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CHAPTER 1: GENERAL INTRODUCTION






1.1.  Leaf litter dynamics in stream ecosystems

Leaf litter inputs supply to streams organic carbon (C) and nutrients and thus, these
inputs constitute relevant organic matter subsidies to the recipient streams (Likens and
Bormann 1974; Wallace et al. 1999; Larsen et al. 2016). Once leaf litter enters the
streams it can be retained and spatially distributed within the stream channel or be
transported downstream. Once retained, leaf litter inputs can be processed by the
recipient streams through the release of soluble compounds from the leaf litter (i.e.,
leaching process), the microbial decomposition of leaf litter constituents (i.e., leaf litter
mineralization) and the physical fragmentation of leaf litter mediated by water abrasion
and macroinvertebrate activity. Therefore, understanding the dynamics of leaf litter
inputs in streams involves assessment of retention, spatial distribution and processing of
leaf litter inputs (Figure 1.1.). Furthermore, leaf litter processing in streams is not an
isolated process because it can be linked with the dynamics of solutes of these streams.
In fact, leachates from leaf litter provide to the streams dissolved organic matter
(DOM), as well as, dissolved nutrients (i.e., nitrogen [N] and phosphorous [P]). Also,
the mineralization of leaf litter inputs implies the releasing of dissolved forms of C and
nutrients to the stream water column (Webster et al. 2000; Webster et al. 2009). In
addition, microbial communities inhabiting leaf litter uptake dissolved forms from water

column during leaf litter decomposition (Kaushik and Hynes 1971).

Leaf litter dynamics in streams has been mostly studied by determining the controlling
factors of leaf litter processing, ignoring if leaf litter inputs are retained within the
streams, and how these inputs are spatially distributed within the streambed (Woodward
et al. 2012). In addition, despite the obvious linkage between leaf litter processing and

in-stream solute dynamics, few studies provided information about the main drivers



controlling this connection. Therefore, in order to understand how leaf litter dynamics
operates in stream ecosystems (Figure 1.1.), the present thesis aims to examine (a) how
the hydro-morphological characteristics of the recipient stream can influence the
retention, spatial distribution, physical fragmentation and decomposition of leaf litter
inputs. Moreover, we also examine the interaction between leaf litter processing and in-
stream dynamics of dissolved organic carbon and dissolved inorganic nitrogen and how

it varies depending on the leaf litter species considered.

11

e

Leaflitter inputs — Riparian composition

l

Spatialvariabiliy Snatialdistrdhation : i Hydrology
it ety plofleaflimer Leaflitterretention S;ream-l?ed R VR

l

Leaflitterprocessing

Microbial Fragmentation ; SO
consumption & € Watervelocity

Figure 1.1. The figure describes the leaf litter dynamics in streams which includes: leaf litter
inputs, the retention and spatial distribution of leaf litter within the stream and the leaf litter
processing, which can be constituted by the leaching process, the microbial consumption of
leaf litter constituents and the leaf litter fragmentation. We show how the riparian
composition (green) and the hydro-morphological characteristics of the recipient stream
(red) can influence the dynamics of leaf litter inputs in streams.



1.2.  The influence of the composition of riparian vegetation on leaf litter inputs
to streams

The composition of the riparian forest has important implications for the dynamics of
inputs of leaf litter to streams because the riparian forest may ultimately dictate the
quality of leaf litter inputs to streams. Quality of leaf litter is commonly assessed by its
elemental composition (i.e., the content of C, N and P), and the relative proportion
among these elements (Melillo et al. 2001). In general, leaf litter with high N and P
content relative to C content is more easily processed by microbial decomposers (i.e.,
fast decomposition) than leaf litter with low relative content of N and P (Webster and
Benfield 1986; Enriquez et al. 1993). For example, decomposition of alder (Alnus
glutinosa) species is usually faster than that for other leaf litter species such as black
poplar (Populus nigra) or sycamore (Platanus X hispanica) (Webster and Benfield
1986) because, the elemental C:N ratio of alder is lower relative to these species.
Regardless of the C:N ratio, other leaf litter species such as black locust (Robinia
pseudoacacia) and sycamore contain a high proportion of C-recalcitrant compounds
such as lignin or tannins; and thus, these species constitute a source of low-quality
substrate for stream microbial decomposers (Webster and Benfield 1986). In fact, litter
quality is also related to the complexity of organic C molecules that constitute leaf litter
(Webster and Benfield 1986). Simple organic compounds in leaf litter, such as soluble
polysaccharides, are labile C sources; and thus, are easily degraded and consumed by
microbes. In contrast, more complex C compounds in leaf litter are recalcitrant C
resources; and thus, are more costly to be used by microbes (Sinsabaugh et al. 1993).
Relatively higher proportions of recalcitrant C compounds in leaf litter have been
negatively related to the leaf litter decomposition (Gessner and Chauvet 1994; Schindler

and Gessner 2009). Overall this information indicates that the species composition of



the riparian forest, which can be influenced by the climatic setting of the region, can
dictate the quality of leaf litter inputs to streams; and thus, ultimately influence how

these inputs can be used by stream microbial assemblages.

