kram-
mer & Lange-Bertalot 1988, pl. 69, figs 1–13, where both
N. inconspicua and N. soratensis are illustrated together as
N. inconspicua).

The measurements made on type material of N. boli-
viana agreed well with those given by Morales & Vis
(2007), who gave 6.0–9.6 × 2.4–2.8μm, with 27.5–
30 striae and 12.5–15 fibulae in 10μm, except for the
stria densities; for these, our figures were lower than
given by Morales & Vis (27.5–30 striae in 10μm), ours
corresponding to those of N. inconspicua and N. frustulum

var. subsalina, rather than to the higher densities of
N. soratensis and Nitzschia sp. 1 (Table 1). Nitzschia boli-
viana therefore seems to be conspecificwithN. inconspicua
and should be considered synonymous because their ultra-
structural features are very similar in all aspects, and
full overlap between the two species in metric characters
(Table 1).

Nitzschia inconspicua, N. abbreviata and N. invisitata
are not synonyms
Lange-Bertalot & Krammer (1987, p. 3) and Krammer &
Lange-Bertalot (1988, p. 95) suggested that N. abbreviata
and N. inconspicua might be conspecific, both having a
simple elliptical outline and similar valve dimensions and
striation density. Hofmann et al. (2011), by contrast, sepa-
ratedN. inconspicua andN. abbreviata. Our examination of
N. abbreviata typematerial fromLakeTanganyika (western
branch of the African Rift) (Trobajo et al. 2012) revealed
several small diatom species, all similar in LM but with
different ultrastructures. The ultrastructure most likely to
correspond to theN. abbreviata lectotype (Fig. 97: for other
images, see Trobajo et al. 2012) differs fromN. inconspicua
and N. frustulum in having valve areolae occluded exter-
nally by coarse cribra and striae that become biseriate in
the raphe canal. In addition, the striation density of valves
with this type of ultrastructure, assigned to N. abbreviata
(Trobajo et al. 2012), is higher (generally 27–34 in 10μm)
than inN. inconspicua andN. frustulum, and the areolae can-
not be resolved in LM. Therefore, although N. abbreviata
andN. inconspicua are very similar in LM, as noted byHof-
mann et al. (2011, p. 431), these two are separate from each
other and from N. frustulum. Besides N. abbreviata itself,
the Lake Tanganyika material contains a species that shares
the same ultrastructure as N. inconspicua (‘ultrastructure
3’ in Trobajo et al. 2012) and has similar dimensions and
pattern densities as N. inconspicua, raising the possibility
that N. abbreviata and N. inconspicuamay coexist in some
localities. However, until now, no observation of N. abbre-
viata with SEM examination could certify the presence of
this species in Europe.

Our data also support N. invisitata as an independent
species, which has been confirmed, so far, only from the
type locality in Sulawesi. The species is clearly differenti-
ated in LM from the other species treated here, and also
from N. abbreviata, by the coarser areolae in the striae
(well illustrated also by Simonsen 1987, pl. 431, figs 1–6),
relatively low striation density, and larger and more dis-
tantly spaced fibulae: the median pair of fibulae are usually
very clearly separated, rather more so than in the other
species (this feature was noted in the original description
and figures: see Hustedt 1942, p. 134). Diatoms identi-
fied as N. invisitata have been recorded from Kenya by
Owen et al. (2004, 2008) and, interestingly, had a much
higher alkalinity optimum than N. frustulum and N. incon-
spicua, recorded in the same studies. However, no images
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of the Kenyan N. invisitata were published and none of the
original samples remain (R.B. Owen, pers. comm.). It is
therefore unclear, especially given the confusion in the tax-
onomy of these small Nitzschia species, whether Kenyan
and Sulawesian N. invisitata are conspecific.

In its ultrastructure, N. invisitata differs from the other
species studied here in the central raphe endings, which
are not straight but deflected, and in the shape and poly-
morphism of the areolae in the raphe canal, which are
generally triangular or triradiate. With respect to the mor-
phology of the raphe canal pores, N. invisitata is similar
to N. kahlii Lange-Bertalot & Rumrich from South Amer-
ica (central Chile, Rumrich et al. 2000, pl. 165, figs 3, 89),
and also to an unnamed species (‘ultrastructure 2’) found in
the type material of N. abbreviata from Lake Tanganyika
(Trobajo et al. 2012, figs 37–44). Nitzschia invisitata is
not the same as either of these, however, since N. kahlii
lacks central raphe endings (Rumrich et al. 2000), while
in the Tanganyikan diatom, the valve face areolae are sub-
divided by transapical bars, the central raphe endings are
straight, and there are no terminal fissures (Trobajo et al.
2012).

Nitzschia soratensis is the correct name for a small,
blunt-ended, strictly freshwater species previously
identified in Europe as N. inconspicua or N. abbreviata
A major impetus for our study was the realization that,
within European samples, there appear to be two very simi-
larNitzschia species, one with slightly more rounded apices
and finer striation than the other. Both were illustrated as
‘N. inconspicua’ by Lange-Bertalot (1977, figs 22–25, 27a)
and Krammer & Lange-Bertalot (1988, pl. 69, figs 1–10),
but the more rounded one, which is described here in detail
from UK material, is clearly differentiated by its ultrastruc-
ture (i.e., Nitzschia sp. 1 having triplets of small areolae
within the raphe canal while N. inconspicua has uniseriate
striawithin the raphe canal, Figs 84–88vs. Figs 70–74) from
the others and in having, on the whole, higher stria density
and lower fibula density than N. inconspicua (see Table 1
and Figs 117–118). Also, the fibulae ofNitzschia sp. 1 have
a different appearance in LM, resembling the margin of
a page torn from a ring-bound notebook while N. incon-
spicua resembled Nitzschia sp. 1 (compare Figs 18–25 vs.
Figs 29–35).

Nitzschia sp. 1 was wrongly called N. abbreviata by
Hofmann et al. (2011, p. 431, figs 21–27), which included
some of the same images that were used to illustrate
‘N. inconspicua’ by Krammer & Lange-Bertalot (1988).
As shown by our examination of type material (Fig. 97,
and see Trobajo et al. 2012), N. abbreviata differs from
Nitzschia sp. 1 by having: (1) complex cribra in rela-
tively large areolae (relative to the width of the interstriae),
whereas only a hymen is present in Nitzschia sp. 1; (2)
deeper and more clearly differentiated mantles; (3) elon-
gate rather than more or less circular areolae on the mantle

(on both sides of the valve, both adjacent to and opposite
the raphe); and (4) terminal fissures that can bend towards
either the valve face or mantle, rather than only towards
the mantle. Also, in N. abbreviata, the stria structure in
the raphe canal is variable: sometimes there are double or
triple areolae,which tend tomergewith each other, butmore
often there are single areolae. In Nitzschia sp. 1, however,
there are almost always triplets of small areolae in the raphe
canal, which are separated from the valve face by a narrow
plain strip. Finally, there are differences in girdle structure
between N. abbreviata and Nitzschia sp. 1, the most abval-
var band of N. abbreviata bearing short striae containing
three areolae apiece, whereas the equivalent band in the
rounded UK form has a simple longitudinal line of elliptical
areolae.

Nitzschia sp. 1 seems to be conspecific with N. soraten-
sis described by Morales & Vis (2007). The ultrastructure
of the raphe canal is the same, with neat triplets of are-
olae separated from the valve face stria by a plain strip;
there is a discrete row of elliptical areolae on the man-
tle (at least on the side opposite the raphe: Morales &
Vis 2007, fig. 280); and the length, width, fibula den-
sity and stria density are similar. The European Nitzschia
sp. 1 and the Bolivian N. soratensis cannot be separated.
Nitzschia soratensis has also been illustrated in SEM from
a sample from the Chilean Altiplano and misidentified as
N. acidoclinata Lange-Bertalot by Rumrich et al. (2000,
pl. 167, fig. 3).

Therefore, the illustrations of some N. inconspicua in
Krammer & Lange-Bertalot (1988, pl. 69, figs 6–10) and
those of ‘N. abbreviata’ in Hofmann et al. (2011, pl. 112,
figs 21–27) represent N. soratensis. Nitzschia soratensis
appears to be a strictly freshwater species (already at a
salinity of 3 ppt, the growth of our clones of N. soratensis
was almost completely suppressed and cells were unable
to move and separate, thus forming chains), whereas the
diatom that is most often confused with it, N. incon-
spicua, extends from freshwater into brackish and marine
waters (Chu et al. 1996, Trobajo et al. 2011, Rovira et al.
2012b, and our unpublished data on cultures and salinity
tolerances). Lange-Bertalot (1993) characterized what we
now call N. soratensis as a diatom occurring ‘im Süss-
wasser mit nur mittlerem Elektrolytgehalt’ and Hofmann
et al. (2011) noted that confusion of N. inconspicua with
N. soratensis (= their N. abbreviata) has led to calculation
of over-high halobion indices. Currently, experiments are
being conduted to determine the preferences and tolerances
of N. soratensis clones to some environmental variables,
for comparison with N. inconspicua [for which, see (1)
Trobajo et al. (2004a) where N. inconspicua and N. frus-
tulum were considered as conspecific taxa; and (2) Trobajo
et al. (2011) where N. inconspicua was misidentified as
N. frustulum]. Morales & Vis (2007) stated that N. soraten-
sis ‘prefers slightly eutrophic waters (210μS cm−1) with
alkaline pH (8.6) and coldwater temperature (17 ◦C)’; other
records (Morales et al. 2007, with environmental data from
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Table�3.�LM�morphological�comparisons�differentiating�the�four�reassigned�Nitzschia�species,�together�with�ecological�preferences.

Species comparison Apex shape Valve width Stria Fibula Ecology

N. frustulum versus
N. inconspicua

** Determinant
feature: wider
valves for
N. frustulum,
always
>3μm

** ** Not known*

N. frustulum versus
N. soratensis

Slightly protracted, narrow
in N. frustulum; slightly
protracted, broad in
N. soratensis

Wider valves for
N. frustulum,
always
>3μm

Generally
less con-
spicuous in
N. soratensis

Lower fibula density in
N. soratensis

Shape: small rectan-
gular in N. frustulum;
‘torn notebook’ in
N. soratensis

Not known*

N. frustulum versus
N. invisitata

** Wider valves for
N. frustulum,
always
>3μm

Generally lower
density in
N. invisitata

Shape: small rectangu-
lar in N. frustulum;
‘torn notebook’ in
N. invisitata

Not known*

N. inconspicua versus
N. soratensis

Slightly protracted, narrow
in N. inconspicua;
slightly protracted,
broad in N. soratensis

** Generally
less con-
spicuous in
N. soratensis

Shape: small rectangu-
lar inN. inconspicua;
‘torn notebook’ in
N. soratensis

N. inconspicua:
brackish–
marine/
euryhaline;
N. soratensis:
strictly
freshwater

N. inconspicua versus
N. invisitata

** ** Slightly lower
density in
N. invisitata

Shape: small rectangu-
lar inN. inconspicua;
‘torn notebook’ in
N. invisitata

Not known*

N. soratensis versus
N. invisitata

Slightly protracted, broad
in N. soratensis; slightly
protracted, narrow in
N. invisitata

** Lower density in
N. invisitata

** Not known*

Note: *, comparison not possible because the two taxa have previously been confused or the ecological preference is known for only one
of the pair; **, the two taxa cannot be distinguished by this character.

McClintic et al. 2003) give a range of conductivities, pH and
temperatures of 110–210μS cm−1, 7.4–8.6 and 10–17 ◦C,
respectively.

In order to make advances in knowing the ecology of
N. inconspicua and N. soratensis, it is obviously essential
to be able to identify them reliably. In SEM and TEM, there
is no possibility of confusion, but in ecological studies and
biomonitoring it is impractical to use SEM routinely, and
LM diagnosis is therefore essential. The ranges of length,
width, stria density and fibula density overlap between
N. inconspicua and N. soratensis and the two species do
sometimes occur together in the freshwater habitats (though
never with both at high abundances at the same time: our
unpublished data). However, a combination of characters
allows most valves of these two species to be identified
with confidence in LM, by (in each case, N. soratensis is
given first):

• more rounded vs. somewhat acute poles (compare
Figs 26–35 with Figs 10–25);

• fibulae like the margin of a page torn from a ring-
bound notebook (and generally more widely spaced)
vs. small rectangular dots;

• striae less easy to resolve (fainter striae, due to smaller
areolae), with invisible areolae (ca. 30 in 10μm) vs.
striae more easy to resolve with the possible obser-
vation of areolae (ca. 17 in 10μm) and larger than in
N. soratensis.

The LM differences between all four reassigned Nitzschia
species considered in this work are summarized in Table 3.
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Supplementary material
The following supplementary material, comprising 4 supple-
mentary plates, is available for this article accessible via the
Supplementary Content tab on the article’s online page.

Supplementary Material - Plate 1 Nitzschia inconspicua
Figs 1–14. Nitzschia inconspicua from modern populations of the
Ebro Estuary. Figs 1–10. Light micrographs (bright field optics)
illustrating size reduction, scale bar = 5μm. Figs 11–14. SEM
micrographs. Fig. 11. Valve interior showing central nodule and
fibula details. Figs. 12. Valve exterior with straight central raphe
endings. Fig. 13. Detail of the central raphe endings, note the
clearly visible hymenes in the raphe canal poroids and also in the
stria poroids. Fig 14. Valve exterior with central raphe endings
turned towards the mantle. Scale bars = 1μm.

Supplementary Material - Plate 2 Nitzschia boliviana
Figs 1–22. Nitzschia boliviana from type material (Sorata Depart-
ment, Bolivia, SouthAmerica.ANSPGC26804). Figs 1–20. Light
micrographs (bright field optics) illustrating size reduction, scale
bar = 10μm. Figs 21–22. SEM micrographs. Fig. 21. General
aspect of valve exterior. Fig. 22.Valve interior showing central
nodule and fibula details. Scale bars = 1μm.

Supplementary Material - Plate 3 Nitzschia soratensis
Figs 1–24.Nitzschia soratensis from typematerial (Sorata Depart-
ment, Bolivia, SouthAmerica.ANSPGC26804). Figs 1–20. Light
micrographs (bright field optics) illustrating size reduction. Figs
5, 9 and 15 illustrating both Nitzschia soratensis (a) and Nitzschia
boliviana (b) co-occurring, scale bar = 10μm. Figs 21–24. SEM
micrographs. Fig. 21. Valve interior showing central nodule and
fibula details. Fig. 22. Valve exterior showing pore arrangement
on the valve face. Fig. 23. Detail of centre outside, showing the
triplets of poroids on the valve mantle and valve face. Raphe inter-
rupted at the central nodule. Fig. 24. Detail of a large specimen
(centre) surrounded by accompanying flora, Reimeria seriata (W.
Gregory) Kociolek & Stoermer (below) and Navicula sp. (above).
Scale bars Figs 21-23 = 1μm, Fig. 24 = 10μm.

Supplementary Material - Plate 4 Nitzschia soratensis
Detail of the areolae illustrated in Fig. 92, showing hymen pores
arranged in quincunx. Scale bar = 200 nm.
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Supplementary Material - Plate 1 Nitzschia inconspicua
Figs 1–14. Nitzschia inconspicua from modern populations of the
Ebro Estuary. Figs 1–10. Light micrographs (bright field optics)
illustrating size reduction, scale bar = 5μm. Figs 11–14. SEM
micrographs. Fig. 11. Valve interior showing central nodule and
fibula details. Figs. 12. Valve exterior with straight central raphe
endings. Fig. 13. Detail of the central raphe endings, note the
clearly visible hymenes in the raphe canal poroids and also in the
stria poroids. Fig 14. Valve exterior with central raphe endings
turned towards the mantle. Scale bars = 1μm.

Supplementary Material - Plate 2 Nitzschia boliviana
Figs 1–22. Nitzschia boliviana from type material (Sorata Depart-
ment, Bolivia, SouthAmerica.ANSPGC26804). Figs 1–20. Light
micrographs (bright field optics) illustrating size reduction, scale
bar = 10μm. Figs 21–22. SEM micrographs. Fig. 21. General
aspect of valve exterior. Fig. 22.Valve interior showing central
nodule and fibula details. Scale bars = 1μm.

Supplementary Material - Plate 3 Nitzschia soratensis
Figs 1–24.Nitzschia soratensis from typematerial (Sorata Depart-
ment, Bolivia, SouthAmerica.ANSPGC26804). Figs 1–20. Light
micrographs (bright field optics) illustrating size reduction. Figs
5, 9 and 15 illustrating both Nitzschia soratensis (a) and Nitzschia
boliviana (b) co-occurring, scale bar = 10μm. Figs 21–24. SEM
micrographs. Fig. 21. Valve interior showing central nodule and
fibula details. Fig. 22. Valve exterior showing pore arrangement
on the valve face. Fig. 23. Detail of centre outside, showing the
triplets of poroids on the valve mantle and valve face. Raphe inter-
rupted at the central nodule. Fig. 24. Detail of a large specimen
(centre) surrounded by accompanying flora, Reimeria seriata (W.
Gregory) Kociolek & Stoermer (below) and Navicula sp. (above).
Scale bars Figs 21-23 = 1μm, Fig. 24 = 10μm.