In Mediterranean regions, vegetation is adapted to water stress; and thus, it is typically
sclerophyllous and ever-green (Bunn 1986; King et al. 1987; Britton 1990). In the
riparian zones of these regions, deciduous woody species can usually develop because
adjacent streams provide optimal hydrologic conditions to riparian species that relay on
water availability from phreatic level in the forest soil (Shmida 1981; Holstein 1984).
In sub-humid Mediterranean areas, riparian forest is usually dominated by alders. Other
riparian tree species such as black poplar, ash (Fraxinus excelsior) and sycamore can be
present. In addition, currently black locust, an invasive tree species, is also common in
riparian forests of these regions. The relative dominance of these species in the riparian
forest depends on the degree of aridity of the forest soils (Maanri et al. 1994; Fisher SG
1995). Under increasing degree of aridity, deciduous tree species such as alder and
black poplar are more restricted to grow near the stream channel. In contrast, species
such as black locust are more adapted to grow under dry conditions (Maamri et al.
1994) and thus, can develop further away from stream channel. Thus, composition of
the tree species in riparian forest of Mediterranean regions is subjected to the

hydrological linkage between the stream and the riparian zone (Maanri et al. 1994).

Species composition of riparian forest can also influence the temporal pattern of leaf
litter inputs to streams. The inputs of leaf litter from riparian zones to streams mostly
occur during autumn. However, some studies have found that the temporal pattern of

leaf litter inputs can vary among years due to the high inter-annual variation of weather



conditions. In wet years, leaf litter inputs are concentrated in short-term pulses during
autumn; while in dry years, leaf litter inputs can occur over extended periods from mid-
summer to end of autumn (Molinero and Pozo 2004; Acufia et al. 2007). However, in
Mediterranean regions, leaf litter inputs can also be significant during summer due to
hydric stress conditions on riparian tree species (Acufia et al. 2007). Although the leaf
litter inputs to streams have been well described, previous studies considered leaf litter
inputs as a bulk of species, ignoring the relative importance of different riparian tree

species providing leaf litter into the streams.

1.3. Retention and spatial distribution of leaf litter inputs in streams

The amount of leaf litter inputs available to stream communities (i.e., leaf litter standing
stocks) is not only influenced by the leaf litter inputs from riparian forest, but also by
the probability of these inputs to be retained within the stream (i.e., retentiveness). In
fact, once leaf litter enters the streams it can either be retained within the stream channel
or be transported downstream depending on the hydrological conditions and the
morphology of the stream channels (Fisher and Likens 1973, Larraiiaga et al. 2003,
Cordova et al. 2008). Previous studies have shown that the stream retentiveness for leaf
litter decreases as discharge increases (Snaddon et al. 1992, Raikow et al. 1995, Dewson
et al. 2007). Under high discharge the accumulation of particulate organic matter in the
stream channel is dislodged, kept in suspension by turbulence, and transported to longer
distances (Fisher and Likens 1973, Larrafiaga et al. 2003, Cordova et al. 2008). In
contrast, under low discharge, stream retentiveness tends to be high due to the high
interaction between the particles and the streambed substrata (Speaker et al. 1984;

Lamberti et al. 1989; Mathooko et al. 2001). Under these conditions, leaf litter tends to



buildup in the streambed at locations where shear stress is sub-critical (e.g. pools) or
where leaves become trapped by obstacles such as wood, cobbles or boulders
(Larrafiaga et al. 2003, Cordova et al. 2008). Once retained, leaf litter inputs can be re-
suspended whenever discharge conditions increase (Webster et al. 1994; Wallace et al.
1995). Thus, leaf litter retention is not a static, but a dynamics process following the
hydrologic regimes of the recipient streams. Nevertheless, under baseflow conditions
leaf litter retention has been assumed as static process, because soon after leaf litter
enters into the stream its spatial distribution becomes stable. However, there is no
empirical evidence of this fact and thus, information of how leaf litter retention in

streams operates under baseflow conditions is still lacking.

1.4.  Processing of leaf litter inputs in streams

Once leaf litter falls into the stream, it becomes processed through different in-stream
mechanisms, assuming that it gets retained in the stream channel. In-stream leaf litter
processing usually comprises 3 phases: (a) an initial rapid loss of matter due to leaching
of dissolved constituents, (b) a successive microbial development on leaf litter surface
which drives decomposition of leaf litter, and (c) the fragmentation of leaf litter due to
physical factors and the activity of macroinvertebrate using leaf litter as a food source
(Webster and Benfield 1986).

During a short period after its input into the stream (i.e., ~24h), leaf litter loses soluble
organic and inorganic compounds (i.e., leachates) to the water column (Webster and
Benfield 1986; Wymore et al. 2015). Leaf litter retained in the stream channel is also

rapidly colonized by microbes (fungi and bacteria), which are the main biotic agents



involved in leaf litter decomposition (Kaushik and Hynes 1971). The main mechanism
of fungi and bacteria to decompose leaf litter tissues is the production of extracellular
enzymes, which can degrade high-molecular-weight compounds from leaf litter into
low-molecular-weight compounds (Romani et al. 2012, 2016). These low-molecular-
weight compounds can then be assimilated by microbial communities (Rogers 1961).
Therefore, the use of leaf litter as energy and matter resources to microbial assemblages
(i.e., leaf litter decomposition) depends on the specific exoenzymatic activity associated
to these microbial organisms (Slater and Lovatt 1984). In-streams, leaf litter
decomposition is influenced by both internal factors of the leaf litter (i.e. chemical and
physical characteristics of the leaves) and external environmental factors (i.e., stream
characteristics). On the one hand, the internal factors of the leaf litter, which potentially
influence its decomposition in streams can be divided into three categories: (a) content
of essential elements in the leaf tissue; (b) fiber content; and (c) presence of chemical
inhibitors (Webster and Benfield 1986). On the other hand, environmental factors such
as water temperature (Ferreira and Chauvet 2011), dissolved nutrient concentrations
(Ferreira and Chauvet 2011; Woodward et al. 2012), dissolved oxygen and water pH,
among others, can influence leaf litter decomposition among streams (Webster and
Benfield 1986). Leaf litter inputs are also subjected to mechanical fragmentation during
their decomposition. In this regard, there are some evidences that water velocity of the
stream habitats where leaf litter retains is one of the main factors explaining the physical
fragmentation of leaf litter inputs in streams (Witkamp and Frank 1969, Hodkinsonm
1975; Ferreira and Graca 2006). Water velocity can be patchily distributed within a
stream as a result of the interaction between stream flow and streambed morphology.
However, despite the high variability of water velocity within the stream channel, the

role of water velocity on in-stream leaf litter processing has not been addressed yet.



Furthermore, the physical fragmentation of leaf litter inputs is also mediated by the
activity of invertebrates shredders (e.g., McDiffett 1970 Cummins 1974; Anderson and
Sedell 1979), which increases the rate at which leaf litter is converted to fine particles
(Wallace et al. 1982; Cuffney et al. 1990) and dissolved organic matter (DOM; Meyer

and O'Hop 1983).

1.5. The influence of leaf litter inputs on in-stream dynamics of dissolved C and
N

After seasonal pulses of leaf litter inputs, a substantial quantity of dissolved organic
matter (DOM), dissolved inorganic nitrogen (DIN) and soluble reactive phosphorous
(SRP) is rapidly released into the streams due to the leaching process (Mcdowell and
Fisher 1976; Wymore et al. 2015). Dissolved inorganic compounds from leachates are
readily available for plant and microbial uptake in the stream without requiring
mineralization and the metabolic costs of enzyme production (Sinsabaugh et al. 2002).
Therefore, leaching from leaf litter inputs can substantially provide a suit of DOC, DIN
and SRP to stream communities contributing to in-stream cycling of these elements.
Despite the potential effect of leachates on the cycling of C, N and P in the recipient
streams, the influence of leachates to streams has been a topic scarcely assessed in the
literature and studies mainly focused on determining the loss of leaf litter mass
associated to the leaching process (Brock T. 1984). The examination of how leachates
influence on C, N and P in-stream pools and how these leachates react with microbial
communities of the streams is still lacking (but see Wymore et al. 2015).

Microbial assemblages developed on leaf litter obtain C and N from leaf litter tissues

and release part of these elements to the water column as leaf litter mineralization

10



proceeds. Webster and colleges (2009) suggested that microbial decomposers have a
fixed C:N:P requirements with no stoichiometry plasticity. Therefore, the mineralization
of leaf litter constituents can be direct, when the N and P supplied from leaf litter are
greater than the needs of the microbes. Furthermore, litter mineralization can be
indirect, which occurs when microbial assemblages metabolize the C from leaf litter and
nutrients from leaf litter are released as inorganic nutrients to water column. Therefore,
leaf litter decomposition implies the release of nutrients from leaf litter to the water
column (Pastor et al. 2014). In addition, the linkage between leaf litter decomposition
and nutrient stocks in water column is often associated to the microbial uptake of
solutes from water column. In this regard, Kaushik and Hynes (1971) indicated that
mineralization of leaf litter inputs is sustained by the uptake (or immobilization) of
dissolved nutrients such as nitrogen. This process can be explained because microbial
assemblages colonizing leaf litter are usually not completely satisfied only by
compounds from leaf litter. Since Kaushik and Hynes (1971), other studies examined
the use of dissolved nutrients by microbial assemblages colonizing leaf litter inputs.
Most of these studies focused on determine N uptake from water column when adding
N isotopically labelled ammonium (NH,) or nitrate (NOs) (i.e., *°NH, and *NO3),
which barely modifies ambient nutrient concentrations (Dodds et al. 2000; Mulholland
et al. 2000; Tank et al. 2000; Sobota et al. 2012; Ribot et al. 2017). These studies
suggest that microbial decomposers take up inorganic N from the water column
(Mulholland et al. 2000; Sobota et al. 2012; Ribot et al. 2017). However, these studies
typically consider leaf litter as a bulk, despite the fact that leaf litter inputs are usually
constituted by a set of leaf litter species with different quality, which is a factor that
controls the microbial nutrient demands from water column (Webster et al. 2009). In

parallel, some studies used stable isotopes of **C suggesting the assimilation of DOC
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during leaf litter decomposition (Hall and Meyer 1998; Abril et al. unpublished data).
Thus, leaf litter decomposition may be also related to the dissolved C dynamics in

streams through the uptake of DOC by microbial decomposers.