Supplementary Material - Plate 4 Nitzschia soratensis
Detail of the areolae illustrated in Fig. 92, showing hymen pores
arranged in quincunx. Scale bar = 200 nm.
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Chapter 5 

Rovira, L., Trobajo, R., Sato, S., Ibáñez, C. & Mann, D.G. Genetic and 
ecophysiological diversity in the diatom Nitzschia inconspicua. Journal of 

Phycology (under review). 
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Table S2$
 2�	'�	;
 ��������	
 	��'���
 5��
 ��+��	���
 ��<	������
 5���
 2�	'�	;
 �	�
 ����
 �	


�67����	������
 �	��7���$
 )�������
 �	������
 <��6�	
 N. inconspicua
 �������
 ������C
 �	
 �67����	������


�����
���
6��6���6���
�	
���7$



Taxon rbcL acc.# LSU acc.# 

Bacillaria paxillifera FPU �QU 

Bacillaria paxillifera ��Q SRST


Cylindrotheca
��$ �OU�T�


Cylindrotheca closterium FPU �O�U


Cylindrotheca closterium �P Q!�QO


Cylindrotheca closterium �P Q!�QR


Cylindrotheca closterium �P Q!�QS


Cylindrotheca closterium ����� �Q


Cylindrotheca closterium 3!Q�TS�


Cylindrotheca closterium ��Q SRRR


Cylindrotheca fusiformis ��Q SRRO


Denticula kuetzingii FPU �QSQ


Fragilariopsis curta ��Q SROU


Fragilariopsis cylindrus �Q�!QUU


Fragilariopsis cylindrus ����� !T


Fragilariopsis cylindrus ��Q SROS


Fragilariopsis kerguelensis �Q�!O� 


Fragilariopsis kerguelensis �Q�!O��


Fragilariopsis kerguelensis ��Q SROT


Fragilariopsis rhombica ��Q SROR


Fragilariopsis vanheurckii AF417660 

Hantzschia amphioxys ��Q SRSS


Hantzschia amphioxys
*��$
major FPU �!U�


Neodenticula seminae 23S!QSUQ


Neodenticula seminae 23S!QSUS


Neodenticula seminae 23S!QSUR


Neodenticula seminae 23S!QSU!


Neodenticula seminae 23S!QSUO


Nitzschia alba ��Q SRS�


Nitzschia
�5$
agnita ��Q SRRQ


Nitzschia �5$
promare ��Q SRSR


Nitzschia �5$
pusilla ��� Q R!


Nitzschia �5$
pusilla 23S!�Q Q


Nitzschia
�5$
pusilla ��� Q RT


Nitzschia
�5$
pusilla ��Q SRR�


Nitzschia
�5$
vitrea ��Q SRRU


Nitzschia communis ��Q SRR 


Nitzschia filiformis FPU �QO


Nitzschia
frustulum ��Q SRS 


Nitzschia inconspicua  �� T� UO


Nitzschia laevis ��Q SRS!


Nitzschia lecointei AF417667 

Nitzschia navis-varingica ��� TTTO


Nitzschia navis-varingica ��� TTTR


Nitzschia navis-varingica ��� TTTS


Nitzschia navis-varingica ��Q SRSO
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Taxon rbcL acc.# LSU acc.# 

Nitzschia palea �LOOS��R
 �� T!�QT

Nitzschia palea �LOOS��S
 �� T!�QU


Nitzschia palea �LOOS��T
 �� T!�O�


Nitzschia palea �LOOS� S
 �� T!�!Q


Nitzschia palea �� T!�!T


Nitzschia palea �LOOS� T
 �� T!��R


Nitzschia palea �� T!��S


Nitzschia palea �LOOS�Q 
 �� T!��T


Nitzschia palea �� T!��U


Nitzschia palea �� T!�!�


Nitzschia palea �LOOS���
 �� T!�!�


Nitzschia palea �LOOS�QT
 �� T!�!U


Nitzschia palea �� T!�QS


Nitzschia palea �� T!�Q�


Nitzschia palea �LOOS��!
 �� T!�QR


Nitzschia palea �LOOS��Q
 �� T!�QQ


Nitzschia palea �� T!�Q 


Nitzschia palea �LOOS��O
 �� T!�Q�


Nitzschia pellucida ��Q SRS�


Nitzschia sigmoidea �LOOS�!!


Nitzschia
��$ 3�U��QU


Nitzschia ��$ FP!!SOST
 FP!URTQQ


Nitzschia supralitorea �� T� UR


Psammodictyon panduriforme ����� �O


Pseudo-nitzschia americana �Q�!O�Q
 �O�� �T


Pseudo-nitzschia americana 3Q !U�


Pseudo-nitzschia australis 3Q�TO�


Pseudo-nitzschia australis ��Q SRO 


Pseudo-nitzschia australis ��  T�OQ


Pseudo-nitzschia brasiliana �� O�SQ�


Pseudo-nitzschia brasiliana �� O�SO�


Pseudo-nitzschia brasiliana �� O�SO!


Pseudo-nitzschia brasiliana ��QRURS!


Pseudo-nitzschia brasiliana ��QRURSO


Pseudo-nitzschia caciantha �PT !T� 
 �PT !T �


Pseudo-nitzschia calliantha �PT !T�O


Pseudo-nitzschia calliantha �ORR�  


Pseudo-nitzschia �5$
subpacifica ��Q SRQ�


Pseudo-nitzschia �5$ hemeii ��QQ�SSS


Pseudo-nitzschia cuspidata �PT !T��


Pseudo-nitzschia cuspidata �PT !T�U


Pseudo-nitzschia delicatissima �ORR� R


Pseudo-nitzschia delicatissima �ORR� T


Pseudo-nitzschia delicatissima �PT !T U


Pseudo-nitzschia delicatissima �PT !T�!


Pseudo-nitzschia delicatissima �Q�!O R


Pseudo-nitzschia delicatissima �O��!Q�


Pseudo-nitzschia delicatissima �O��!Q 


Pseudo-nitzschia dolorosa �PT !T��
 �PT !T !


Pseudo-nitzschia fraudulenta �Q�!O��
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Taxon rbcL acc.# LSU acc.# 

Pseudo-nitzschia fraudulenta �O��!!!

Pseudo-nitzschia fraudulenta �Q�!O�!


Pseudo-nitzschia fraudulenta ��Q SRQS


Pseudo-nitzschia galaxiae �Q�!O O


Pseudo-nitzschia galaxiae �Q�!O�U


Pseudo-nitzschia galaxiae �Q�!O  


Pseudo-nitzschia galaxiae �Q�!O �


Pseudo-nitzschia galaxiae �Q�!O Q


Pseudo-nitzschia galaxiae �Q�!O !


Pseudo-nitzschia galaxiae �Q�!O �


Pseudo-nitzschia galaxiae �s�T  !R


Pseudo-nitzschia galaxiae �s�T  !S


Pseudo-nitzschia inflatula ��Q SR!U


Pseudo-nitzschia mannii �PT !T�Q
 �PT !T Q


Pseudo-nitzschia mannii �PT !T R


Pseudo-nitzschia micropora ��Q SRQU


Pseudo-nitzschia multiseries ��Q SROO


Pseudo-nitzschia multiseries ��QQ�SS�


Pseudo-nitzschia multiseries 3!��SUS


Pseudo-nitzschia multistriata �Q�!O�O


Pseudo-nitzschia multistriata �O��!!S


Pseudo-nitzschia multistriata �O��!!Q


Pseudo-nitzschia multistriata �O��!!O


Pseudo-nitzschia multistriata ��Q SROQ


Pseudo-nitzschia pseudodelicatissima �PT !T S
 �PT !T�T


Pseudo-nitzschia pseudodelicatissima ��Q SRQ�


Pseudo-nitzschia pseudodelicatissima �sOO� �R


Pseudo-nitzschia pseudodelicatissima �sOO� �S


Pseudo-nitzschia pseudodelicatissima �sOO� �U


Pseudo-nitzschia pungens �Q�!O�R


Pseudo-nitzschia pungens �Q�!O�S


Pseudo-nitzschia pungens ��Q SRQT


Pseudo-nitzschia pungens ��Q SRO�


Pseudo-nitzschia seriata ��Q SRO!


Pseudo-nitzschia seriata �sQO�O�O


Pseudo-nitzschia seriata �sQO�O�R


Pseudo-nitzschia subcurvata FP!URTO 


Pseudo-nitzschia subcurvata FP!URTO�


Pseudo-nitzschia subcurvata FP!URTQO


Pseudo-nitzschia sp. �O��!!T


Pseudo-nitzschia sp. �O��!!U


Pseudo-nitzschia sp. delicatissima �PT !T T


Pseudo-nitzschia subfraudulenta ��Q SRQR


Pseudo-nitzschia turgiduloides �Q�!O�T


Tryblionella apiculata FPU �QRQ
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FIGURE S2. Paedogamy in N. inconspicua clones: LM (a–o) and SEM (p–t). Scale bars, 5 μm for LM [in (e)], 1 μm for SEM. 

(a–h). Clone G2_4, LM. (a) Gametangium immediately after the cytokinetic division at meiosis I: two protoplasts lie side by side 

within an undehisced cell. (b) Slightly later stage in gametogenesis: the gametangium has dehisced and the gametes are 

rounding up within it; each gamete contains two chloroplasts. (c) Fully rounded gametes lying one above the other within a 

dehisced gametangium (the two thecae are clearly separated. This arrangement is commonly observed in N. inconspicua, but 

sometimes the gametes do not become rearranged within the gametangium, as in (i). (d) Zygote. (e) Partly expanded 
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auxospore. (f, g) Two focuses of a fully expanded auxospore: one of the gametangial thecae is associated with each pole. (h). 

Fully formed initial cell within the auxospore; it contains four chloroplasts arranged in a line. 

(i–o) Clone L65, LM. (i) Gametes side by side within a dehisced gametangium. (j) Zygote. (k) Early stage in auxospore 

expansion. (l) Fully expanded auxospore containing initial cell: There is a wide separation (arrow) between the perizonium and 

initial cell, so that the perizonium does not directly control the shape of the enlarged cells, though it does control the length. (m) 

Fully formed initial cell in girdle view, now expanded to fill the perizonium. (n) Divided initial cell, still within perizonium. (o) 

Escape of the two daughter cells of an initial cell, leaving behind the perizonium (arrow) as a husk. 

(p–t) Clone G4_2, SEM, critical-point dried material. The small rod-shaped and spherical cells are bacteria. (p) Two gametes 

(arrows) surrounded by fibrillar material (probably dehydrated mucilage) within a dehisced gametangium [cf. (c)]. (q) Young 

zygote, with abundant fibrillar material. (r) Mature zygote, surrounded by a robust wall (the incunabula) containing silica scales 

(their presence was established by acid cleaning). (s) Expanded auxospore, before formation of the initial valves. The 

incunabula have persisted as caps (e.g. arrow) over the ends of the auxospore; between them is a perizonium, containing a 

series of bands, all of which (except the central band) open along a ‘suture’ (arrowheads) along one side. The gametangial 

thecae flank the auxospore. (t) Expanded auxospore containing initial valves (which have prevented collapse): this cell is seen 

from the side opposite the suture. Fibrillar material derived from the gametes and zygote persists on the caps over the ends of 

the auxospore. 
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General discussion 

Difficulties in the use of benthic diatoms to evaluate ecological status of the Ebro Estuary 
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Benthic diatom community 
of the Ebro Estuary 
List of diatom taxa and relative abundances 
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Diatom taxa RA 
(%) Plates 
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Benthic diatom community of the Ebro Estuary 

LM and SEM plates of diatom taxa 
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Benthic diatom community of the Ebro Estuary 

Plate 1 LM 
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Benthic diatom community of the Ebro Estuary 

Plate 2 LM 
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Benthic diatom community of the Ebro Estuary 

Plate 3 LM 
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Benthic diatom community of the Ebro Estuary 

Plate 4 LM  
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Benthic diatom community of the Ebro Estuary 

Plate 5 LM 
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Benthic diatom community of the Ebro Estuary 

Plate 6 SEM 
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Benthic diatom community of the Ebro Estuary 

Plate 7 SEM  
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Benthic diatom community of the Ebro Estuary 

Plate 8 SEM 
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Benthic diatom community of the Ebro Estuary 

Plate 9 SEM 
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Plate 10 SEM  
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Plate 11 SEM  
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Plate 12 SEM D=����
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Benthic diatom community of the Ebro Estuary 

Plate 13 SEM  

����$
 �
�$

 Nitzschia filiformis DB$
=���6E
"�	
F����;
D�����
'���
Ok�E




 ���$
 �
�C���	��
*��*�
*��<



 ���$
��
������
�5
��	����
���6�
�	��	��


����$
!#S$

 Nitzschia inconspicua
2��	�<



 ���$
!�
�C���	��
�����
*��*�
*��<




 ���$
Q�
������
�5
������6�
��	����
���6�
�	��	��



 ���$
O�
�C���	��
�����
*��*�
*��<�
��5������
��	����
���6�
�	��	��



 ���$
R�
�	���	��
�����
*��*�
*��<



 ���$
S�
������
�5
������6�
��	����
���6�
�	��	��




244



Benthic diatom community of the Ebro Estuary 

245



Benthic diatom community of the Ebro Estuary 
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Plate 15 SEM  
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The Ebro River discharge is themain factor controlling hydrological dynamics in the Ebro
microtidal salt wedge estuary. The aim of this study was to describe the species composi-
tion of the periphytic diatom communities, and to elucidate the main environmental fac-
tors affecting them. Samples of periphytic diatoms were collected at 8 sites along the estu-
ary in October 2007 and January 2008. The diatom community was sampled both from
natural and artificial substrata. Water depth, velocity, pH, dissolved oxygen, temperature,
conductivity, total chlorophyll and water chlorophyll a, total periphytic chlorophyll, dis-
solved nutrients (P-PO4

3–, N-NO3
–, N-NO2

–, N-NH4
+, Si-SiO4

4–), total dissolved nitrogen
and total dissolved phosphorous were determined in each campaign. Altogether, more
than 120 taxa of diatoms were identified. The most abundant genera wereCocconeis, Am-
phora, Navicula and Tabularia. The variability of the diatom community was analyzed
with multivariate analysis methods. Water stratification affected diatom community in
both the horizontal and the vertical gradient, according mainly to salinity, dissolved oxy-
gen and nutrient concentration differences.

Key words: Diatom, estuary, salt wedge, periphyton, distribution, taxonomic composi-
tion, Ebro, Mediterranean, Spain

Introduction

Diatoms are valuable indicators of ecological quality: they respond directly and sensi-
tively to many physical, chemical and biological changes in aquatic environment. They are
found in almost all aquatic habitats and their high contribution to primary production has
been pointed out by several authors. They also have among the shortest generation times of
all biological indicators, allowing them to respond rapidly to environmental changes and to
provide early warning of potential changes in nutrient status for different water bodies
(ROTT 1991, STEVENSON and PAN 1999).
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Despite the ecological importance of diatoms as a periphytic component, the knowl-
edge of lentic communities is less than the knowledge of lotic periphytic communities. The
scarcity of diatom studies in estuarine and transitional water bodies may be caused by the
complexity of these systems (with high fluctuations among environmental parameters), but
also due to the taxonomical difficulty of identifying estuarine diatom flora (TROBAJO et al.
2004). However, this fluctuating dynamics is interesting to study because it may help us to
understand the responses of diatoms to environmental gradients. Nowadays these studies
are focused mainly in tidal estuaries and there is a lack of knowledge of periphytic commu-
nities in stratified estuaries (with small tidal effect).

The Ebro Estuary is classified as aMediterranean salt wedge or highly stratified estuary
(IBÁÑEZet al. 1997), with two completely different water layers and low tidal range (around
20 cm). The Ebro River discharge is the main factor that affects the dynamics of the salt
wedge, but other factors like the topography of the estuarine bed must be also considered.
The river discharge has been highly regulated by dams built since the 1960s, which de-
creased the annual Ebro River discharge and, therefore, increased the presence of the salt
wedge. This stratification in two water layers has an ecological significance since biologi-
cal communities in the estuary will receive either freshwater or saline water, depending on
the dynamics of the salt wedge. The Ebro River has also great socioeconomic importance
since it is the largest river in Spain and its flow is the water source for irrigation in the Ebro
basin (IBÁÑEZ et al. 1996).

Although during the last 20 years a number or research projects concerned with the
Ebro River and its estuary have produced a large amount of ecological and hydrological
data of these systems (MUÑOZ and PRAT 1989, GUILLÉN and PALANQUES 1992, IBÁÑEZ et al.
1999, SIERRA et al. 2002, 2004, FALCÓ et al. 2006), there have been no studies on its
periphytic diatom communities.

The aim of this preliminary study was to carry out the first description of the periphytic
diatom community in the Ebro Estuary and to explore the main factors that may affect their
distribution. This is an initial analysis as a part of a broader study of diatom community of
Mediterranean estuarine systems.

Materials and methods

Study site

The Ebro River is the largest river in Spain. Its estuary covers an approximate area of 7
km2 and it is considered a »micro-tidal salt wedge estuary«. Tides have little or no influence
because of the low tidal range (around 20 cm), the Ebro River discharge being themain fac-
tor controlling the hydrological dynamics of this transitional system.

The Ebro Estuary is 30 km long with a mean depth of 6.8 m and a mean width of 237 m.
The microtidal range (around 20 cm), favours the stratification of the water column and the
existence of a salt wedge, with a maximum intrusion into the Ebro river channel of 32 km.
This salt wedge disappears when the river flow is above 400 m3s–1. When the river dis-
charge is between 400 and 300m3s–1, the salt wedge can occupy the last 5 km of the estuary,
but with discharges lower than 300m3s–1 the salt wedge advances quickly up to 18 km from
themouth.When the river discharge is less than 100m3s–1 , the salt wedge reaches its maxi-
mum extent (i.e. 32 km from the mouth) (IBÁÑEZ et al. 1997).

ACTA BOT. CROAT. 68 (2), 2009

ROVIRA L., TROBAJO R., IBÁÑEZ C.

254



Sampling

Eight sampling points were established along the estuary (Fig. 1). The distance between
sampling points was approximately 5 km. The first point was above themaximum extent of
the salt wedge (E-3), thus it did not receive saline water, and the last point was located at the
river mouth.

Every site was sampled in October 2007 and January 2008. Water depth, temperature,
electrical conductivity (EC25), dissolved oxygen (DO2) and pH were measured in situ in all
sampling sites with an YSI 556 multiprobe. Flow direction and velocity were also mea-
sured using a Braystoke BFM 001 current flow meter. Irradiance was measured with a
QSP-2100 Submersible Scalar PAR Sensor.