The effect of dissolved nutrients on leaf litter decomposition has been also examined by
modifying the background nutrient concentrations (Rosemond et al. 2015) or by
considering streams covering a gradient of nutrient concentrations (Woodward et al.
2012). In a recent paper, Rosemond et al. (2015) used whole-stream nitrogen N and P
additions to stream to test how nutrient enrichment can modulate leaf litter
decomposition. They found that average decomposition of leaf litter was enhanced by
~50% as compared to reference conditions as a result of nutrient enrichment.
Woodward et al. (2012) suggested that leaf litter decomposition can be influenced by
dissolved nutrients across streams covering a gradient of nutrient concentrations. More
specifically, they found that Gaussian-shape models best explained the relationship
between litter decomposition and nutrient gradient. However, Woodward and colleges
found this pattern only for total decomposition by analyzing both together, microbial
and macroinvertebrate decomposition. Dramatically slowed breakdown at both
extremes of the nutrient gradient indicated strong nutrient limitation in unaffected
systems, potential for strong stimulation in moderately altered systems, and inhibition in
highly polluted streams. Furthermore, Woodward et al. (2012) found that the effect of
dissolved nutrient concentrations on leaf litter breakdown may be higher for high-
quality litter such as alder than for low-quality litter such as oak. Yet, the interplay
between dissolved nutrient concentrations and leaf litter quality and the main
mechanisms explaining this interaction are still scarce for microbially-driven

decomposition.
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CHAPTER 2: OBJECTIVES OF THE PRESENT THESIS
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The present thesis aims to provide knowledge about the main drivers that influence the
dynamics of leaf litter inputs in stream ecosystems. On the one hand, we assume that the
importance of leaf litter inputs to streams can be subjected to the retention of this
subsidy within the recipient streams. Thus, as a specific objective, we assessed how the
heterogeneity of water velocity within a stream reach can influence the retention, spatial
distribution, fragmentation and decomposition of leaf litter inputs. In addition, this
thesis aims to understand how the composition of the riparian forest, which determines
the quality of leaf litter inputs, can ultimately influence the in-stream dissolved C and N
dynamics. To approach this aim, we specifically examine how the leaf litter quality of
different riparian tree species can influence: (1) the chemical-composition and microbial
bioavailability of leaf litter leachates to streams (II) the uptake of DIN and DOC from
water column by microbial decomposers during decomposition process and how it is
related to the activity of microbial decomposers and, (111) how microbially-driven leaf
litter decomposition vary among streams which covered a wide gradient of inorganic
nutrient concentrations. The thesis is divided in the following 4 chapters which
correspond to specific questions mentioned above. The chapters are organized following

the order of leaf litter dynamics exposed in the introduction section (Figure 1.1.).

Chapter 5. Spatial heterogeneity of water velocity drives the transport, spatial

distribution, and processing of leaf litter in streams.

This chapter examines how water velocity influences in-stream leaf litter dynamics at
reach scale, including leaf litter retention, spatial distribution of leaf litter within the

reach, and leaf litter decomposition and physical fragmentation.
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Chapter 6. Chemical and optical properties of different litter leachates influence in-
stream nutrient pool and microbial activity.

This chapter focuses on characterizing the leaf litter leachates from different riparian
tree species. The main objectives are to explore how chemical and optical properties of
the leachates vary among different litter sources, and how such potential variation can

influence the activity of microbial assemblages in streams.

Chapter 7. When leaf litter species matter, microbial uptake of ammonium and acetate

from stream water during decomposition

The present study aims to understand how the uptake of DIN (i.e., N-NH,) and DOC
(i.e., acetate) from water column vary among riparian leaf litter species which differ in
the initial quality (i.e., C:N ratio) and among different stages of leaf litter
decomposition. Moreover, we explore whether differences in N-NH, and acetate uptake
among leaf litter species are related to the production of microbial activity of

decomposers.

Chapter 8. Responses of microbially-driven leaf litter decomposition to stream
nutrients depend on litter quality.

The aim of this chapter is to understand how microbially-driven decomposition of leaf
litter from two riparian tree species differing in elemental composition (i.e., C:N ratio)
varies among streams which cover a gradient of nutrient concentrations. More
specifically, we evaluate: (i) leaf litter decomposition rates, (ii) leaf litter C and N
content throughout the decomposition period, and (iii) microbial extracellular enzyme
activities. These parameters are examined for alder (i.e., high-quality litter, low C:N)

and sycamore (i.e., low-quality litter, high C:N) across streams.
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CHAPTER 3: STUDY SITE
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3.1. La Tordera Catchment

This thesis was conducted in the catchment of the river La Tordera (Catalonia, NE
Spain; Figure 3.1.), with an area of 868.5 km? and dominated by siliceous geology.
Climate in this region is typically Mediterranean, with warm, dry summers and mild,
humid winters. At the highest elevations in the northern side of the catchment, local
climate is very humid (>900 mm of annual precipitation) in the context of the area,
whereas in the southern side local climate is relatively dry (<500 mm of average annual
precipitation). Within this catchment, we selected different study sites in order to
conduct the experiments mentioned in the previous section, but most of the research
was conducted in a sub-basin of La Tordera, which is Font del Regas. More specifically,
chapter 5 was partially conducted in a reach of Font del Regas. The litter material used
in the laboratory experiment (chapter 6) was collected in the same reach. Chapter 7 was
completely conducted in a canal adjacent to a stream reach within this sub-basin.
Additionally, one of the streams used in the chapter 8 was placed in Font del Regas and
the other 4 streams were placed in other sub-catchments within La Tordera catchment

(Figure 3.2.).
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Figure 3.1. Location of La Tordera catchment (Catalonia, NE Spain).
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3.2.  Font del Regas sub-catchment

Font del Regas lies within the boundaries of the Montseny Natural Park (N of
Barcelona; 41°50°N, 2°30’E, altitudinal range 300-1200 m a.s.l.), in the wettest part of
La Tordera (Figure 3.2). Font del Regas (12.5 Km?) is highly forested, mostly
dominated by sclerophyllous forest of evergreen oak (Quercus ilex), except in its
hillslope northern part, which is dominated by a deciduous forest of beech (Fagus
sylvatica). Riparian zones in Font del Regas are constituted by a well-developed
riparian forest, consisting mainly of alder (Alnus glutinosa), ash (Fraxinus excelsior),
black poplar (Populus nigra) and black locust (Robinia pseudoacacia). The study
streams within this sub-catchment showed well-preserved channel morphology, with a
riffle-run structure and low slopes (<5 %) along the reaches. The streambed is mainly
composed by rock, cobbles, and gravels. The stream channel is, on average, 3-4 m wide.
Study reaches are influenced by low human pressure and thus, are characterized by
relatively low nutrient concentrations (von Schiller et al. 2008). However, two streams
considered in the chapter 8 (Gualba and Coloma; Figure 3.2.) receive the inputs from
wastewater treatment plants, and thus, these streams have higher nutrient concentrations

and pollution.
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Tordera Catchment: Study Streams

e COL - Coloma

e FR - Font del Regas

e GUAL - Gualba

e LLAV - La Llavina

e MON - Santa Fe del Montseny

Figure 3.2. Location of the 5 streams study during the present thesis (chapter 8). We marked in bold

Font del Regas sub-catchment.
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CHAPTER 4: EXPERIMENTAL TECHNIQUES
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4.1  Experimental tracers used in the present thesis

The present thesis involved a set of field and laboratory methods to approach the
objectives mentioned above. On the one hand, we used the leaf bag approach to
calculate leaf litter decomposition rates (k) when needed. This technique is one of the
most commonly used in leaf litter decomposition experiments in aquatic and terrestrial
ecosystems (Webster and Benfield 1896). On the other hand, the present thesis entails
the use of 4 different tracers in order to address the objectives mentioned above (Table
4.1.). More specifically we used: (a) tracer-leaves of Ginkgo biloba which was used to
determine the retention and spatial distribution of leaves within a stream-reach. (b)
Determination of dissolved organic matter quality by optical properties. (c) Microbial
exozymatic activities, with are used to determine the degradation of specific organic
compounds during leaf litter decomposition. (d) Resazurin (Raz)-resorufin (Rru)
system, which allowed the estimation of microbial activity associated with each leaf
litter leachate examined. (e) Stable isotopes of N (**N-NH,) and C (**C-acetate) which
allow determining the fluxes of these solutes from water column to the microbial

decomposers (Table 4.1.).
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Table 4.1. Different tracers used in the present thesis. We show a brief explanation of each tracer, the study area and scale
at which they are used and the chapters where we used each tracer.

Experimental tracer Uses Study area Chapters
used

Determination of retention and We quantified leaf litter retention and spatial Field. Reach 5
spatial distribution of leaf litter distribution of leaves along a stream reach using and within the
inputs at reach scale leaves of Ginkgo biloba as tracer-leaves and reach scales

adding them in a pulse into the reach. Ginkgo

biloba leaves were used as a tracer of leaf

transport and retention, because they can clearly

be distinguished from the autochthonous leaves

present in the stream channel

Determination of dissolved organic In the present thesis we used the specific Laboratory 6
matter quality by optical properties  ultraviolet absorbance at 254 nm (i.e., SUVAys,), assay

which is being widely used as a proxy of the

degree of humification, aromaticity, and

molecular weight of DOM. Other recently

indexes associated with DOM aromaticity that

we used are the ratios E»/E; and E4/Eg

Quantification of the activity of The expression of exoenzymes represents a Laboratory 5,7and 8
microbial decomposers developed useful tool to determine the microbial activity assay
on leaf litter: exoenzyme activities  associated to the degradation of specific
compounds. We measured two microbial enzyme
activities mostly used in microbial-mediated leaf
litter decomposition studies. The
cellobiohydrolase activity as an indicator of leaf
litter microbial degradation activity and
especially for a recalcitrant compound such as
cellulose and the phosphatase activity to assess
how changes in the inorganic nutrient availability
(i.e., SRP) may affect the potential microbial use
of organic phosphorus compounds

Quantification of the activity of The activity of microbial decomposers has been Laboratory 6
microbial decomposers developed also analyzed by the Raz-Rru system. This assay
on leaf litter: Raz-Rru system system is a weakly fluorescent redox-sensitive

dye that undergoes an irreversible reduction from
Raz to strongly fluorescent Rru under mildly
reducing conditions, most commonly in the
presence of living microorganisms

Quantification of the leaf litter To measure demands of dissolved inorganic Field. Reach 7
microbial uptake of dissolved nitrogen (DIN) and dissolved organic carbon and  habitat
inorganic nitrogen and dissolved (DOC) from the water column by microbial scales
organic carbon from water column  assemblages on leaf litter we used stable isotopes

of ®N-NH, and **C-acetate as tracers
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Figure 4.1. Addition of Ginkgo biloba leaves into a ~80m long reach (chapter 5). We recover the
fraction of added leaves which reaches the net-trap placed at the end of the study reach (i.e., exported
leaves).
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4.2  Characterization of leaf litter inputs in Font del Regas