Periphytic samples were collected from two different substrata: natural substratum
(mainly macrophytes Potamogeton pectinatus and Ceratophyllum sp., but also wood debris
where macrophytes were not available) and from artificial substrata (fired clay bricks, Fig.
2), to avoid variability due to substratum. Aknown area of periphyton (4 cm2) was scraped
with a brush from the artificial substrata in each replicate. Three fragments from natural
substrata were included in each replicate. In order to study the effects of the salt wedge on
diatom communities, bricks were placed in the superficial water layer (0.5 m water depth)
and in the deep-water layer (which ranged from 2–8 m). Bricks were considered the most
appropriate artificial substratum due to their resistance to high flows and to the sudden
variations of flows that characterize the lower Ebro River. Unfortunately, due to this flow
dynamics, in some sites, artificial substrata were not encountered. Two replicates from su-
perficial and deep water bricks (when they were available) were processed. Two replicates
from natural superficial substrata were also processed.
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Fig. 1. Ebro estuary map showing the sampling points.

255



Diatom identification and valve counting

The periphytic samples were cleaned of organic material using distilled water, H2SO4
and KNO3 (HUSTEDT1930). Clean valves were permanently mounted in Naphrax® (refrac-
tive index 1.74). The permanent slides were examined using a LEICA DMI 3000B light
microscope equipped with differential interference contrast (DIC) with a 100 times oil im-
mersion objective (n.a.=1.40). For the scanning electron microscopy (SEM) observations,
the cleaned material was gold coated and studied under a JEOL – 6400 SEM.

The relative abundance of species was determined by counting a minimum of 400
frustules in each substratum replicate. Identification of diatoms to species level was based
mainly on appropriate keys (KRAMMER and LANGE-BERTALOT1991a, b; 1997a, b; WITKOW-

SKI et al. 2000; LANGE-BERTALOT 2001).

Nutrient and chlorophyll analysis

Analysis of dissolved inorganic nutrients: silicate (Si-SiO4
4–), nitrate (N-NO3

–), nitrite
(N-NO2

–), phosphate (P-PO4
3–); total dissolved nitrogen (TDN) and total dissolved phos-

phorus (TDP) were measured following GRASSHOFF et al. (1999), while ammonium
(N-NH4

+) was measured following the method proposed by the equipment manufacturer,
ALLIANCE INSTRUMENTS, SA.

Total periphytic chlorophyll andwater chlorophyll were extracted using 90% acetone and
measuredwith a spectrophotometer using Jeffrey andHumphrey expressions (ROWAN 1989).

Data analysis

Diatom community variation along the Ebro estuary was analysed with a correspon-
dence analysis (CA) using CANOCO 4.5 version with diatom relative abundance. To avoid
the effect of rare species, only diatom species with a relative abundance (RA > 0.2%) and
present in more than 10% of the samples (total number of samples = 32) were included in
the analysis. Relative abundance data was square-root transformed in order to reduce the
effect of highly variable population densities on ordination scores. Relationships between
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Fig. 2. Artificial substrata (fired clay bricks) used for diatom colonization both in superficial and
deep-water layers.
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CA dimensions and environmental parameters were determined with Pearson correlations
using the SPSS 15.0 software for Windows. Only correlations with P < 0.05 were consid-
ered. Environmental data (except pH, water depth and water velocity) were logarithmically
transformed before analysis.

Results

Physical and chemical parameters

The average values for the water physicochemical parameters measured in October
2007 and January 2008 at each sampling point are shown (Tab. 1).

Meanmonthly river dischargewas 175.95m3 s–1 inOctober and 110.41m3 s–1 in January.

In both sampling periods the salt wedgewas detected up to the E-9 site (Fig. 1). In Octo-
ber we found and sampled the limit of the salt wedge, whereas in January the salt wedge
was detected further upstream (between E-7 and E-9 deep water layers). The superficial
layer was in both sampling periods oligohaline; salinity ranged approximately from 0.70 to
near 3.00, whereas in the deep-water layer salinity ranged from oligohaline (0.70–0.80) in
E-3, E-5 and E-7 to euhaline (36.00–37.00) in E-9, E-11, E-13, E-14 and E-15.

Irradiance values were 37 mEm–2 s–1 at 6 m depth and 1104 mEm–2 s–1 at surface (Octo-
ber); in January values ranged from44mEm–2 s–1 at 7mdepth to 1407mEm–2 s–1 at surface.

Dissolved oxygen concentration (DO2) was lower in October. In both sampling periods,
DO2 concentration was lower in the salt wedge than in the superficial freshwater layer and
E-9D showed the lowest DO2 concentrations among all sampling points.

Nutrients were usually higher in the freshwater layer than in the salt wedge. It should be
noted that for both sampling periods, E-9D presented the highest nutrient concentrations
among all the salt wedge sites (except in the case of N-NO3

– in October 2007) and the low-
est values for pH and DO2 among all sampling points (considering both freshwater layer
and salt wedge). E-9D also showed the highest values of conductivity, P-PO4

3–, TDP and
N-NH4

+ among all sampling points in October.

Chlorophyll

The highest values of both water chlorophyll a and total water chlorophyll concentrations
(Tab. 2) were found in the sampling points where the salt wedge was present (E-9, E-11,
E-13, E-14 and E-15). The average minimumwater chlorophyll a values were 0.87 mg L–1 in
the freshwater layer and 0.79 mg L–1 in the salt wedge, both in January. Minimumwater total
chlorophyll values were 1.10 mg L–1 in the freshwater layer and 1.24 mg L–1 in the salt wedge,
both in January. Periphytic total chlorophyll (a + b + c) was always higher in superficial sam-
ples than in the deep ones, independently of the presence of the salt wedge (Tab. 2).

Diatom community

Altogether, 122 diatom species were identified in the 32 analysed samples. The most
abundant genera (considering all species) were Cocconeis (24%), Navicula (21%), Nitzs-
chia (17%) and Tabularia (11%). Navicula was the genus with the highest number of taxa
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Tab. 2. Mean values of total periphytic chlorophyll, water chlorophyll a and total water chlorophyll
measured in October 2007 and January 2008. The range values (minimum – maximum) for
each sample are represented in brackets. Chl – chlorophyll, S – superficial water layer, D –
deep water layer

Sampling
point

Water
depth (m)

Total periphytic chl
(mg/cm2)

Water chl a
(mg/L)

Total water chl
(mg/L)

October 2007

E-3S 0.20 2.80 (0.88–4.72) 1.47 (1.26–1.90) 2.35 (1.31–2.45)

E-3D 1.00 0.23 (0.20–0.26) 1.83 (1.48–2.31) 3.34 (1.75–4.49)

E-5S 0.20 2.63 (1.89–3.39) 2.00 (1.70–2.32) 3.57 (2.18–4.15)

E-5D 7.00 0.27 (0.22–0.32) 2.21 (2.14–2.24) 3.82 (2.82–3.21)

E-7S 0.20 7.07 (4.88–9.25) 2.19 (2.12–2.26) 4.14 (0.00–3.16)

E-7D 3.00 – – 2.25 (2.04–2.36) 3.79 (2.44–3.26)

E-9S 0.20 0.40 (0.28–0.51) 3.19 (3.07–3.38) 5.12 (3.54–4.48)

E-9D 4.00 0.28 (0.21–0.36) 2.69 (2.72–2.73) 4.19 (3.01–3.62)

E-11S 0.20 7.88 (4.61–11.15) 3.42 (3.30–3.57) 5.23 (3.75–5.58)

E-11D 6.00 – – 3.23 (3.19–3.31) 4.66 (3.83–4.07)

E-13S 0.20 – – 2.65 (2.16–3.42) 4.99 (2.49–6.42)

E-13D 7.00 1.95 (1.35–2.56) 5.13 (4.90–5.24) 7.65 (5.97–6.43)

E-14S 0.20 – – 2.40 (1.92–2.67) 5.28 (2.39–5.42)

E-14D 6.80 – – 5.41 (5.22–5.67) 8.32 (6.51–7.33)

E-15S 0.20 – – 2.62 (2.46–2.79) 4.71 (3.35–4.46)

E-15D 4.50 0.85 (0.77–0.93) 3.79 (3.65–4.07) 5.71 (4.39–5.53)

January 2008

E-3S 0.20 5.87 (5.40–6.33) 1.09 (0.81–1.31) 1.69 (0.87–2.93)

E-3D 3.00 0.24 – 1.37 (0.92–2.07) 1.43 (0.84–2.20)

E-5S 0.20 – – 1.08 (0.68–1.55) 1.59 (0.74–2.80)

E-5D 7.00 – – 1.10 (1.04–1.24) 1.24 (1.03–1.65)

E-7S 0.20 – – 0.87 (0.70–1.00) 1.10 (0.70–1.77)

E-7D 3.00 – – 0.79 (0.06–1.19) 2.13 (1.60–2.66)

E-9S 0.20 – – 2.44 (2.16–2.69) 3.19 (2.49–3.64)

E-9D 5.00 – – 1.17 (1.02–1.33) 1.91 (1.44–2.37)

E-11S 0.20 3.72 (2.04–5.40) 6.21 (6.00–6.44) 7.87 (7.61–8.13)

E-11D 6.00 0.55 (0.45–0.65) 1.43 (0.90–2.26) 1.84 (1.17–2.87)

E-13S 0.20 8.71 – 4.32 (4.16–4.52) 5.48 (5.09–5.74)

E-13D 7.00 0.68 (0.64–0.71) 1.78 (0.80–3.43) 2.75 (0.79–5.87)

E-14S 0.20 2.16 – 4.34 (4.00–4.65) 5.11 (4.61–5.48)

E-14D 8.00 – – 1.55 (1.02–2.09) 2.85 (1.44–4.27)

E-15S 0.20 – – 3.40 (3.28–3.51) 4.14 (4.09–4.19)

E-15D 4.00 – – 1.14 (0.70–1.37) 1.39 (0.70–1.44)
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(20), followed by Nitzschia (13). The 45 diatom taxa with a relative abundance > 0.2% and
present in more than 10% of the samples are listed in table 3. Species richness and Shan-
non-Wiener diversity Index for natural and artificial samples are shown in table 4. No
major differences were observed in diatom community diversity between substrata type.

Diatom community changed along the horizontal and vertical gradients (Fig. 3). The di-
atom community of the natural substrata in October 2007 (Fig. 3A) was dominated by
Cocconeis placentula Ehrenberg (Figs. 4A, B). Bacillaria paradoxaGmelin (Fig. 4H) and
Tabularia fasciculata (Agardh)Williams et Round (Figs. 4C, D) also appeared as abundant
species in most sites (E-3 to E-13). There was a change in diatom community structure in
E-14, Navicula perminuta Grunow (Fig. 4N) being the dominant species and Rhoico-

sphenia abbreviata (Agardh) Lange-Bertalot (Figs. 4F, G) abundant. Another change oc-
curred in E-15, where Fallacia cf. clepsidroides Witkowski (Fig. 4J) and Nitzschia cf.
inconspicua Grunow (Fig. 4K) dominated the sample. In January 2008 (Fig. 3B), the dia-
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Tab. 3. Diatom taxa of all samples (ranged alphabetically) with relative abundance (RA) > 0.2% and
present in more than 10% of the Ebro Estuary samples.

Diatom taxa % RA
Achnanthes amoena Hustedt 1.29
Achnanthes minutissima Kützing 1.26
Amphora aff. helenensis Giffen 0.35
Amphora inariensis Krammer 0.99
Amphora lybica Ehrenberg 3.55
Amphora ovalis (Kützing) Kützing 0.37
Amphora pediculus (Kützing) Grunow 6.51
Amphora sp.1 0.45
Bacillaria paradoxa Gmelin 3.75
Cocconeis pediculus Ehrenberg 0.47
Cocconeis placentula Ehrenberg 23.00
Cyclotella meneghiniana Kützing 0.48
Fallacia sp.1 3.33
Gomphonema cf. Olivaceum
(Hornemann) Brébisson 0.33

Gomphonema clevei Fricke 0.29
Melosira varians Agardh 0.32
Navicula aff. mollis (W. Smith) Cleve 1.01
Navicula antonii Lange-Bertalot 1.40
Navicula capitatoradiata Germain 0.25
Navicula cryptotenella Lange-Bertalot 1.96
Navicula aff. cryptotenelloides
Lange-Bertalot 0.50

Navicula gregaria Donkin 0.83
Navicula cf. margalithii (Lange-Bertalot) 0.91
Navicula perminuta Grunow 4.47

Diatom taxa % RA
Navicula recens (Lange-Bertalot)
Lange-Bertalot 2.76

Navicula cf. subminusculaManguin 0.52
Navicula sp.1 0.57
Navicula tripunctata (O.F. Müller) Bory 0.36
Nitzschia amphibia Grunow 0.58
Nitzschia constricta (Kützing) Ralfs 0.41
Nitzschia dissipata (Kützing) Grunow 3.66
Nitzschia filiformis (W. Smith)
Van Heurck 1.63

Nitzschia cf. fonticola (Grunow) Grunow 0.33
Nitzschia cf. frustulum (Kützing) Grunow 4.22
Nitzschia cf. inconspicua Grunow 2.89
Nitzschia microcephala Grunow 0.32
Nitzschia palea (Kützing) W. Smith 1.26
Nitzschia cf. palea (Kützing) W. Smith 1.36
Nitzschia prolongata Hustedt 0.67
Nitzschia cf. sociabilis Hustedt 0.26
Pleurosira laevis (Ehrenberg) Compère 0.61
Rhoicosphenia abbreviata (Agardh)
Lange-Bertalot 5.86

Stephanodiscus aff. alpinus Hustedt 0.21
Synedra ulna Ehrenberg 0.33
Tabularia fasciculata (Agardh)
Williams et Round 6.94
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Tab. 4. Species richness and Shannon–Wiener Index for natural and artificial samples in October
2007 and January 2008.

October 2007 Species richness Shannon–Wiener Index

Natural samples 42 3.03

Artificial samples 34 3.22

January 2008 Species richness Shannon–Wiener Index

Natural samples 40 3.61

Artificial samples 42 3.73

Fig. 3. Diatom community of the Ebro Estuary. A) natural substrata in October 2007, B) natural
substrata in January 2008, C) artificial substrata in October 2007, D) artificial substrata in
January 2008. Natural substrata were only collected at superficial level. S – superficial water
layer, andD – deepwater layer. Only diatom taxawith a relative abundance > 0.1 are shown
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tom community was more diverse than in October. In this period a change in the diatom
community along the estuary was also observed. In E-13, Cocconeis placentula and
Nitzschia dissipata (Kützing) Grunow (Fig. 4L) drastically decreased and other diatom
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Fig. 4. Representative diatom taxa from the Ebro Estuary. A, B: – Cocconeis placentula Ehrenberg;
C, D – Tabularia fasciculata (Agardh) Williams et Round; E – Amphora libyca Ehrenberg;
F, G – Rhoicosphenia abbreviata (Agardh) Lange-Bertalot; H – Bacillaria paradoxa

Gmelin; I – Amphora pediculus (Kützing) Grunow; J – Fallacia cf. clepsidroides Wit-
kowski;K – Nitzschia cf. inconspicua Grunow; L – Nitzschia dissipata (Kützing) Grunow;
M – Fallacia sp.1; N – Navicula perminuta Grunow; O – Nitzschia cf. palea (Kützing) W.
Smith; P – Nitzschia cf. frustulum (Kützing) Grunow. Scale bar denotes 10 mm.
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taxa became representative, like Navicula perminuta, Nitzschia cf. palea (Kützing) W.
Smith (Fig. 4O) and Nitzschia cf. frustulum (Kützing) Grunow (Fig. 4P), among others.

The diatom community of the artificial substrata in October (Fig. 3C), showed a clear
change in E-9D (the limit of the salt wedge), where Cocconeis placentula, Amphora libyca
Ehrenberg (Fig. 4E) and Amphora pediculus (Kützing) Grunow (Fig. 4I) decreased; and
Fallacia sp.1 (Fig. 4M) clearly dominated the sample. Unfortunately, several artificial sub-
strata could not be recovered in the January campaign and thus only few data were avail-
able (Fig. 3D).

Factors affecting diatom distribution

Results of the correspondence analysis (CA) show that the first dimension of the CA
(DIM1) explained 24.6% of diatom community variability, and seems to differentiate the
upstream points (with no salt wedge) from those closer to the sea (Fig. 5). This dimension
was significantly and negatively correlated with phosphorous (TDP) and positively with
water velocity and salinity (Tab. 5). The second CAdimension (DIM2) explained 13.5% of
variation and differentiated E-9O (deep layer, October) from the rest of samples. It was sig-
nificantly and positively correlated with salinity and water temperature; and negatively
with oxygen (DO2), and nitrogen (N-NO3

– and TDN).
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Fig. 5. Sample ordination in the plane defined by the two first CAdimensions. O =October, J = Jan-
uary. Only diatom taxa with a relative abundance (RA) > 0.2% and present inmore than 10%
of the samples are included in the analysis. AS – artificial superficial samples, AD – artifi-
cial deep samples, N – natural samples (only collected at superficial level).
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Discussion

Water chlorophyll values found in this study were lower than those reported in previous
Ebro Estuary papers. The minimum total chlorophyll (a + b + c) values in July 1991 were
21.5 mg L–1 in the freshwater layer and 3.2 mg L–1 in the salt wedge (IBÁÑEZ et al. 1995).
From 1989 to 1992 in the freshwater layers the minimum chlorophyll a values were 20 mg
L–1 and 7 mg L–1 in the salt wedge (CASAMAYOR et al. 2001); and in July 1999 the minimum
chlorophyll a values were around 9 mg L–1 in the freshwater layer and 2 mg L–1 in the salt
wedge (FALCÓ et al. 2006). This decrease in phytoplankton has been attributed to a de-
crease in riverine phosphorous (IBÁÑEZ et al. 2008), which has allowed light to reach the
salt wedge and probably has permitted periphytic communities to become established. In
July 1989, the light intensity was practically zero at 4.8 m depth, below the interface
(CASAMAYORet al. 2001). In our study, the light reached the river bed (6 m depth in October
and 7 m depth in January). In addition, light also reached the river bed in April 2008 (10 m)
and July 2008 (7 m), thus the increase in water transparency was not a sampling period ef-
fect. However, due to the lower light intensity, the periphytic total chlorophyll concentra-
tions in deep substrata were considerably lower than those found in superficial substrata.