We quantified the inputs of leaf litter to streams because senescent leaves were the main
material used in the present thesis and thus, the dynamics of these inputs are important
to understand the relevance of our conclusions. The quantification of leaf litter inputs
was conducted during the period comprised from 2011 to 2014 (~80 sampling dates),
which covered a remarkable range of hydric conditions. Leaf litter inputs were collected
in a 100-m reach of Font del Regas sub-basin with aerial traps (1 m?, n = 5) placed over
the stream-channel. The leaf litter samples were sorted into the dominant tree species
(i.e., alder, ash, black locust and black poplar). After all leaf litter samples were
classified, they were oven-dried (60 °C during ~48 hours) and weighed (Sartorius, AX)
to obtain the dry mass for each leaf litter type. These values were plotted against the
Julian days to characterize the temporal patterns of each leaf litter species for each study
year. Dry mass of each leaf litter type on each sampling date was divided by the number
of days from the last collection and by the total area of the 5 aerial traps (5 m?) to obtain
daily rates of leaf litter inputs per stream reach area (mg DM m™ d™) for each leaf litter
type. We characterize the annual regime of leaf litter inputs for each dominant leaf litter

type by fitting the daily rates of leaf litter inputs (I) to a Gaussian model:

[= A= e(_O'S)' (X—bXO)Z

Where x is day of the year expressed in Julian days (where 1 is the 25" of January and
365 is the 24™ of January of the following year); A is the maximum daily rate of inputs
of leaf litter (in mg DM m™ d?), which corresponds to the peak of inputs in the
Gaussian model; x0 is the day of the year when rates are maximum (day), and b is the

amplitude of the curve when | is at half of the maximum value (in days).
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Figure 4.2. Temporal patterns of leaf litter inputs to streams for alder (AL), ash (AS), black locust (BL)
and black poplar (BP). Data obtained from 2011 to 2014 was pooled together for every leaf litter species.
Where b is the amplitude of the curve when the daily rates of leaf litter inputs is at half of the maximum
value (in days).

Our results revealed that the day of the peak of leaf litter inputs (i.e., x0) ranged from
14™ October to 26™ November among species and years (data not shown). However,
observed variability of x0 was not significantly influenced neither by tree species nor
years (ANOVA; p > 0.05). Thus, the composition of riparian forest and the particular
weather conditions may scarcely influence when the peak of leaf litter inputs occurs. By
the contrary, results indicated that composition of tree species in riparian zones can
influence the length of period during which leaf litter inputs occurs. This fact was
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supported by the observed variability of b among species (Figure 4.2.). In this regard,
higher values of b were observed by alder species, indicating that alder had a wider
period of leaf litter inputs than other riparian tree species studied, although significant
differences were not achieve at 0.05 level (ANOVA, p = 0.07; Figure 4.2.). The
variability of b among years was not significant (data not shown; ANOVA, p = 0.14).
Therefore, the most relevant fact influencing the temporal pattern of leaf litter inputs to
streams seems to be the presence of alder in the riparian zone, although significant
differences were not achieved. Therefore, alder species not only provides high-quality
substrate for in-stream microbial assemblages, but also could provide leaf litter into the
stream during a wider time frame. This particular behavior of alder can have important
implications for dynamics of organic matter of the recipient streams. In fact, in streams
of the Mediterranean regions the timing of leaf litter inputs can coincide with floods
events, which export most of the inputs to downstream ecosystems. Therefore, the
presence of alder could mitigate the loss of leaf litter on recipient reaches, because part

of the alder inputs can be provided long before or after the flood events.
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CHAPTER 5: SPATIAL HETEROGENEITY OF WATER VELOCITY
DRIVES THE TRANSPORT, SPATIAL DISTRIBUTION, AND
PROCESSING OF LEAF LITTER IN STREAMS
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5.1. Abstract

We conducted a holistic analysis of how water velocity influences in-stream leaf litter
dynamics, including retention of leaf litter inputs, spatial distribution of retained leaf
litter and decomposition within a reach. To tackle this objective, we combined a series
of leaf tracer (i.e., Ginkgo biloba) additions with measurements of leaf decomposition
(i.e., Alnus glutinosa) in different locations within a reach. In addition we characterized
the microbial activity associated with decomposing leaves, using exoenzymatic
techniques (i.e., Cellobiohydrolase activity), as a potential mechanism explaining
potential spatial variation in decomposition rates. Our results demonstrate that the
spatial variability of water velocity within a reach can influence the capacity of the
reach to retain the inputs of leaf litter as well as the spatial distribution of these inputs in
the reach. Our results also revealed that leaf litter decomposition can remarkably vary
within a stream reach, and that this variability can be driven by the spatial heterogeneity
of water velocity in the reach. In this regard we propose a novel method to standardize
decomposition rates by the water velocity influences among different locations within
the reach. The present study suggests that water velocity is a factor controlling different
aspects of leaf litter dynamics in streams because not only influences the fraction of leaf
litter retained but also how these inputs are spatially distributed and further processed
within the streams. Therefore, this factor should be considered in future studies to
increase our understanding of how leaf litter inputs can effectively fuel the metabolism

of stream gcosystems.
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5.2.  The influence of water velocity on in-stream leaf litter dynamics

Riparian forests provide substantial allochthonous subsidies of organic matter to
headwater streams (Cummins 1974, Webster and Benfield 1986; Lamberti and Gregory,
1996). One of the most important components of this subsidy is leaf litter, which
provides substrata, organic carbon and nutrients (i.e., nitrogen and phosphorus) to in-
stream microbial communities. Thus, leaf litter inputs contribute to stream metabolism
(Fisher and Likens 1973; Vannote et al. 1980), nutrient cycling (Mulholland et al. 1985;
Hall and Meyer 1998; Valett et al. 2008), and influence food web composition (Webster

et al. 2000).