This study allowed identification of the importance in terms of abundance of some
periphytic diatom species in the Ebro Estuary, like Cocconeis placentula, and the need to
study it at infraespecific level in further studies, because different varieties may have dif-
ferent ecological responses. Some of the most representative diatom species found in the
Ebro estuary (Cocconeis placentula in freshwater layers,Navicula perminuta in saline lay-
ers, Amphora pediculus or Rhoicosphenia abbreviata) are not found in the same proportion
and/or occurrence in other estuarine studies (MCINTIRE and OVERTON 1971, MOORE and
MCINTIRE 1977, MCINTIRE 1978, UNDERWOOD 1994, NAYAR 2005). The Ebro Estuary has
specific characteristics (high stratification, irregular and sudden salt wedge intrusions) that
are not met in other estuarine systems studied (e.g. Atlantic estuaries, fiords), and these dif-
ferences could explain differences in diatom flora.

The diatom community structure changed along the Ebro Estuary. A change in diatom
community structure was observed in points closer to the sea (from E-13 to E-15) with
higher salinity. In these points the marine and riverine influences can be both strong and
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Tab. 5. Pearson correlation coefficients between CA dimensions and environmental parameters.
Only significant correlations at P < 0.05 and with a Pearson correlation coefficient higher
than 0.4 are listed.

Environmental parameters DIM 1 DIM 2

% explained variance 24.6 13.5

Salinity (ppt) 0.431 0.539

TDP (mg L) –0.465 –

DO2 (mg L) – –0.601

N-NO3
– (mg L) – –0.609

TDN (mg L) – –0.510

Water velocity (m s–1) 0.477 –

Water temperature (°C) – 0.404

265



they change depending on the river flow, sea storms and winds, resulting in a more dy-
namic situation at superficial layers. Fluctuating conditions have been previously reported
as an important factor affecting diatom community structure, diversity and composition of
such environments (SULLIVAN 1978, UNDERWOOD 1994, TROBAJO et al. 2004).
Another important change in the diatom community was found in E-9D in October.

This point was the limit of the salt wedge, the interface between fresh and saline water. In
this zone the water could remain still at the bottom of the river for a long period. It maywell
be that the decomposition of organic matter promoted the oxygen depletion found in Octo-
ber. However, the observed oxygen depletion did not reach anoxic conditions that were
previously recorded (IBÁÑEZ et al. 1995, CASAMAYORet al. 2001, FALCÓet al. 2006). In Jan-
uary, due to the lower river flow, the limit of the salt wedge had to be further upstream (be-
tween E-7 and E-9), and unfortunately it was not sampled.
Artificial substrata should allow the comparison of diatom communities from superfi-

cial and deep layers, avoiding substratum variability. Several investigations had used artifi-
cial substrata to study periphytic diatom communities in estuaries and other transitional
systems (MCINTIRE and OVERTON1971;MCINTIRE1973, 1978;MOOREandMCINTIRE1977;
LAI 2001; TROBAJO et al. 2004; NAYAR et al. 2005). The CA analysis did not clearly segre-
gate the samples according to the type of substrata (natural vs. artificial). Therefore, it
seems that the periphytic diatom community in the Ebro Estuary is more affected by the en-
vironmental conditions (mainly salinity, dissolved oxygen, nutrient concentrations) than
by the substrata type. Similar results were found by SNOEIJS (1994) in the study of
epiphytes from the Baltic Sea, indicating that epiphytic diatom community composition
was more affected by environmental parameters than by macroalgal hosts.
The preliminary hypothesis would indicate that diatom community in the Ebro Estuary

is determined by salt wedge intrusions, which cause high and irregular fluctuations of sa-
linity and nutrient concentrations. The diatom community could be also affected by the wa-
ter residence period, which could cause the oxygen decrease observed from the river mouth
to the limit of the salt wedge. These initial results suggest that the factors affecting the dia-
tom community and its distribution in the Ebro Estuary are salinity, phosphorous, nitrogen,
oxygen, water temperature and water velocity. The results show a longitudinal variation
correlated with salinity and inversely with phosphorous (TDP), and as we expected it could
be related to the presence of the salt wedge, which causes a system shift. The highest water
residence period was reached in the limit of the salt wedge intrusion. The particular condi-
tions in this site (high salinity, low oxygen and nitrogen depletion) also affected diatom
community composition and structure.
Therefore, it seems that the salt wedge dynamics (not only vertical and longitudinal salinity

gradients but also themagnitude and frequency of salinity oscillations) have an influence on the
periphytic diatom composition of the Ebro Estuary and have to be taken into account in further
studies. Estuarine dynamics is different in more mixed estuaries where salinity gradients and
salinity changes are more regular and predictable (due to tidal circulation).
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Planothidium iberense sp. nov., a new brackish diatom of the Ebro Estuary, northeast Spain

LAIA ROVIRA1∗, ANDRZEJ WITKOWSKI2, ROSA TROBAJO1, MANFRED RUPPEL3 & CARLES IBÁÑEZ1

1IRTA - Aquatic Ecosystems, St. Carles de la Ràpita, Spain
2Palaeoceanology Unit, University of Szczecin, Szczecin, Poland
3Faculty of Biosciences, J.W. Goethe University, Frankfurt am Main, Germany

This study describes the diatom species Planothidium iberense sp. nov. from a salinity gradient of the Ebro River Estuary in northeastern
Spain. A detailed description is given based on light and scanning electron microscopy observations, and the diatom species is compared
with morphologically similar Planothidium species. Planothidium iberense is distinguished from P. linkei mainly by its morphometric
characteristics, but also by the presence of multiseriate striae, in contrast to biseriate striae in P. linkei. Planothidium iberense is also
distinguished from P. delicatulum and P. septentrionale by the presence of an one-side expanded central area on the sternum valve, which
is absent in the latter two Planothidium species.

Keywords: diatom, Ebro, estuary, Mediterranean, Planothidium, taxonomy

Introduction
The genus Planothidium was established by Round &
Bukhtiyarova (1996) with Achnanthes lanceolata (Brébis-
son) Grunow (=P. lanceolatum (Brébisson ex Kützing)
Lange-Bertalot) designated as the generitype. Among the
most characteristic features of the genus are the bi- to mul-
tiseriate transapical striae (areolae barely resolvable in the
lightmicroscope, but visible in the scanning electronmicro-
scope) on both the raphe valve (RV) and sternum valve
(SV). In the SV, the striae can be continuous (‘delicat-
ulum’ type) or interrupted on one side showing a clear
space in the central area. This interruption may not be
associated with any internal depression (‘minutissimum’
type) or it may be accompanied by a ‘hoof-mark’ depres-
sion (‘frequentissimum’ type when this depression is an
internal capped structure; ‘lanceolatum’ type where the
depression is not capped). The raphe is often centrally
expanded at the central valve area, while it is curved at
apices.

A new diatom species,P. iberenseRovira&Witkowski,
is described from the Ebro Estuary. Detailed light (LM)
and scanning electron (SEM) microscopy examination of
the valve ultrastructure is presented. This new species
to science is compared with closely-related species such
as P. delicatulum (Kützing) Round & Bukhtiyarova and
P. linkei (Hustedt) Lange-Bertalot.

∗Corresponding author. Email: laia.rovira@irta.cat

(Received 23 April 2010; accepted 24 November 2010)

Materials and methods
The Ebro River is the largest river in Spain, having a
delta of 320 km2 with an actual land use of 40% pro-
tected areas (∼130 km2 of Natura 2000 network including
the Ebro Delta Natural Park), 55% agriculture (mainly
rice fields) and the rest are urban areas. The Ebro Estuary
(40◦ 43′16.59′′N, 0◦40′37.79′′E) is a 32 km stretch of water
with a mean depth of 6.8m and a mean width of 237m; it
covers∼7 km2. The Ebro Estuary is classified as aMediter-
ranean salt wedge or highly stratified estuary (Ibáñez et al.
1997). The microtidal range (∼20 cm) favors stratification
of the water column and the presence of the salt wedge.
The river discharge, which is the main factor controlling
the hydrological dynamics of this estuary, has been highly
regulated by a series of dams built mainly in the mid 1960s.

Benthic diatoms were collected from eight stations
along the estuary (distance between stations ∼4 km)
(Fig. 1). The gradient encompassed both freshwater and
saltwater zones of the estuary. Sampling was conducted
every three months from October 2007 to December 2008.
This work is part of a larger study on the periphytic diatom
community in the Ebro Estuary. Although the Ebro Estu-
ary is ecologically and socio-economically important, no
previous studies have been conducted on the ecology and
taxonomy of its diatom communities. Samples were col-
lected from both natural substratum (mainly macrophytes,

ISSN 0269-249X print/ISSN 2159-8347 online
© 2011 The International Society for Diatom Research
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Fig. 1. Position of the eight sampling stations along the Ebro Estuary in northeastern Spain visited from October 2007 to December
2008.

but alsowooddebriswheremacrophyteswere not available)
and from artificial substrata (bricks). Bricks were placed at
surface (0.5m) and deep (2–8m) water layers. Artificial
substrata were used to sample deep water layers and to
be able to compare diatom community composition with
natural substrata. Two replicates from surface and deep
water layers (when they were available) were processed.
Two replicates from natural surface substrata were also
processed.

Water temperature, electrical conductivity (EC25) and
dissolved oxygen (DO2) were measured in situ for all
sampling sites with an YSI 556 multiprobe. Analysis of
dissolved inorganic nutrients: silicate (Si-SiO4−

4 ), nitrate
(N-NO−

3 ), phosphate (P-PO3−
4 ); total dissolved nitrogen

(TN) and total dissolved phosphorus (TP) were mea-
sured following Grasshoff et al. (1999) except for the
ammonium (N-NH+

4 ) which was measured following the
method proposed by the equipment manufacturer (Alliance
Instruments, SA).

Diatoms were cleaned of organic matter by boiling the
frustules in suspension in 30% H2O2 and adding 37%
HCl to remove the calcium carbonate. After oxidation,
cleaned samples were successively rinsed with deionized
water. Permanent microscopic slides were mounted with
Naphrax® and examined using a LEICA DMLB with a
100× oil immersion objective (numerical aperture (NA) =
1.40) and Nikon Ecclipse 600 light microscopes equipped
with differential interference contrast (DIC) with a 100×
oil immersion objective (NA = 1.40) for LM observations.
For SEM examination, a drop of the cleaned sample was fil-
tered onto Nuclepore Whatman polycarbonate membranes.

Filters were air-dried overnight, mounted onto aluminium
stubs, coated with gold–palladium and examined in a
Hitachi S-4500 SEM apparatus.

Observations
Planothidium iberense Rovira & Witkowski sp. nov.
(Figs 2–24)
Descriptio: Frustula solitaria rectangulata leviter curvata
ad axem transapicalem. Valvae elliptico-lanceolatae api-
cibus protractis leviter capitatis late rotundatis. Longitudo
17–26μm, latitudo 6.5–9.5μm.

Areovalva. Sternum anguste lineare. Area centralis uni-
lateraliter formata, fere ampla irregulariter rectangulata.
Striae transapicales minus radiantes in partibus proximal-
ibus valvae aliquid plus in partibus distalibus, 14–16 in
10μm.

Raphovalva. Raphe recta, area axialis linearis angustis-
sima prope apices aliquid dilatata versus mediam valvae.
Area centralis feremagna circularis. Raphosternum rectum
extremis centralibus internis leviter expansis coaxialibus
sitis extremisque distalibus non discernendis microscopio
photonico. Striae transapicales leviter radiantes proxi-
maliter et aliquid distinctius radiantes prope apices, 12–15
in 10μm.

Holotype: Slide no. 14825, collection A. Witkowski, Insti-
tute of Marine Sciences, University of Szczecin, Poland.
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Figs 2–10. Planothidium iberense from the holotype slide 14825, LM. Fig. 2. Raphe valve of holotype specimen. Figs 3–6. Raphe valve
view. Figs 7–10. Sternum valve view. Scale bar = 10μm.
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Figs 11–18. Planothidium iberense, SEM. Figs 11–13. Raphe valve. Fig. 11. External view of the raphe valve. Figs 12–13. Raphe valve
internal view. Figs 14–18. Sternum valve view. Figs 14–15. Internal view of the sternum valve. Note the presence of unilateral central area
(arrow). Figs 16–18. Sternum valve external view, note the structure of the striae forming areolae and an increase in number of areolae
from 3 to 4 in close to the valve margin, slightly depressed sternum is arrowed in Fig. 16. Note also the extension of striae onto the mantle
in Fig. 16 and the shape of the unilateral central area in Fig. 17.
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Figs 19–24. Planothidium iberense SEM (raphe valve external view). Figs 19–22. External central raphe endings and the fine structure
of the striae. Fig. 19. Note the external central raphe endings and the apical raphe ending (arrows). Figs 20–21. Close up of the raphe
external central endings. Figs 23–24. Close up of the external apical raphe endings, note slightly elevated raphe sternum.
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Collected by Laia Rovira on 22 April 2008. Holotype
specimen is illustrated in Fig. 2.

Isotype: Slide BM 101398, The National History Museum,
London, UK.

Type locality: Ebro Estuary (40 ◦43′16.59′′N, 0 ◦40′
37.79′′E), on natural and artificial substrata of both surface
and deep water layers. Holotype location: E14 deep water
layers.

Etymology: The specific epithet refers to the Latin name of
the Ebro River (Iberus Flumen).

Description in LM. Frustules solitary, rectangular, slightly
bent about transapical axis. Valves elliptical-lanceolate,
with broadly rounded, slightly capitate apices, 17–26μm
in length, 6.5–9.5μm in breadth. RV: raphe straight, axial
area linear, very narrow at apices becoming broader towards
the valve centre (Figs 2–6). Central area rather large, circu-
lar. Raphe-sternum straight, external central raphe endings
coaxial, slightly expanded. External apical raphe endings
in LM not resolvable. Transapical striae slightly radiate
in mid-valve, becoming radiate towards apices, ∼12–15 in
10μm. SV: linear and narrow sternum. Central area devel-
oped only on one side of the sternum, rather large, irreg-
ularly rectangular (Figs 7–10). Transapical striae slightly
radiate in the central valve part becoming radiate towards
the apices, 14–16 in 10μm.

RV in SEM. Valve face flat, abruptly turning towards the
valve mantle (Figs 19–24). In all the specimens observed
(n = 15), the striae were not extended onto the man-
tle (Figs 19–24). Raphe-sternum linear, narrow, slightly
elevated, central area circular (Figs 11–13, 19–22). Exter-
nal central raphe endings coaxial, expanded, triangular in
shape. External apical raphe endings simply bent to the
same side. The transapical striae aremultiseriate, composed
of four rows of areolae at the valve apices, but changing
from four close to the margins to two, even one, near the
raphe-sternum (Fig. 11, Figs 19–24). Themultiseriate striae
are separated by slightly elevated interstriae (Figs 11, 19,
21–22). Internally, the raphe-sternum is slightly elevated
with the external central raphe endings bent in opposite
directions. Internal apical raphe endings terminate in a small
helictoglossa. The striae internally are positioned in shal-
low depressions separated by elevated, narrow interstriae
(Figs 12–13).

SV in SEM. Valve face generally flat rather abruptly turn-
ing towards the valve mantle, with a narrow and linear
hyaline area at the valve face–mantle junction (Fig. 16).
A distinct linear depression indicates the sternum on the
external valve face (Figs 16–18), while at centre, there is
a distinct, unilateral central area. The transapical striae
are multiseriate and composed at the apex of four rows
of areolae, varying from four rows at the valve margin
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to three rows along the sternum; all striae are separated
from each other by flat and narrow interstriae (Figs 16–
18). The striae extend onto the valve mantle but it is
interrupted by the hyaline band at the valve face–mantle
junction (Fig. 16). The girdle is composed of a few (at
least 2) open bands (Fig. 18). Internally the sternum is
slightly elevated whereas the transapical striae are posi-
tioned in depressions separated by elevated interstriae
(Figs 14–15).

Distribution. Planothidium iberensewas found during three
sampling campaigns: January 2008, April 2008 and July
2008. It was found in sites closer to the sea, at both the deep
water layer (with salt wedge influence) and surface water
layer (without salt wedge presence), and on both natural and
artificial substrata. Its maximum abundance was recorded
in April 2008. The physico-chemical parameters during the
sampling period where P. iberense was found as well as its
relative abundance are presented in Table 1.

Discussion
The new species Planothidium iberense exhibits most of
the characteristics used to establish Planothidium as a new
genus in Round & Bukhtiyarova (1996), such as multiseri-
ate striae, the presence of a central region expanded on one
side on the SV (belonging to the ‘minutissimum’ group,
species with an interruption of the striae on the SV and
absence of either depressions or raised valve parts), promi-
nent raphe centrally expanded and curved to one side in
apices. Interestingly, in the genus description, Round &
Bukhtiyarova (1996) mentioned the presence of a rather
inconspicuous ring of areolae on the mantle, although such
a feature is impossible to distinguish in their illustrations.
However, P. iberense presents an extension of multiseriate
striae onto the mantle in SV forming a ‘cluster’ of areolae
rather than a ‘ring’, and it is clearly visible under the SEM
(Fig. 16). This extension of multistriate striae onto mantle
in SV is a common feature in other Planothidium species,
such asP. daui (Foged) Lange-Bertalot,P. granum (Hohn&
Hellerman) Lange-Bertalot, and P. minutissimum Krasske
(Morales 2006), but in any of these species the extension of
the striae is interrupted by a hyaline band, a character that
seems to be unique to P. iberense.

Planothidium iberense also shares other characteristics
with most Planothidium species, for example, a depressed
sternum on SV, penetration of the distal ends of the raphe
onto the valve mantle, the tear-drop aspect of the prox-
imal raphe ends in external view and their deflection in
internal view and the presence of a helictoglossa. However,
P. iberense also presents other unique ultrastructural fea-
tures, as the abrupt transition (almost 90 ◦) between valve
face and valve mantle and the absence of areolae in the
raphe valve mantle.

Planothidium iberense is morphologically close to
P. delicatulum, P. septentrionale and P. linkei. All of these

taxa have a similar valve outline and striae pattern (Hender-
son & Reimer 2003). Additionally, all the mentioned taxa
occur in brackish–marine habitats (Witkowski et al. 2000).

Planothidium iberense has a comparable valve pattern
with P. linkei, with capitate apices (although in P. iberense
the apices are much less distinctly capitate than inP. linkei),
and with the central area of the SV being unilateral for
both species. Despite these similarities, P. iberense may
be distinguished from P. linkei by its morphometric data,
the major differences are width and transapical stria den-
sity of both the RV and the SV (Table 2). The width of
P. iberense ranges from 6.5 to 9.5μm, whereas that of
P. linkei ranges from 10 to 14μm. In addition, P. linkei
possesses biseriate striae resolvable under electron micro-
scope (Andrews 1981, Lange-Bertalot & Krammer 1989,
Krammer & Lange-Bertalot 1991), whereas P. iberense has
multiseriate striae (Figs 11–24).

Planothidium iberense can also be compared with
P. delicatulum. The two taxa have similar valve outlines,
multiseriate striae and their morphometric measures are
similar (Table 2). However, in P. delicatulum the RV cen-
tral area ismissing, whereas inP. iberense it is consequently
present. Similar is the comparison with P. septentrionale in
which the central area is missing in SV (Witkowski et al.
2000).

The distribution ofP. iberense in theEbroEstuary seems
to be confined to the area closest to the sea, influenced
directly by marine waters at deep water layers (due to the
salt wedge intrusion), but also (with minor effect) at sur-
face water layers. The highest abundances of P. iberense
were found in the spring, regardless of salinity differences,
water depth and substrata type. At these locations, the
diatom community is dominated by several widespread
fresh-brackish, brackish andmarine diatom species, such as
Nitzschia inconspicua Grunow, Nitzschia frustulum (Kütz-
ing) Grunow, Navicula perminuta Grunow, Cocconeis
cf. neothumensis Krammer, Rhoicosphenia abbreviata
(Agardh) Lange-Bertalot and Tabularia fasciculata (C.
Agardh) Williams & Round (Rovira et al. 2009).
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Paedogamy (fusion of gametes produced within the same gametangium following meiosis) has rarely been reported in
diatoms, with fewer than 10 confirmed examples. One of these, reported by L. Geitler, was in a diatom from Illmitz, Lake
Neusiedl (Austria), identified as ‘Nitzschia frustulum var. perpusilla’. We observed uniparental auxosporulation in two
Nitzschia clones isolated from the lower Ebro River (Catalonia, Spain), morphologically similar to Geitler’s material and
belonging to the N. inconspicua species complex. We established that the auxospores were formed paedogamously by
Feulgen staining of the nuclei and time-lapse microscopy of living cells. However, reinvestigation of Geitler’s original
cytological preparations revealed differences between the Illmitz and Ebro material with respect to the length of the initial
cells, the structure of the perizonium, and the timing of degeneration of superfluous haploid nuclei during gametogenesis,
indicating a genetic and possibly a taxonomic separation. Scanning electron microscopic studies of Ebro auxospores
revealed a novel form of longitudinal perizonium with bilateral asymmetry, and also scaly incunabula surrounding the
unexpanded zygote, which contrast with the strip incunabula of another paedogamous Nitzschia species, N. fonticola.
Molecular phylogenies, based on rbcL and partial LSU rDNA sequences, and evaluation of trees constrained to make the
paedogamous species monophyletic, indicate that paedogamy probably evolved at least twice independently in Nitzschia
sect. Lanceolatae, in the N. inconspicua and N. fonticola lineages.

KEY WORDS: Archived cytological material, Auxosporulation, Cytology, Feulgen stain, Inbreeding, Incunabula, LSU
rDNA, Nitzschia, Paedogamy, Perizonium, rbcL, Sexual reproduction

INTRODUCTION

The sexual phase of the diatom life cycle has received
increased attention during the last 20 years, with many new
reports and reviews (e.g. Chepurnov et al. 2004) adding to
the classic literature (for which see Geitler 1932, 1973, 1984;
von Stosch et al. 1973; Round et al., 1990). The new
information has produced a few surprises, especially the
discovery that heterothally is not uncommon (Roshchin
1994). When Drebes (1977) wrote his review of diatom
sexuality, heterothally (dioecy) was known in just one
diatom (Rhabdonema adriaticum Kützing), most other
diatoms studied being homothallic. It seems now that
heterothally may in fact be the predominant sexual system
in pennate diatoms (review by Chepurnov et al. 2004; more
recent papers include Mann & Chepurnov 2005; Chepurnov
et al. 2005; Poulı́čková et al. 2007; Vanormelingen et al.
2008; Trobajo et al. 2009; Davidovich et al. 2009, 2010;
Mann & Poulı́čková 2010; Davidovich & Davidovich 2011;
Sato et al. 2011), although homothally is also not infrequent
(Geitler 1932; Poulı́čková & Mann 2006; Mann et al. 2009;
Quijano-Scheggia et al. 2009). However, the proportion of
species studied is still extremely small, and those that have
been investigated may yet prove to be atypical of the
majority, just as heterothallism was itself once regarded as
the exception. Another possibility is that mating systems

vary systematically among families and genera of pennate
diatoms, some groups being predominantly heterothallic
whereas others are homothallic or automictic, and that our
sampling of these is very uneven.

In contrast to homo- and heterothally, automixis (self-
fertilization within a single gametangium) currently appears
to be uncommon in diatoms. Among more than 90 taxa of
pennate diatoms reviewed by Geitler (1973), automixis
occurred in only 12. Since 1973, the number of reports of
automixis in pennates has grown (Geitler; 1985; Trobajo et
al. 2006; Edlund & Spaulding 2006; Poulı́čková 2008;
Poulı́čková & Mann 2008; Mann et al. 2011), but automicts
still represent a small minority of all pennates studied. In
centric diatoms, automixis appears to be even rarer, with
records only for Cyclotella meneghiniana Kützing (Iyengar &
Subrahmanyan 1944), Melosira nummuloides C. Agardh
(Erben 1959) and Thalassiosira angulata (Gregory) Hasle
(Mills & Kaczmarska 2006).

Automixis is not restricted to particular genera or families.
Instead, it seems to occur irregularly in widely separated
lineages of diatoms whose other members are allogamous
(Geitler 1932, 1973, 1985). Indeed, some examples are known
in which populations of a single species behave differently,
some being automictic, others allogamous, for example, in
Gomphonema angustatum (Kützing) Rabenhorst (Geitler
1960, 1970b), Denticula tenuis Kützing (Geitler 1953) and
Synedra ulna (Nitzsch) Ehrenberg (Geitler 1939a, b). At first
sight, the pattern of distribution of auto- and apomicts
suggests that these are ‘evolutionary dead ends’ (because* Corresponding author (d.mann@rbge.org.uk).
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these types of reproduction seem to occur sporadically across
the diatoms rather than being concentrated in one or a few
lineages), but, as with hetero- vs homothally, relevant data
are sparse and patchy.

Two variants of automixis exist. In one, termed autogamy,
there is no cytokinesis in the gametangium and fertilization
involves fusion between two haploid nuclei within the
undivided gametangial cell. This is known in Cymbella
ventricosa (C. Agardh) C. Agardh (Geitler 1958; here and for
other diatoms studied by Geitler, we give the names he used),
D. tenuis (Geitler 1953), Pinnularia nodosa (Ehrenberg) W.
Smith (Poulı́čková & Mann 2008) and some species in the
Sellaphora pupula (Kützing) Mereschkowsky complex
(Mann et al. 2011 and unpublished observations). In the
second variant – paedogamy – cytokinesis occurs after
meiosis I so that two separate gametic cells are produced
within a single gametangium, which subsequently fuse. This
has been reported in an Amphora species (Thaler 1972),
Cymbella aspera (Ehrenberg) Cleve (Geitler 1956), G.
angustatum (Geitler 1960, 1970b), Gomphonema constrictum
var. capitatum (Ehrenberg) Grunow (Geitler 1952, 1970c),
Epithemia turgida (Ehrenberg) Kützing (Geitler 1977), a
Neidium species (Poulı́čková 2008), Nitzschia frustulum var.
perpusilla (Rabenhorst) Grunow (Geitler 1970a) and Nitz-
schia fonticola (Grunow) Grunow in Van Heurck (Trobajo et
al. 2006). Besides these records of autogamy and paedog-
amy, which were mostly confirmed by cytological observa-
tions and/or nuclear staining with acetocarmine or DAPI,
there are some less well documented examples in which
auxospores have been seen to develop from unpaired mother
cells but where no details about meiosis or gamete formation
are available. These cases of ‘uniparental auxosporulation’
may have been autogamous, paedogamous or perhaps even
apomictic; examples include two Nitzschia taxa (see Geitler
1932, p. 220), Synedra vaucheriae (Kützing) Kützing (Geitler
1958) and possibly ‘Navicula minima’ (Granetti 1968).

In this article, we focus on paedogamous clones of the
Nitzschia inconspicuaGrunow complex that we isolated from
the Ebro River, Catalonia, Spain, and on Geitler’s paedog-
amous Lake Neusiedl material of ‘N. frustulum var.
perpusilla’ (Geitler 1970a), which we discovered has been
preserved in the University of Vienna herbarium. Using
these materials, we aimed to (1) use morphological data to
examine whether the Lake Neusiedl material and the Ebro
clones are conspecific; (2) determine whether paedogamy and
auxospore structure are identical in the Ebro and Lake
Neusiedl populations and in another paedogamous species
of Nitzschia sect. Lanceolatae, N. fonticola; and (3) use rbcL
and partial LSU sequence data to test whether paedogamy
has evolved more than once in Nitzschia, in the N. fonticola
and N. inconspicua lineages, respectively. RbcL and partial
LSU have both proved useful for systematics investigations
in Nitzschia (Trobajo et al. 2006, 2009, 2010) and other
diatoms (Mann & Evans 2007; Theriot et al. 2010 for rbcL),
and they have also been recommended for use as diatom
barcodes (Mann et al. 2010; Hamsher et al. 2011). A more
detailed examination of evolutionary relationships among
clones of N. inconspicua and related taxa will be made in a
subsequent article (L. Rovira, personal communication).

MATERIAL AND METHODS

Clones 61 and 62 were isolated on 18 June 2010 from stones
collected from the River Ebro at Aldover, Catalonia, Spain
(40852051.80 00N, 0830 024.20 00E). Nitzschia inconspicua ap-
peared to be abundant in the sample (visual assessment),
as in previous samples from the Ebro River (our unpublished
data), including its estuary (Rovira et al. 2009, 2012a,
2012b). Environmental data on the day of sampling (8 June
2010) were as follows: depth of sample 90 cm, water
temperature 21.38C, conductivity 0.992 mS cm�1, salinity
0.53, and pH 7.95. Given the low salinity, cells were initially
isolated into and maintained in WC medium (Guillard &
Lorenzen 1972). However, cultures maintained in WC did
not prosper: cells looked unhealthy, and some became
deformed (probably in part because they were approaching
the minimum viable size) and grew in clumps. We therefore
tried them in mixtures of freshwater and marine media.
Vigorous vegetative growth and paedogamous auxospor-
ulation were obtained with 3:1 and 1:1 mixtures of WC and
f/2 medium (for the composition of f/2, see McLachlan 1973;
we used seawater from Alfacs bay, off the Ebro Delta, with
salinity c. 35). The cytological observations reported here,
however, were made on material growing in 1:1 mixtures (c.
17) of WC and R medium (Chepurnov & Mann 1997), the
latter prepared with seawater from the North Sea off
Dunbar, Scotland.

Clones 61 and 62 were identified as N. inconspicua by
reference to the type material of this species, N. frustulum
(Kützing) Grunow in Cleve & Grunow and similar species,
studied by Trobajo & Cox (2006) and Trobajo et al. (2012,
2013); they correspond to N. inconspicua as illustrated by
Krammer & Lange-Bertalot (1988) in their plate 69, figs 1–4
(but not to their figs 6–10, which show a different species, N.
soratensis: Trobajo et al. 2013). Further details concerning
the identification of clones 61 and 62 and the taxonomy of N.
inconspicua are given in the Supplementary Text.

Because of extensive changes to the taxonomy of Nitzschia
made since 1970 (contrast Hustedt 1930 with Krammer &
Lange-Bertalot 1988), it was unclear whether the paedog-
amous diatom studied by Geitler (1970a) was truly N.
frustulum. We therefore sought to discover whether any of
Geitler’s material had survived and could be studied.
Enquiries to Dr Walter Till, curator of the University of
Vienna herbarium (WU), established that a collection of
Geitler’s slides still existed there, though its value and
condition were unknown. Examination of the collection in
summer 2009 (by D.G.M.) revealed that the collection
provides vouchers for most of the papers on diatoms written
by Geitler from the 1920s on, spanning 50 years (see
publication list by Schmid 1991). A brief introduction to the
collection is given at http://rbg-web2.rbge.org.uk/algae/
collections_Geitler.html. Many of the preparations are in
excellent condition, and, although some stains have faded,
most of the acetocarmine, safranin and haematoxylin
preparations are still bright. Box 15 at WU contains slides
made in January 1970 for Geitler’s (1970a) paper on ‘N.
frustulum var. perpusilla’ (Supplementary Table 1). Valves of
‘N. frustulum var. perpusilla’ are illustrated in Figs 1–7, and
in the Supplementary Text we discuss the taxonomy of this
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diatom. For reasons explained there, we refer to Geitler’s
diatom throughout by the name that he gave it, even though
this name is certainly wrong.

According to information in the lid of the slide box
(stating ‘Nitzschia frustulum Agar Illmitz 13. 14.I.70’) and in
Geitler (1970a), all of the slides were prepared from agar
cultures. Examination of the slides shows that none of
Geitler’s cultures were clonal or even unialgal; for example,
other species of Nitzschia sect. Lanceolatae are present in
addition to the paedogamous ‘N. frustulum var. perpusilla’
and also species of Navicula, Gomphonema and Caloneis. It is

unclear exactly when the original material for Geitler’s
cultures was collected in the autumn of 1969, but all came
originally from samples among reeds and algae on the shore
of Lake Neusiedl at Illmitz, where Geitler states that he
found ‘N. frustulum var. perpusilla’ growing abundantly.
Lake Neusiedl has no outflows and a naturally high salinity
(for freshwater), with a conductivity of 1.5–3 mS cm�1 (c.
0.5–1.5) and a high pH of 7.5–10 (Padisak & Dokulil 1994).
Geitler (1970a) records that cells grew well on agar made
with Bristol or alkaline Knop solution (for the composition
of these freshwater media, see Bristol 1919 and Pringsheim
1946, respectively) but remained vegetative. Auxosporula-
tion occurred within a few days of transference of cells to
agar composed of 1

/

8 seawater from the Adriatic, 1

/

8 soil
extract and 3

/

4 distilled water (i.e. a salinity of c. 4.8). Hence,
the same pretreatment (increase of salinity) promoted
auxosporulation in ‘N. frustulum var. perpusilla’ as in the
Ebro N. inconspicua.

It seems likely that all the slides preserved in Vienna are
from Geitler’s cultures (salinity 4.8) rather than from Knop
or Bristol agar because almost all are recorded (on the labels
or on the lid of box 15) as bearing one or more stages in
auxosporulation. As well as stained material, there are
incinerations, made to allow examination of frustule
morphology. Geitler also examined preparations of live
cells, but of course all of these perished long ago.

Microscopy and molecular phylogenetics

For observations of paedogamy in the Ebro clones 61 and 62,
we placed 24350 mm coverslips at the bottom of Petri dishes
containing culture medium (a 1:1 mixture of WC and R
medium) before inoculation from stocks. The coverslips were
colonized by cells and could be removed for examination by
mounting on drops of medium after careful cleaning of the
lower side; preparations were ringed with white Vaseline to
prevent evaporation. Preparations remained healthy for
several hours.

In order to study the fate of meiotic nuclei in the Ebro
clones, material was stained using the Feulgen reagent as
follows, according to a modification of the method described
by Jong (1997): (1) cells that had colonized coverslips were
fixed in a mixture of ethanol and glacial acetic acid (3:1)
overnight, then (2) washed with deionized water three times,
(3) hydrolysed in 5N HCl for 30 min, and (4) washed in
deionized water for 1 h. Subsequently, (5) the coverslip was
placed in Feulgen’s reagent for 2 h, (6) rinsed with deionized
water three times, (7) dehydrated with an ethanol series (50%,
75% and 95%, each for 5 min, and 100% twice, each for 10
min) and finally (8) mounted in Euparal (Agar Scientific,
Stansted, UK).

Frustules of the Ebro clones were cleaned by boiling with
70% nitric acid, followed by repeated washing with deionized
water and mounting in Naphrax (Brunel Microscopes,
Chippenham, Wiltshire, UK) for light microscopy (LM), or
on 13-mm-diameter coverslips for field emission scanning
electron microscopy (SEM) of perizonium structure. Some
material was prepared for SEM by critical point drying to
study the delicate early stages of auxospore formation. For
this, clones were grown on coverslips and fixed with 2.5%
glutaraldehyde for 1 h. Material still attached to the coverslips

Figs 1–26. Cleaned valves, LM. Slight thickenings of the valve
margin visible at the centre in some valves (arrowheads in Figs 10,
15 and 20) reflect the presence of central raphe endings. Scale bar¼
5 lm.