Early recognition of the importance of leaves to stream ecosystems has led to a rich
literature addressing the factors that control the rate of leaf breakdown and
decomposition (k). Intrinsic factors of the leaves, such as leaf fiber content, chemical
inhibitors of microbial decomposers, and the absolute and relative abundance of
nutrients in leaf tissue, are shown to influence k (Webster and Benfield, 1986). In
addition, several extrinsic factors have also been identified as important drivers of leaf
litter decomposition, including temperature (Ferreira and Chauvet 2011), water column
nutrient availability (Woodward et al. 2012), oxygen concentration (Webster and
Benfield, 1986), and water velocity (Witkamp and Frank 1969; Hodkinson 1975).
However, most of these studies estimate k based on measurements done at a specific
stream location (i.e., plot-scale perspective), ignoring the likelihood that leaves can be
distributed at several locations within the stream channel (i.e., reach-scale perspective).
Therefore, these studies implicitly assume that plot-scale measurements of leaf litter
decomposition can be up-scaled at ecosystem level, without considering that leaf litter

decomposition can spatially vary due to the spatial heterogeneity within the ecosystem.
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As an example, for a given stream reach the interaction between flow and streambed
morphology generates a wide mosaic of water velocities. This factor has been shown to
influence leaf litter decomposition. In this sense, Ferreira et al. (2006) already
recognized that water velocity can influence k through physical abrasion. Moreover,
water velocity has been often related with increases in the activity, reproduction and
colonization of fungi inhabiting on leaf litter because water velocity enhances water
turbulence; and thus, the oxygen available for microbial decomposers (Canhoto et al
2013). However, Ferreira and Gracga (2006) reported more diverse fungal communities
under low flow conditions, suggesting a negative effect of water velocity on the
community composition of microbial decomposers. Therefore, since water velocity can
be an important driver of leaf litter decomposition in streams, examining how the
heterogeneity of water velocity in the stream channel could influence the spatial
variability of leaf litter decomposition at reach scale can help understanding and up-

scaling this process at ecosystem level.

Water velocity is also an important factor controlling the capacity of streams to retain
leaf litter inputs (i.e., retentiveness). In this regard, several studies observed that
retentiveness is inversely related to the average stream velocity and discharge (Snaddon
et al.1992, Raikow et al. 1995, Dewson et al. 2007). This fact was explained because
high stream velocities create bed shear stresses and water column turbulence that re-
suspend benthic organic matter and reduce particle deposition. Therefore, high stream
velocity conditions result in longer transport distances of leaf litter inputs (Fisher and
Likens 1973, Larrafiaga et al. 2003, Cordova et al. 2008). At low to moderate velocities,
leaf litter strongly interacts with streambed substrate. Thus, leaf litter tends to buildup

on the streambed where shear stresses are sub-critical (e.g. pools) or where leaves
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become trapped by streambed obstacles such as wood, cobbles or boulders (Larrafiaga
et al. 2003, Cordova et al. 2008). Furthermore, leaf litter distribution within a reach is
not a static phenomena because leaves often experience successive deposition-
resuspension cycles whenever stream velocity conditions shift, which generates a
shifting mosaic (Fisher and Likens, 1973). Considering these observations, we argue
that the spatial heterogeneity of water velocity within a reach would influence the
retention and the spatial distribution of retained leaf litter, because leaves can either be
retained or transported depending on the shear stress conditions of the streambed

locations where they interact (Nakajima et al. 2006).

Since water velocity can influence the balance between transport and retention, the
spatial distribution of retained leaf litter and their decomposition rates, research that
simultaneously considers the effect of this factor on these processes is required to better
understand leaf litter dynamics at reach scale. To this aim, we conducted a holistic
analysis of how water velocity influences in-stream leaf litter dynamics, including
retention of leaf litter inputs, spatial distribution of retained leaf litter and
decomposition within a reach. To tackle this objective, we combined a series of leaf
tracer additions with measurements of leaf decomposition in different locations within a
reach. In addition we characterized the microbial activity associated with decomposing
leaves, using exoenzymatic techniques, as a potential mechanism explaining potential
spatial variation in k. We hypothesized that spatial heterogeneity of water velocity
within a reach will explain the distribution of retained leaf litter because velocity
controls the local dynamics of leaf litter re-suspension and deposition from sites of high
velocity to those of low velocity. In addition, we hypothesized leaf litter k will vary

within the reach in relation to water velocity because this factor influences both the
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physical fragmentation of leaves and the composition and activity of microbial
decomposers. We considered that environmental factors influencing the activity of
microbial decomposers such as temperature and water chemistry would be similar
among sampling locations within the reach; whereas other factors such as oxygen
concentration could spatially vary with water velocity because it can be depleted under
null velocities due to the lack of water turbulence. Therefore, we expect that the activity
of aerobic microbial decomposers colonizing leaf litter would be equal among sampling
locations, if all locations are well oxygenated. If not, aerobic microbial activity
associated to low-velocity habitats will be lower because of the reduction of the oxygen

concentration; which may lead to low leaf litter k in these zones.