Figs 1–7. Illmitz material of ‘N. frustulum var. perpusilla’: Geitler
collection, slides 15/28A, 15/28B (Fig. 4) and 15/27A (Fig. 6).
Size reduction series of small preauxospore valves (Figs 1–6) and
postauxospore valve (Fig. 7).
Figs 8–19. Small, preauxospore valves of N. inconspicua, clones
61 (Figs 8–13) and 62 (Figs 14–19). Many cells were deformed,
with central constrictions (e.g. Fig. 8), heteropolarity (e.g. Figs 9,
17) or cymbelloid shape (e.g. Figs 10, 15, 16).
Figs 20–26. Enlarged, postauxospore valves of clones 61 (Figs
20–22) and 62 (Figs 23–26).
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was rinsed with PBS three times, postfixed with 1% osmium
tetroxide for 1 h, dehydrated through a graded ethanol series
and then infiltrated with acetone and finally dried with an
Emitech K850 critical point dryer (EM Technologies, Kent,
UK). All the procedures for the microscopical preparations
were performed at room temperature. For SEM examination,
coverslips were attached to aluminium stubs using carbon
pads, coated with platinum and examined with a LEO Supra
55VP instrument, usually at 5 kV with a working distance of 4
mm.

Geitler’s preparations were either incinerations mounted in
Diatopan or preparations fixed with acetic acid–ethanol
mixtures, stained in acetocarmine and mounted in euparal
(Geitler 1970a, caption to fig. 3). Our observations of
cytological preparations and living cells were made with a
Zeiss Axio Imager M2 light microscope with a Plan-
Apochromat 1003 objective (nominal N.A. 1.4, condenser
not immersed) and differential interference contrast optics.

For molecular phylogenetic analysis of rbcL and D1–D3
region of rDNA (LSU), all the Nitzschia species and related
sequences were included that were available in GenBank, with
new sequences added as detailed in Supplementary Table 2.
Bacillaria paxillifera (O.F. Müller) Marsson was selected as an
out-group by reference to the phylogenies obtained by Theriot
et al. (2010), Ruck & Theriot (2011) and Rimet et al. (2011).
Details of PCR cycles and primers for rbcL were as given by
Jones et al. (2005). The D1–D3 hypervariable domain of 28S
rDNA was amplified with the following primers: D1R
(forward: 50-ACCCGCTGATTTAAGCATA-30; Scholin et
al. 1994) and D3R (reverse: 50-TCGGAGGGAACCAGC-
TACTA-30; Nunn et al. 1996). PCR reaction volumes were 25
ll and contained 10 ng of DNA template, 2.5 ll of 103NH4
buffer, 2.5 ll of 50 mMMgCl2, 2.5 ll of 2 mM dNTPs, 0.75 ll
of 10 lM forward and reverse primers and 1 unit of Taq
polymerase. PCR conditions included one initial denaturation
of 948C for 4 min, followed by 35 cycles each consisting of 1
min at 948C, 40 s at 568C and 1 min at 728C and a final
elongation step of 7 min at 728C. The sequencing primers used
were those described above (D1R and D3R) plus D2C
(reverse: 50-CCTTGGTCCGTGTTTCAAGA-30; Scholin et
al. 1994). PCR products were purified using ExoSAP-IT
(USB, Affymetrix, Santa Clara, California, USA). Sequencing
was conducted in 10 ll volumes using 0.32 lM of primer, 1 ll
of BigDye v3.1 and 2 ll of sequencing reaction buffer (Applied
Biosystems, Carlsbad, California, USA). Excess dye-labelled
nucleotides were removed using the Performa DTR V3
cleanup system (EdgeBio, Gaithersburg, Maryland, USA),
and sequence products were run on an ABI 3730 DNA
sequencer (Applied Biosystems). Forward and reverse reads
were edited and aligned using Sequencher 4.5 (GeneCodes,
Ann Arbor, Michigan, USA).

Sequences of rbcL lacked indels and were aligned manually.
Sequences of LSU were first aligned withMAFFT 5 (Katoh et
al. 2005) and the resulting alignment refined manually by
reference to its predicted secondary structure (Sato et al.
2008); the alignments are available on request from the
authors. All identical sequences were excluded from the
analysis as redundant, leaving one representative from each
genotype. The sequences used for the analyses are listed in
Supplementary Table 2. The final data sets consisted of 88
sequences and 1428 base pairs (bp) for rbcL and 174 sequences

and 787 bp for LSU. RAxML-VI-HPC, v7.2.6 (Stamatakis
2006), was used for maximum likelihood (ML) analyses with
the GTRGAMMAImodel, which was determined as the most
appropriate model of DNA sequence evolution by MrMo-
deltest (Nylander 2004), both with hierarchical likelihood-
ratio tests and the Akaike information criterion. Gamma
correction values and a proportion of invariable site of each
partition were obtained automatically by the program.
RAxML conducted a rapid bootstrap analysis and search
for the best-scoring ML tree in one single program run. We
performed 100 runs for each data set.

For both rbcL and LSU data sets, significance tests, using
the approximately unbiased (AU) and nonscaled bootstrap
probability (NP) tests of CONSEL (Shimodaira & Hasegawa
2001; Shimodaira 2002), were performed under the ML
criterion for a priori hypotheses, in which monophyly of
paedogamous clones and lineages was constrained against the
best trees.

RESULTS

When first isolated, clones 61 and 62 had small valves c. 3.5–
9 lm long and 2.2–2.8 lm wide, with 24.5–30.6 striae and
11–15 fibulae in 10 lm (Figs 8–19, Table 1). Many of the
valves were asymmetrical, possibly as a result of the poor
growth in WC medium or infrequent subculturing. Some
valves were heteropolar (Figs 9, 17), others cymbelloid,
resembling Cymbellonitzschia (Figs 10, 15, 16; cf. Cocquyt &
Jewson 1994); still others had bizarre irregular shapes (Figs
8, 11). A minority were elliptical (Figs 12, 13, 18). After
auxosporulation, valves were much more regular in shape
(Figs 20–26), with a linear central portion and ends tapering
to acute or very slightly rostrate apices. These longer valves
(up to 24.5 lm) had 24.5–25.6 striae and 10–13 fibulae in 10
lm; their widths were 2.5–3.2 lm. In both short and long
valves, the central two fibulae were sometimes more widely
separated than the others (Figs 10, 12, 21, 23, 26). Where the
fibulae were not more widely separated, a tiny thickening
could usually be seen (Figs 15, 20, arrowheads), demon-
strating the presence of a central nodule (i.e. the raphe is
interrupted at the centre), but in some valves even this
feature was undetectable. The striae were often visibly
punctate when the microscope optics were optimized (Figs
8–26).

Geitler’s Illmitz material of ‘N. frustulum var. perpusilla’
(Figs 1–7) was similar to clones 61 and 62, except that we
found no valves smaller than 6.5 lm (Geitler 1970a recorded
valves of 5.5 lm). Small valves (6.5–10 lm long, 2.6–3.2 lm
wide) had regular, linear-elliptical to elliptical outlines;
whereas, the longest valves (e.g. Fig. 7) were linear and over
30 lm long (32.5 lm in our data set; Geitler gave 32 lm).
Geitler recorded stria densities of 23–24 in 10 lm (‘in
kleinsten Zellen auch 25’: even 25 in the smallest cells), but
our measurements (directly comparable to those for clones
61 and 62) gave 24.5–27, rising to over 30 in 10 lm in the
smallest valves; the fibula density was 11–13.5 in 10 lm. The
conflict between our stria densities and Geitler’s may reflect
differences in the method of measurement: we measured
along the apical axis of the valve, whereas Geitler may have
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measured along the valve margin (cf. Anonymous 1975;
Geitler did not record how he made his measurements). Our
measurements of stria densities in small valves and
gametangia of the Illmitz material were slightly higher than
those of the two Ebro clones (Table 1), but the difference was
not significant (P . 0.05, Tukey post hoc test).

The valve ultrastructure of N. inconspicua, including
clones 61 and 62, will be described in more detail elsewhere
to accompany a molecular phylogenetic study of the N.
inconspicua complex (L. Rovira, personal communication)
and agrees with the type material of the species (Trobajo et
al. 2013), but some aspects can be seen in Figs 78 and 80. The
stria pores (areolae) are simple, possessing hymenes but
lacking cribra, and the striae do not become biseriate within
the raphe canal; instead, each transapical stria is represented
within the raphe canal by a single round poroid. The raphe is
interrupted centrally, with simply undeflected endings.

Paedogamy in N. inconspicua

At the time of writing (March 2012), cultures derived from
clones 61 and 62 have been cultivated for 1.75 years, and each
has declined in size, auxosporulated and declined in size again
during several months. There has been no obvious sign of a
loss of vitality (manifested in either a reduced growth rate or
an increase in the frequency of deformed cells) in the inbred F1
generation.

All instances of auxosporulation within both clonal cultures
involved production of a single auxospore from a single parent
cell. At times, almost all the cells in a Petri dish (numbering
many thousands) were auxosporulating, and no example was
observed in which cells paired and exchanged gametes.
Mixtures of clones 61 and 62 were made, as were mixtures
of these clones with others belonging to the same LSU–rbcL
clade (our unpublished observations), and again no example
was found of interclonal pairing or allogamous sexual
reproduction. It is likely, therefore, that paedogamy, as
described below, was obligate for clones 61 and 62.

In living cells, the first obvious sign that auxosporulation
was imminent was an increase in the width of the girdle to c. 5
lm (Fig. 27), compared to � 4 lm for cells in mitotic
interphase (not illustrated). Differentiating cells sometimes lay
close to other such cells, but they were never paired girdle to
girdle or in any other arrangement indicative of allogamous
sexual reproduction (e.g. Round et al. 1990, figs 59–62; Mann
2011, fig. 3). Subsequently, such cells divided producing two

protoplasts (Figs 28, 29), each with two chloroplasts (Fig. 29).
In many cells, the protoplasts were rounded and lay one
towards each pole (Fig. 28). In other cells, one (Fig. 29) or
both protoplasts (Fig. 43, Supplementary Fig. 1A) were less
rounded and lay on either side of the median valvar plane, like
sibling cells frommitotic division but without the formation of
new valves. It seems most likely that division is always in the
median valvar plane (cf. Fig. 43) and that the configuration
shown in Fig. 28 results from rearrangement after cell division;
however, rearrangement was not observed directly.

During or after cytokinesis, the parent cell dehisced and its
thecae separated (Figs 28, 29, 44), usually more at one pole
than the other (Fig. 44). Next, the protoplasts – now
functioning as gametes – fused with each other to form a
zygote (Figs 43–47), which was sometimes attached initially to
one (Fig. 31) or both (Fig. 45) of the thecae of the parent cell.
Soon, however, the zygote separated from the thecae (Figs 32,
47). Plasmogamy was followed in vivo in a cell in which the
thecae lay more or less at right angles to each other, one lying
in valve view and the other in end view (i.e. with the long axis
vertical; Supplementary Fig. 1F–J). The protoplast of the
‘vertical’ theca lost its association with the theca (Supplemen-
tary Fig. 1I), moved out and then rounded off at the mouth of
the open theca (Supplementary Fig. 1J), by which time it had
fused with its sibling protoplast. In other cells whose
development was followed in vivo, one of the protoplasts
was observed to produce a small protrusion prior to
plasmogamy (Figs 30, 48), which seemed in one case to
function as a pseudopodium, leading the rest of the gamete
around its partner (Supplementary Fig. 1C–E).

After plasmogamy, the zygote remained spherical, appar-
ently for some hours (not measured directly but assessed from
the frequency with which this stage was observed in clonal
cultures), and then expanded bipolarly. The number of
chloroplasts was difficult to judge in the contracted, spherical
zygotes (Figs 31, 32), but young auxospores had four
chloroplasts (Fig. 35), indicating persistence of all four
chloroplasts inherited from the gametes. During expansion
of the auxospores, the chloroplasts adopted characteristic
positions, two being placed on either side of the cell at the
centre (Figs 35, 37, 38), whereas the other two lay along the
cell, nearer the poles (Figs 36–39): together, they formed a
cross (Fig. 39). The centre of the auxospore was occupied by a
large vacuole (Figs 35–37, 40), with the nuclei (see next
section) lying in a pocket of cytoplasm on one side at the
centre (Fig. 36, arrow).

Table 1. Selected morphometric data for N. inconspicua clones 61 and 62 and Geitler’s Illmitz material of ‘N. frustulum var. perpusilla’.

Clone 61 Clone 62 Illmitz

Lengths of gametangia 6.53 6 1.16 (4.0–9.0, n ¼ 50) 6.68 6 0.83 (4.5–8.0, n ¼ 49) 8.65 6 0.83 (6.5–10.0, n ¼ 40)
Lengths of initial cells 20.79 6 1.70 (17–24.5, n ¼ 50)1 21.23 6 2.69 (10.5–23.0, n ¼ 50)2 29.85 6 1.34 (26.5–32.5, n ¼ 40)
Widths of initial or postinitial
valves

2.79 6 0.26 (2.5–3.2, n ¼ 6) 2.83 6 0.13 (2.6–3.0, n ¼ 12) 2.79 6 0.26 (2.5–3.2, n ¼ 3)

Striation density of initial or
postinitial valves

25.23 6 0.36 (24.8–25.6, n ¼ 6) 24.83 6 0.32 (24.5–25.4, n ¼ 12) 26.09 6 0.53 (24.5–27.0, n ¼ 7)

Striation density of small
valves/gametangia

27.41 6 1.45 (24.5–29.8, n ¼ 15) 27.44 6 1.38 (25.1–30.6, n ¼ 15) 28.61 6 0.86 (27.6–30.4, n ¼ 11)

1 Nine of these initial cells were clearly stunted. When these were excluded from analysis, the lengths of clone 61 initial cells were 21.21 6
0.43 lm (17.5–24.5 lm, n¼ 41).

2 The extremely small initial cell of 10.5 lm long was highly deformed. Without this and seven other outlier, deformed initial cells, the
lengths of clone 62 initial cells were 22.30 6 0.43 lm (21.5–23, n¼ 42).
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In N. inconspicua cells, the nuclei stained intensely with the

Feulgen reagent (Figs 49–61). Interphase vegetative cells

contained a central nucleus (Figs 49, 50), in which a single

paler nucleolus was usually visible (Fig. 49, 61). Cells that had

undergone meiosis contained two protoplasts, each with two

equal nuclei (Figs 54, 55). All four haploid nuclei frommeiosis

were still visible in gametangia in which the frustules had

dehisced and the gametes were beginning to separate (Figs 51–

53) and also in gametangia containing fully separate rounded

gametes (Fig. 56, equivalent to the stage shown in Fig. 28).

Figs 27–48. N. inconspicua, Ebro clones 61 (Figs 28, 39, 43–48) and 62: living cells and acid-cleaned preparations (Figs 33, 34, 41, 42), LM.
Scale bars ¼ 5 lm (for Figs 27–42, see bar in Fig. 35; for Figs 43–48, see bar in Fig. 43).

Fig. 27. Gametangium in meiotic prophase.
Fig. 28. Rounded and rearranged gametes within dehisced gametangium.
Fig. 29. Gametangium with unrearranged gametes, one remaining attached to and enclosed within one of the parental thecae, the other
rounded up.
Fig. 30. A single gamete, bearing a small protuberance (arrow).
Fig. 31. Young zygote, still attached to one of the parental thecae.
Fig. 32. Zygote.
Fig. 33 Acid-cleaned preparation at a stage equivalent to Fig. 32: note that the zygote wall has survived oxidation.
Fig. 34. Acid-cleaned preparation of an auxospore during the early phase of expansion (6 equivalent to the stage in Fig. 35): the zygote
wall has been split into two hemispherical caps (arrow) separated by the first bands of the perizonium.
Figs 35–39. Stages in auxospore expansion (Figs 37 and 38 show different focuses of the same cell). Four chloroplasts are present, arranged
in a characteristic pattern, two at each end and two on opposite sides at the centre (Figs 35 and 39). The unfused nuclei lie in a pocket of
cytoplasm on one side at the centre of the auxospore (Fig. 36, arrow), most of the cell lumen being occupied by a large vacuole (arrow, Fig.
37). The transverse perizonial bands can be seen in surface focuses (Fig. 38).
Fig. 40. Fully expanded auxospore in optical section, showing the parietal chloroplasts and large central vacuole.
Figs 41, 42. Initial cell in valve view, still enclosed within the perizonium: two focuses of the same cell. Note that the initial cell does not fill
the perizonium, especially at the centre and poles (arrows), as a result of a contraction of the protoplast before formation of the initial
epitheca and hypotheca.
Figs 43–47. Plasmogamy in a single gametangium observed at times 0, 61, 80, 97 and 155 min. In Figs 43 and 44, the gametes are still
separate (along the midline arrowed in Fig. 43), whereas in Figs 45–47, they have fused to give a zygote, which contracts away from the
parental thecae and rounds off. The left-hand gamete extends a small protrusion (Fig. 44, arrow) across the top of the right-hand gamete
before plasmogamy.
Fig. 48.Dehisced gametangium containing an apparently amoeboid gamete, which has formed a pseudopodium-like protrusion (arrow; see
also Supplementary Fig. 1, C–E).
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Young zygotes (Fig. 57) also contained four nuclei, all still
apparently equal in size and staining intensity, but older
zygotes, distinguishable by their more robust walls (Fig. 58),
contained only two nuclei. Expanding auxospores also
contained two nuclei, which became paired at the centre
(Fig. 59). Only when expansion was more or less complete did
the nuclei fuse to restore the diploid condition (Fig. 60).
Diploid and haploid nuclei were clearly separable by their size
(compare the diploid nuclei of Figs 49, 50, 60 and 61 with the
haploid nuclei of Figs 51–59).

For comparison, we examined Geitler’s acetocarmine-
stained material of ‘N. frustulum var. perpusilla’ from Illmitz.
The stages recorded by Geitler (1970a) were confirmed. Cells
in meiotic prophase expanded in girdle view (Fig. 62) and
divided after meiosis I. Meiosis II took place in each
protoplast to produce four haploid nuclei, which were initially
equal in size and staining (Figs 63, 64). Before plasmogamy,
however, and in contrast to N. inconspicua, one nucleus in
each protoplast began to degenerate (Fig. 65), so that young
zygotes contained two slightly larger and paler nuclei – the
functional gametic nuclei – and two smaller and denser
‘pyknotic’ nuclei (Fig. 66). Mature zygotes (distinguishable by
their thicker walls, as in N. inconspicua) contained only two
nuclei (Fig. 67), which subsequently became paired but
remained unfused, lying on one side at the centre of the
auxospore (Fig. 68). The haploid nuclei of ‘N. frustulum var.
perpusilla’ were approximately the same size as the diploid
nuclei ofN. inconspicua (compare Figs 63, 67 and 68 with Figs
49, 50 and 60).

Incunabula, perizonium and initial cell

Acid-cleaned preparations of auxosporulating cells of N.
inconspicua (clones 61 and 62) showed that the envelopes
surrounding the zygotes – the incunabula – contained
nonorganic components that resisted oxidation (Fig. 33).
These persisted during expansion of the auxospores as two
caps, which covered the ends of the auxospore (Figs 34, 69)
and sometimes dissociated into numerous curved fragments in
our preparations (Fig. 73, arrowheads). Several of Geitler’s
preparations of ‘N. frustulum var. perpusilla’ were made by
incineration. Those in which the oxidation of organic material

Figs 49–68. Nuclear changes during paedogamy: LM of stained
material. Scale bar ¼ 5 lm.

Figs 49–61. N. inconspicua, Ebro clone 61, Feulgen-stained
material.
Figs 49, 50. Vegetative cells in interphase in valve (Fig. 49) and
girdle (Fig. 50) view.
Figs 51–53. Three focuses of a gametangium that has dehisced
(cf. Fig. 43): four equal nuclei are present, two in each gamete.
Figs 54, 55. Two focuses of a gametangium immediately after
meiosis II, showing two binucleate protoplasts lying side-by-side.
Fig. 56. Dehisced gametangium containing rounded gametes
(cf. Fig. 28), each with two equal nuclei.
Fig. 57. Young zygote with four equal nuclei.
Fig. 58. Mature zygote (note the more refractile walls
compared to Fig. 57), containing only two nuclei.
Fig. 59. Partly expanded auxospore with two unfused haploid
nuclei, which have become closely associated at the centre of
the auxospore (cf. Fig. 36).
Fig. 60. Fully expanded auxospore before initial valve
formation: a single diploid nucleus is present.
Fig. 61. Large cell derived (within a few cell divisions)from an
initial cell. The elongate nucleus contains a large central
nucleolus.

Figs 62–68. ‘N. frustulum var. perpusilla’: Geitler collection, slides
15/31A (Fig. 67 only) and 15/31B: acetocarmine-stained material
from Illmitz.

Fig. 62. Gametangium at diakinesis.
Figs 63, 64. Two focuses of a divided gametangium immedi-
ately after meiosis II, showing the four haploid nuclei (two in
each protoplast).
Fig. 65. Gametangium with gametes that have begun to round
up, each containing a larger functional nucleus (arrow) and a
smaller pyknotic nucleus (arrow heads) (cf. Geitler 1970a, fig.
3c).
Fig. 66. Young zygote, containing two larger, functional nuclei
and two slightly smaller and denser pyknotic nuclei (arrows)
(cf. Geitler 1970a, fig. 3f).
Fig. 67. Mature zygote with rounded wall and containing two
closely associated nuclei.
Fig. 68. Young auxospore with two paired haploid nuclei at
the centre (cf. Fig. 36).
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was most complete nevertheless preserved the zygote walls and
caps as apparently coherent structures (Fig. 74), suggesting
that here too the incunabula were silicified. In slide 15/28B of
the Geitler collection, the incineration had been less effective
and the caps appeared dark (Fig. 75), presumably reflecting
charring of organic components of the incunabula.

SEM of the Ebro clones revealed that the incunabula
surrounding the young (Figs 78, 79) and mature (Fig. 80)
zygotes contained numerous very delicate, more or less
circular scales, which separated into two groups during
auxospore expansion, forming the caps visible in LM. The
incunabula did not contain silicified strips, but fibrous
structures were often seen at the open ends of at least one of
the gametangial thecae (Fig. 80) and seemed to be continuous
with the series of girdle bands.

The auxospores of N. inconspicua and ‘N. frustulum var.
perpusilla’ possessed a transverse perizonium consisting of a
wider primary band and numerous secondary bands (15 or
more on each side of the primary band in fully expanded
auxospores ofN. inconspicua, higher numbers in ‘N. frustulum
var. perpusilla’; Figs 69, 71 and 73 and Figs 74 and 77,
respectively). Although the ‘var. perpusilla’ auxospores were
longer and generally wider than in N. inconspicua, their
perizonia were more finely structured, the secondary perizo-
nial bands close to the primary band being particularly narrow
(Figs 74, 77; compare Figs 69, 73). In addition, whereas a
suture was clearly visible in N. inconspicua, lying along one
side of the auxospore in suitably orientated specimens (Fig.
73), in ‘var. perpusilla’ the only indication of a suture was a line
of slight inflections of the secondary bands (Fig. 74, arrows),
accompanied by faint parallel lines that might reflect the
presence of a longitudinal perizonium (see below).

Examination of N. inconspicua clones 61 and 62 with SEM
showed that the primary transverse perizonial band was a
complete hoop but that the secondary bands were split rings
(Figs 81–83). Both the primary and the secondary bands were
plain (or had at most a slight pitting internally, not shown)
and lacked fimbriae on their margins (Figs 82, 83). The ends of
the secondary bands were curved towards the centre of the
auxospore (Fig. 82) and were alternately simple (with tapering
curved ends) and more complex (with ends that extended
across the suture to finish beneath the ends of the bands on the
opposite side of the suture; Fig. 83).

Beneath the suture of the transverse perizonium there was a
delicate longitudinal perizonium (Figs 84–87, Supplementary
Fig. 2A–C), in which the bands tapered in width towards each
pole (Figs 84, 85). The central, primary band was wider than
the others and more or less bilaterally symmetrical (Fig. 86,
Supplementary Fig. 2B) and bore irregularly positioned pores
and fainter slits. Flanking the primary band on one side were
two secondary bands (s1 and s2), about half the width of the
primary band, which were plain or bore irregular slits (Figs
84–87). On the opposite side there were another two, much

Figs 69–77. Expanded auxospores and initial cells, including acid-
cleaned (Figs 69, 70, 73), incinerated (Figs 74–77) and living (Figs
71 72) material of N. inconspicua Ebro clones 61 and 62, and
Geitler’s Illmitz population of ‘N. frustulum var. perpusilla’. Scale
bar ¼ 10 lm.

Fig. 69. Clone 62, fully expanded auxospore: note the caps
covering the ends of the cell.

Fig. 70. Clone 62, fully expanded auxospore containing initial
epivalve (in optical section at right).

Fig. 71. Clone 62, initial cell in girdle view within the perizonium.
Four chloroplasts are present (numbered 1–4), arranged in a row
(contrast Figs 38–40).

Fig. 72. Clone 62, initial cell escaping from the auxospore,
leaving behind a ‘husk’ within the transverse perizonium (arrow:
cf. Geitler 1970a, fig. 3j).

Fig. 73. Clone 61: surface focus of empty perizonium. Note the
wide primary transverse perizonial band and very distinct suture
(arrow) and the dissociation of the lower cap into numerous
curved fragments (arrowheads).

Figs 74–77. Illmitz material on Geitler collection slides 15/28A
and 15/28B (Fig. 75 only).

Fig. 74. Perizonium of nearly fully expanded auxospore. Note the
narrow transverse perizonial bands in this and Figs 75–77,
relative to clones 61 or 62 (Figs 69 and 73) and the poor
development of the suture (manifest as a slight inflexion left of
centre: arrows).

Fig. 75. Incompletely burnt auxospore showing charred material
in the auxospore caps (arrowheads); one of the gametangial
valves is visible on top of the perizonium.

Fig. 76. Incompletely silicified epivalve within fully perizonium.
Note that, as in clone 62 (Figs 41, 42), the valve does not fill the
perizonium as a result of a contraction of the cell before valve
formation.
Fig. 77. Initial cell escaping from perizonium.
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Figs 78–87. N. inconspicua, Ebro clone 61, incunabula and perizonium, SEM. Scale bars¼ 1 lm, except Figs 82 (2 lm), 83 and 85 (200 nm).
Fig. 78. Gametangial valve and collapsed scale case (incunabula) of zygote.
Fig. 79. Detail of Fig. 78, showing almost plain bands with very slight concentric structuring.
Fig. 80. Mature zygote (with complete scale case) flanked by gametangial thecae (cf. Figs 32, 47); note the fibrous material at the open ends
of the thecae (arrow).
Fig. 81. Early stage in auxospore expansion (cf. Fig. 35), showing the wide primary transverse perizonial band (tp) flanked by three
secondary bands on either side. The ends of the auxospore are still covered by incunabular scales.
Fig. 82. Fully expanded auxospore, showing the transverse perizonium, suture (cf. Fig. 73) and incunabular caps.
Fig. 83. Detail of suture, showing the alternation between transverse perizonial bands with simpler curved ends (asterisks) and those with
extensions that cross over to end beneath the other side of the suture (arrows).
Figs 84–86. Part of longitudinal perizonium seen from its exterior (Fig. 84) and two details (Figs 85, 86), showing a wide primary band (p)
flanked by two wide secondary bands on one side (s1 and s2) and two narrow secondary bands on the other (s1

0 and s2
0). Note the irregular

perforations of the primary band (Fig. 86).
Fig. 87. Detail of initial cell escaping from the perizonium (cf. Fig. 77); labelling as above (for the context of this photograph, see
Supplementary Fig. 2D).
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narrower bands (s1
0 and s2

0 in Fig. 86; Supplementary Fig.
2C), making a total of five longitudinal bands in all. The
longitudinal perizonium is therefore asymmetrical.

After auxospore expansion was complete in N. inconspicua,
the four chloroplasts became rearranged within the auxospore
to lie in a straight line, with a wider separation of the central
pair to accommodate the nucleus (Fig. 71). During the
formation of the initial valves, the protoplast contracted away
from the perizonium, especially at the centre and poles (Figs
41, 42), so that the initial cell was at first a highly elongate
ellipsoid, whereas the auxospore was cylindrical, with a
slightly expanded centre (Figs 40, 82). The initial valves had
arched valve faces in N. inconspicua and ‘N. frustulum var.
perpusilla’, with no clear differentiation into valve face and
mantle (Supplementary Fig. 2E). Once the initial cell of either
taxon had a complete frustule, it usually escaped from the
auxospore (Figs 77, 87, Supplementary Fig. 2D), though
sometimes it divided once or more in situ. Within the vacated
perizonium, a ‘husk’ could sometimes be seen (Fig. 72),
echoing the shape of the initial cell that had left. The nature of
the husk was not determined, but it seems likely that it
comprises more than the longitudinal perizonium or is an
entirely separate structure, judging by the shape of the
longitudinal perizonial bands shown in Fig. 87 and the fact
that no evidence of the structure was found in acid-cleaned or

incinerated material (suggesting that it is organic). Similar
structures have been illustrated in Seminavis (Chepurnov et al.
2002, fig. 9a).

The initial cells were much longer in ‘N. frustulum var.
perpusilla’ than in either clone 61 or clone 62 ofN. inconspicua
(Table 1 and compare Figs 7, 76 and 77 with Figs 20, 70 and
71). There was no significant correlation between the lengths
of the gametangia and the lengths of the initial cells derived
from them in ‘N. frustulum var. perpusilla’ (n¼40, r¼0.24,P¼
0.13). In N. inconspicua, some initial cells were strongly bent
and/or abnormally structured (9 out of 40 in clone 61, 8 out of
42 in clone 62) and were scored as such before statistical
analysis was made of the relationship between gametangial
length and initial cell length. When deformed auxospores were
included in the analysis, there was a statistically significant
relationship between the lengths of the gametangia and initial
cells in clone 62 (n¼50, r¼0.32, P¼0.03: smaller gametangia
appeared to produce smaller initial cells) but not in clone 61 (n
¼ 50, r ¼ 0.08, P ¼ 0.56). When the deformed auxospores of
clone 62 were omitted, however, there was no significant
relationship between the sizes of the initial cells and the
gametangia (n ¼ 42, r ¼ 0.00, P ¼ 0.99). It seemed that very
small gametangia were more likely to produce deformed
auxospores than larger ones. Initial cells of ‘N. frustulum var.
perpusilla’ had very slightly but significantly higher mean

Fig. 88. Molecular phylogeny of Nitzschia and related genera inferred from maximum likelihood (RAxML) analysis of rbcL and LSU.
Paedogamous clones are indicated in bold. Numbers above the branches are RAxML bootstrap proportions when P � 50%; * indicates
100%. Branch lengths are proportional to the number of substitutions per site (see scale bar). Some clades were collapsed into triangles for
simplification. 1Endosymbiont of dinoflagellate. 2Height was reduced to half. 3‘N. cf. pusilla’ GU732414 is embedded in this clade of 18
clones of N. palea.
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striation densities than the two clones of N. inconspicua (P ,
0.001, Tukey post hoc test), which did not differ between
themselves; however, the range in the Illmitz material
completely overlapped those of the N. inconspicua clones.

Molecular phylogeny

In rbcL and LSU phylogenies (Fig. 88), the genus Nitzschia
was paraphyletic with respect to several other genera
(Cylindrotheca, Denticula, Fragilariopsis, Psammodictyon,
Pseudo-nitzschia and Tryblionella), most of which have at
one time or another been classified in Nitzschia. The
paedogamous clones of N. inconspicua appeared within a
well-supported clade (96% bootstrap value in rbcL, 97% in
LSU, labelled A and D, respectively, in Fig. 88), which was
sister to Cylindrotheca in both trees.

In the rbcL tree, theN. inconspicua clones 61 and 62 formed
a robust clade (B) with Denticula kuetzingii Grunow and
Nitzschia amphibia Grunow. The other paedogamous Nitz-
schia,N. fonticola (studied by Trobajo et al. 2006), comprising
two genotypes, were contained in a separate clade C, whose
support was weak (57%) and which also contained a sequence
of ‘N. frustulum’, Fragilariopsis spp. and Pseudo-nitzschia spp.

In the LSU tree, a paedogamous clade of N. fonticola
diverged first within the clade D, and the rest of clones formed
a weak clade E, which further bifurcated into a clade of
Pseudo-nitzschia and a clade comprising various species of
Nitzschia sect. Lanceolatae. The paedogamous N. inconspicua
clones 61 and 62 were situated at the most diverged position in
clade F, being sister to another sequence of N. inconspicua
(from Trobajo et al. 2006) within a moderately supported
clade (84%) also containing N. amphibia.

In order to test whether paedogamy evolved once or at least
twice (in the ancestors of N. fonticola and N. inconspicua,
respectively), we ran ML analyses in which the paedogamous
clones (N. fonticola clones A, B and C and N. inconspicua
clones 61 and 62) were constrained to be monophyletic.
Hypothesis testing by AU and NP tests rejected the
constrained trees as significantly worse than the best tree
(Supplementary Table 3) and hence rejected a single
evolutionary origin of paedogamy in Nitzschia. A second test
was made of the LSU data set in which the genotype of N.
inconspicua sequenced by Trobajo et al. (2006; GenBank
AM182195) was also included in the constrained ‘paedog-
amous clade’, together with the Ebro N. inconspicua and N.
fonticola. Again, the constrained topology was rejected as
significantly worse than the best tree (Supplementary Table 3).

DISCUSSION

The remaining material of ‘N. frustulum var. perpusilla’
cannot be used to obtain molecular data to study the
relationship between this diatom and N. inconspicua, nor is it
possible to examine Geitler’s material by SEM. In LM, N.
inconspicua and ‘N. frustulum var. perpusilla’ are very similar
in valve shape and pattern, but they differ in several respects
that indicate genetic divergence. The most striking difference
in the vegetative cells is the maximum length achieved: the
initial cells of ‘N. frustulum var. perpusilla’ (c. 30 lm) are
much longer than those produced by clones 61 and 62 of N.

inconspicua (c. 21 lm). The sizes to which auxospores expand
and the maximum size of the gametangia are fairly constant
within clones of pennate diatoms and considered to be
largely under genetic control (Geitler 1932; Edlund & Bixby
2001, p. 185; Chepurnov et al. 2004), which allows their use
as taxonomic characters. It is true that there is a tendency in
some species for smaller gametangia to give rise to smaller
initial cells (reviewed by Edlund & Bixby 2001), but there
was no correlation between gametangium size and initial cell
size in our analyses of the Illmitz material and the Ebro
clones, except once in clone 62 when obviously deformed
auxospores were included. Furthermore, the Illmitz and
Ebro initial cells, differing in length by c. 8–9 lm, were
derived from gametangia that differed by only c. 2 lm (Table
1). Thus, size dependency between gametangia and initial
cells cannot account for difference in the lengths of the initial
cells between the Illmitz and Ebro material.

Other features also point to a differentiation between the
Illmitz material and the Ebro clones. These are that, in the
Illmitz material, (1) the superfluous nuclei from meiosis I
degenerate earlier, (2) the auxospores are wider, (3) the
perizonium is more finely structured and the suture is
indistinct, and (4) the mean striation density is very slightly
higher, at least in large valves, although the ranges overlap
almost completely. It seems also that the nuclei of Illmitz
cells are larger than in the Ebro clones (the haploid gamete
nuclei of Illmitz cells being approximately the same size as
the vegetative diploid nuclei of the Ebro clones), which could
suggest that the Illmitz population is tetraploid (evidence in
angiosperms indicates that nuclear volume is correlated with
genome size; Jovtchev et al. 2006), and this would be
consistent also with the much larger size of the Illmitz initial
cells (cf. Connolly et al. 2008). However, the preparations
were not made using the same fixation and staining protocol
and are much older, and this could have differentially
affected nuclear size, although there was no evidence of
swelling of the cells themselves. Within each clone or
population, characteristics (1)–(4) appeared constant, and
these features also seem to show little plasticity in other
diatoms. For example, the superfluous haploid nuclei are
always persistent in some Navicula species (Poulı́čková &
Mann 2006); initial valves often have characteristic shapes,
which may differ from those of the vegetative cells that are
derived from them (e.g. Mann 1989); and striation density is
relatively unaffected by environmental conditions, including
salinity (Trobajo et al. 2004, 2011), which differed between
the Ebro and Illmitz cultures.

We conclude, therefore, that there are genetic differences
with respect to maximum size, gametogenesis, auxospore
structure, and perhaps also mean stria density, between N.
inconspicua and ‘N. frustulum var. perpusilla’. Whether this
variation can be treated as intraspecific (see also discussion
in Supplementary Text) or reflects a more distant relation-
ship (N. frustulum and N. inconspicua are clearly separated in
the rbcL and LSU trees despite their morphological
similarity, clones 61 and 62 being less closely allied to N.
frustulum than to the morphologically dissimilar N. amphib-
ia: Fig. 88) cannot be determined without further sampling,
preferably including material from Lake Neusiedl.
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The nature, consequences and evolution of paedogamy in

Nitzschia

Our data indicate that the Ebro clones of N. inconspicua are
strictly paedogamous because no pairing was observed at any
time, either in monoclonal cultures or in mixtures of different
clones. There have been two previous reports of paedogamy in
Nitzschia: (1) Geitler’s (1970a) paper on the Illmitz material of
‘N. frustulum var. perpusilla’, re-examined here, and (2)
Trobajo et al.’s (2006) study of three clones of N. fonticola.
The main features of the process are by definition similar
throughout: a single gametangium produces two gametes,
which fuse with each other to produce a single zygote and
hence a single auxospore. Moreover, there are also some
agreements in detail between the different reports of
paedogamy in Nitzschia. For example, in all three taxa, the
gametangia elongate along the pervalvar axis – that is, they
become wider in girdle view – as they enter meiosis (Fig. 27;
Geitler 1970a, p. 124; Trobajo et al. 2006, cf. fig. 5c with fig.
4b). Furthermore, the ‘cruciate’ arrangement of the four
chloroplasts during auxospore expansion in N. inconspicua
(Figs 35–39) is also evident in living ‘N. frustulum var.
perpusilla’ (Geitler 1970a, fig. 2f, g), and the chloroplasts of
mature auxospores lie in a single line (Fig. 71; Geitler 1970a,
fig. 2h, i). We noted too that one of the gametes in the Ebro
clones often had a more ‘plastic’ morphology than the other,
deforming its shape or producing pseudopodium-like exten-
sions while its sibling remained unaltered, and it appears that
this may also occur in ‘N. frustulum var. perpusilla’, judging by
Geitler’s illustrations (Geitler 1970a, figs 2b, c).

However, there are also differences between the three
paedogamous Nitzschia, which are evident in the morphology
of the auxospores and their envelopes (incunabula and
perizonium) and in the timing of the degeneration of the
two superfluous haploid nuclei (Table 2). The differences in
the incunabula are particularly striking: N. fonticola has large
numbers of silica strips around its zygotes, which resemble
balls of wool (Trobajo et al. 2006, fig. 8b, c), whereas the Ebro
strains of N. inconspicua and probably also ‘N. frustulum var.
perpusilla’ have incunabula containing quite small numbers of
simple round scales.

Less obvious than the incunabular differences but poten-
tially very significant is the contrast in the timing of nuclear
degeneration, with all four nuclei persisting into the zygotes in
N. inconspicua but only two remaining uncontracted and
apparently functional in ‘N. frustulum var. perpusilla’ (Figs 65,
66; Geitler 1970a, fig. 3c–f) and N. fonticola (Trobajo et al.
2006, fig. 5e and p. 1362). We will refer to the kind of
paedogamy in which all four nuclei survive into the zygote as
‘immature’ because the gametes retain an earlier stage of
development at plasmogamy relative to those in which one
haploid nucleus has already degenerated, which we will call
‘mature’ paedogamy. The genetic consequences of this
difference may be considerable. If the four nuclei are indeed
all functional after plasmogamy, as they appear to be in the
immature paedogamy ofN. inconspicua, then haploid nuclei of
the tetrad can presumably pair in any combination to produce
new diploid progeny, and successive generations will therefore
progress rapidly towards complete homozygosity, regardless
of the positions of chiasmata. Any advantages of heterozy-
gosity will therefore be lost, and deleterious recessive
mutations will be exposed to selection. However, in mature
paedogamy, where one nucleus degenerates in each gamete
before they fuse, intratetrad fusion of nuclei in the auxospore
is constrained to be between haplotypes that have segregated
at the first division of meiosis. Consequently, for any genes
completely linked to the centromeres (through simple
proximity or suppression of crossing over), any existing
heterozygosity can be maintained, and recessive deleterious
mutations can be masked. Hood & Antonovics (2004) suggest
[from studies of the smut fungus Microbotryum violaceum
(Persoon) Deml & Oberwald and theoretical considerations]
that any automictic process arising to enforce intratetrad
fusion between genotypes segregating at meiosis I (as in the
mature paedogamy of the Illmitz population and N. fonticola)
is likely to become obligate. This is because, as deleterious
alleles accumulate at the centromeres, there is ‘an increasing
fitness cost of mating between tetrads or to closely related
diploid genotypes [as can occur in homothallic diatoms]
because exposing the [deleterious] alleles to homozygosity
would occur at a very high rate. Thus, a feedback process may
quickly develop, with mating within the tetrad becoming more
frequent, the extensive accumulation of deleterious recessive

Table 2. Comparisons of development and auxospore structure among paedogamous Nitzschia populations.

N. inconspicua Ebro clones
‘N. frustulum var. perpusilla’

Illmitz material N. fonticola1

Timing of degeneration of superfluous
haploid nuclei

after plasmogamy, in zygote before plasmogamy, in
gametes

before plasmogamy, in
gametes

Zygote shape spherical spherical ellipsoidal
Organic incunabula thin, not obvious thin, not obvious thick
Siliceous incunabula round scales present but details unknown,

not strips
ball of strips

Persistence of siliceous incunabula during
auxospore expansion

as polar caps as polar caps dispersed along auxospore

Distal margin of transverse perizonial
bands

plain ? fimbriate

Frequency of irregularly curved
auxospores and initial cells

low low high

Shape of ends of transverse perizonial
bands

strongly curved (suture
obvious in LM)

scarcely curved (therefore
suture indistinct)

strongly curved (not
observed in LM because
of incunabula)

1 Source of information: Trobajo et al. (2006).
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mutations, and the system being driven ever further from the
ability to produce viable progeny by mating outside the tetrad’
(Hood & Antonovics 2004). On this basis, it is unlikely that
the Illmitz population and Trobajo et al.’s (2006) populations
ofN. fonticola, both withmature paedogamy, would have ever
exhibited allogamous reproduction.

The presence of paedogamy in two lineages of N. fonticola
and in two clones of N. inconspicua prompted us to use our
molecular data not only to document the identity of the clones
used but also to examine whether paedogamy had a single
origin in Nitzschia. The two gene trees indicate that N.
fonticola andN. inconspicua belong to the same major clade of
Bacillariaceae and are more closely related to each other than
they are to some other, superficially similar species classified in
Nitzschia sect. Lanceolatae, such as N. capitellata Hustedt in
Schmidt et al., N. palea (Kützing) W. Smith and N. communis
Rabenhorst. However, N. fonticola and the Ebro N. incon-
spicua clones are not sister species, and the clade containing
them also contains genera and species that seem to be or
contain fully sexual species. Thus, in this clade, heterothallic
or homothallic reproduction has been reported to be
characteristic of several Pseudo-nitzschia species (e.g. Davido-
vich & Bates 1998; Amato et al. 2005; Chepurnov et al. 2005;
Quijano-Scheggia et al. 2009), and allogamy (without
information about whether this is hetero- or homothallic) is
known in Nitzschia amphibia (Geitler 1969; D.G. Mann,
unpublished observations of UK material) and D. tenuis
(Geitler 1953). Allogamy is also likely in Fragilariopsis
kerguelensis (O’Meara) Hustedt, though the early stages of
auxosporulation have not been observed (Assmy et al. 2006).
Cylindrotheca, which is the sister group to the clades
containing the paedogamous Nitzschia species (clade A of
the rbcL tree, clade D of the LSU tree), has also recently been
shown to contain allogamous species (Vanormelingen et al.
2013).

Unfortunately, information on auxosporulation is not
available for all the species included in our phylogenetic trees;
for example, as far as we know, there are no auxosporulation
data for N. supralitorea Lange-Bertalot or the ‘N. frustulum’
clones within clade D of the LSU tree. This lack of
information prevents direct estimation of ancestral character
states. However, we think that it is reasonable to make the
assumption that the change from allogamy to paedogamy is
essentially irreversible once it is established in a population for
the following reasons. Allogamy is a complex process,
involving attraction and recognition between sexualized cells;
these are not required in a paedogamous diatom and do not
occur in N. inconspicua, ‘N. frustulum var. perpusilla’ or the
clones of N. fonticola studied by Trobajo et al. (2006). There
must also be mechanisms in allogamous diatoms to facilitate
and control fertilization. For example, N. amphibia cells form
copulation tubes, and D. tenuis forms a capsule around the
paired cells, creating an environment that allows the gametes
to find and fertilize each other. In addition, diatoms that
produce two gametes per gametangium (e.g. N. flexoides, N.
sigmoidea, N. recta, N. palea, Pseudo-nitzschia species; Geitler
1968;Mann 1986; Amato et al. 2005; Trobajo et al. 2009) must
possess mechanisms that prevent fusion between gametes from
the same gametangium. Again, the paedogamous Nitzschia
exhibit none of these features: no pairing was ever seen in
clones 61 or 62, the Illmitz material orN. fonticola (Trobajo et

al. 2006); special structures to facilitate plasmogamy are not
produced; and the unknown mechanism that prevents selfing
between gametes within the gametangia of allogamous
diatoms is by definition absent in any paedogamous form.
Hence, evolution of allogamy from paedogamy would require
the acquisition of many new mechanisms and processes,
whereas the reverse principally entails loss.

Assuming, therefore, that paedogamous populations evolve
from allogamous ones but not vice versa, we can say that any
clade containing even one allogamous sexual diatom must
have arisen from an allogamous sexual ancestor. On this basis,
the ancestor of rbcL clades B and C must have been
allogamous (B contains the allogamous N. amphibia, C
contains allogamous Pseudo-nitzschia), and so must LSU
clades D, E and F. Therefore, in order to use the two
molecular data sets to test whether paedogamy is likely to have
evolved once or at least twice inNitzschia, it is sufficient to test
whether trees constrained to make {N. fonticola þ N.
inconspicua} monophyletic are significantly less likely than
the best trees presented in Fig. 88. Because they are indeed
significantly less likely (Supplementary Table 3), whether or
not the secondN. inconspicua genotype (for which we have no
information about auxosporulation) is included in the
constrained clade, we conclude that paedogamy has probably
evolved at least twice in Nitzschia.

There is a further piece of evidence that is consistent with
this conclusion because it indicates that the paedogamous N.
fonticola populations may indeed be closely allied to an
allogamous form, not to other paedogamous ones. This is the
report by Geitler (1932, pp. 168–172) of allogamy in a
population from the Seebach at Lunz, Austria, which he
identified as N. fonticola. Species definitions in Nitzschia have
changed considerably since 1932, and there can be no certainty
that Geitler’s allogamous population and the paedogamous
populations (from three sites in Spain and the United
Kingdom) are closely related. However, all of them seem to
have strip incunabula (Trobajo et al. 2006), which are absent
in the other members of rbcL clade A and LSU clade D, where
auxospores have been investigated (N. amphibia: Geitler 1969;
Pseudo-nitzschia: Kaczmarska et al. 2000; Amato et al. 2005;
Fragilariopsis: Assmy et al. 2006), and also in Cylindrotheca
(Vanormelingen et al. 2013), which is the sister group to clades
A and D.

Besides the three paedogamous Nitzschia discussed above,
there are a few other reports of uniparental auxosporulation
(either automixis or apomixis) in Nitzschia sect. Lanceolatae:
Geitler 1932 (p. 172) observed it in a marine species from
Naples, and Geitler (1932, p. 220) also mentioned a previous
record byMiquel, which we have not examined. Furthermore,
Wiedling (1948) noted that clones of several sect. Lanceolatae
species did not decline in size in culture, so that (if this
behaviour is representative of what happens in nature) they
may be wholly asexual. Overall, then, the number of species of
Lanceolatae reported that appear to have reduced or no
sexuality is roughly equal to the number known to show
biparental auxosporulation (there are roughly seven each,
though counting is problematic because of taxonomic
uncertainties; data from Geitler 1932, 1973; Wiedling 1943,
1948; Trobajo et al. 2006, 2009; this article). This contrasts
with the Cymbellales (sensu Round et al. 1990), which are
relatively well studied with respect to the life cycle and in
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which most species so far (of Cymbella sensu lato, Gompho-
nema, Didymosphenia, Placoneis, Anomoeoneis and Rhoicos-
phenia) have proved to be allogamous (summaries by Geitler
1932, 1973; also Mann & Stickle 1995). A high proportion of
uniparental reproduction in Nitzschia sect. Lanceolatae could
help explain the well-known taxonomic difficulty of the group,
as suggested previously by Trobajo et al. (2006), each clade of
uniparentally reproducing Lanceolatae comprising an array of
lineages with small fixed differences in morphological
characteristics.

Incunabula and perizonium structure in raphid diatoms

Scaly incunabula have been reported from the auxospores of a
few raphid diatoms, including Sellaphora (Mann et al. 2011),
some Pinnularia (Ishii et al. 2012),Diploneis (M. Idei, personal
communication), Pseudo-nitzschia multiseries (Hasle) Hasle
(Kaczmarska et al. 2000), Nitzschia longissima (Brébisson in
Kützing) Grunow (Kaczmarska et al. 2007) and now N.
inconspicua. The scales sometimes bear radiating systems of
branching ribs, for example, in Diploneis and Sellaphora, but
in N. inconspicua and N. longissima they are almost plain or
irregularly porous. The phylogenetic diversity of the genera
listed above (for a recent three-gene phylogeny, see Theriot et
al. 2010) suggests that the potential of the zygote to form
scales may be a symplesiomorphy in raphid diatoms.
Furthermore, more elaborate silica structures that were
probably derived from scales and comprise helmet- and
plate-like structures are present in the incunabula of Neidium
(Mann & Pouĺıčková 2009) and almost certainly also in
Biremis (Mann 1993), Muelleria and Scoliopleura (Edlund &
Spaulding 2006).

However, even closely related species can differ in
incunabular structure. For example, Pseudo-nitzschia deli-
catissima (Cleve) Heiden in Heiden & Kolbe seems to have
purely organic incunabula (Amato et al. 2005), and
Nitzschia fonticola possesses a tangle of silica strips rather
than tightly imbricating scales. The diversity of incunabula
already known, from scales and strips to thin organic
coverings (e.g. in Navicula; Poulı́čková & Mann 2006), and
the variation that occurs between closely related diatoms are
intriguing and suggest that the incunabula are under
particularly active selection. The functions of the incunab-
ula are unknown but presumably include protection of the
zygote while it undergoes internal reorganization before
expansion and possibly the creation of nonspherical shapes
in the zygote (Poulı́čková et al. 2007). The incunabula may
also prevent fusion of the zygote with further gametes
(avoiding polyspermy). Hence, in seeking the explanation
for incunabular diversity, it may be profitable to look for
correlations between incunabular form and other charac-
teristics of sexual reproduction, such as whether the gametes
and zygotes are protected within mucilage capsules or
whether the maturing zygote develops anisometrically (see
also Poulı́čková et al. 2007). For this to be possible,
however, wider sampling of raphid taxa is necessary.

Standing in sharp contrast to the variability of the
incunabula is the monotony of perizonium structure in
pennate diatoms. Where studied in sufficient detail, the
transverse perizonium almost always consists of a primary
band flanked on both sides by many narrower secondary

bands. The principal exception is in the Surirellales, where
the transverse series develops unilaterally from a single
polar cap (Mann 1987; Watanabe et al. 2012). Similarly, the
longitudinal perizonium is also rather uniform, usually
consisting of a wide primary band flanked symmetrically on
either side by two secondary bands. The transverse
perizonium of N. inconspicua is like that of other pennate
diatoms studied so far (von Stosch 1962; Mann 1982; Mann
et al. 2011) except in one respect, namely the alternation of
two types of ends (each band having unequal ends), which
overlap to create a complete and intricate covering to the
suture that as yet has no parallel in other diatoms. It is
possible that similar complexity has been missed elsewhere
because of a lack of resolution in SEM (Mann et al. 2011),
but at least in Neidium (Mann & Poulı́čková 2009) it seems
that no alternation is present.

The longitudinal perizonium of N. inconspicua is more
unusual, being asymmetrical, with two wide secondary bands
on one side of the primary band and two narrow ones
opposite. Nothing similar has been reported before. Trobajo
et al. (2006) reported the existence of a longitudinal
perizonium in N. fonticola but did not document the structure
and arrangement of the bands, and the structure of the
longitudinal perizonium is similarly unclear in N. longissima
(Kaczmarska et al. 2007). Perhaps the asymmetry of the
longitudinal perizonium in N. inconspicua arises through the
same kinds of developmental processes as occur in valve
morphogenesis in Nitzschia, where the pattern centre (the
raphe-sternum) becomes displaced during valve formation to
lie near one margin (see Pickett-Heaps 1983; Mann 1984)
rather than remaining central as in most raphid diatoms. It
will be interesting to see whether asymmetrical longitudinal
perizonia are present in other diatoms with strongly dorsi-
ventral valves.
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