5.3. Methods

Field methods

Leaf litter additions to estimate retention and spatial distribution in the study

reach

The influence of water velocity on retention of leaf litter inputs and their spatial
distribution within the recipient reach was evaluated in a 70 m long and 3.5 m wide
reach of the Ebron headwater stream located near Tormon village (Teruel, E of Spain;
40° 20" N, -1.35W; 1051 m a.s.l.). We quantified leaf litter retention in the study reach
by adding 200 leaves of Ginkgo biloba at the top of the reach and consecutively follow
the transport of these leaves along the reach. A plastic net (1 cm of mesh size) was

placed at the end of the reach to trap leaves being exported from the reach. Ginkgo
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biloba leaves were used as a tracer of leaf litter inputs, to distinguish the added leaves
from the autochthonous leaves that were already present in the stream channel and be
able to empirically estimate leaf litter retention (Pozo et al. 2009). During this study,
we performed 4 leaf litter additions, each one differing in the elapsed time between leaf
addition and collection of leaf litter along the stream (i.e., at 1, 20, 70, and 490 hours
after the leaves were added) to examine both retention and distribution of leaves within
the stream reach. Differences in collection times among leaf litter additions aimed to
estimate potential effects of spatial re-distribution of leaves within the reach over time.
On each leaf litter addition, and for each leave of Gingko added to the stream reach we
measured the distance travelled along the reach and the water velocity at the location
where the leave was retained (5 measurements of water velocity at mid-depth per
sampling site) using a velocity meter (Miniair20/Schiltknecht). In addition, to
characterize the study reach in terms of spatial heterogeneity of hydro-morphological
characteristics, we measured wetted channel width at 3 m intervals along the reach (23

transects) and velocity at every 20 cm across each transect (342 point measurements).

Effect of velocity on leaf litter decomposition rate within the reach

The influence of water velocity on rates of leaf litter decomposition at reach scale was
evaluated in a 100 m long and 4 m wide reach in Font del Regas, a 3" order stream
within La Tordera catchment (N of Barcelona, Spain; 41'50" N, 2°30" E; 300 m a.s.l.).
For this study, we used leaf litter from alder (Alnus glutinosa), the most common
riparian tree species at the study reach. Alder leaves were collected during the peak fall
(i.e., mid-November 2013) using traps placed over the stream channel. To measure rates

of leaf litter decomposition (k), 3 g of air-dried leaves were placed in 250-um mesh-size
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bags, which mostly excluded macroinvertebrates; and thus basically allowed
measurement of decomposition rates associated with microbial activity. Leaf litter bags
were deployed at 8 locations within the reach, which covered a range of water velocities
from ~0 to 92 cm s™. Leaf bags were incubated in the stream from the 1% February to
the 28" March 2014. During this period, leaf bags were collected on 5 sampling dates,
I.e. 2, 7, 14, 40 and 57 days after deployment in the stream (4 replicates per sampling
location and sampling date). An additional set of leaf bags (4 replicates per sampling
location) was collected after 55 days of incubation to quantify the extracellular enzyme
activity of cellobiohydrolase (CBH; EC 3.2.1.91) following the procedure by Romani et
al. (2006). During this decomposition time, it was expected that leaf litter packs had
roughly loosed 40-60% of their initial mass. The CBH activity was measured as an
indicator of the microbial activity specially associated with the leaf litter degradation of
recalcitrant compounds such as cellulose. We expected that microbial assemblages were
well developed after 55 days of incubation and that the CBH enzyme activity was
representative of leaf litter decomposition (Romani et al.2006). Once collected, leaf
bags were kept cold (~4°C) to be transported to laboratory.

During the incubation period, water temperature and stream water level were recorded
every 20 minutes using 5 waterproof temperature data loggers evenly distributed along
the reach (HOBO Pendant® UA-002-64) and a pressure data logger placed at the bottom
of the reach (Solinst Levelogger Junior Edge). Every 5 days and on each date of leaf
bag collection, water velocity, water depth, and dissolved oxygen concentration were
measured at each leaf bag sampling location (5 measurements per location). Reach-scale
measurements of stream discharge on each sampling date were done using a mass
balance approach by adding 1 L of NaCl-enriched solution to the channel (Gordon et al.

2004). We used the relationship between discrete measurements of discharge and daily
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values of stream water level to infer daily values of stream discharge for the entire study
period. Then, we also used this relationship to infer daily values of water velocity at
each leaf bag location during the entire study period. Finally, on each date of leaf bag
collection, we collected water samples at 3 sites along the reach (top, middle and bottom
of the reach) for analyses of the concentration of ammonium (N-NH,"), nitrate (N-NOs”
), and soluble reactive phosphorus (SRP). Analysis of nutrient concentrations was
determined following standard colorimetric methods (Apha 1995) on an Automatic
Continuous Flow Futura-Alliance Analyzer at the Nutrient Analysis Service of the

Centre d"Estudis Avancats de Blanes (CEAB), Barcelona, Spain.

Laboratory analyses and data calculation

Retention and spatial distribution of leaf litter within the reach.

Measured distances travelled by added leaves that were retained along the study reach
were grouped into 35 categories (i.e., at 2 m intervals along the 70 m reach) to cover the
total length of the reach. The leaf retention coefficient per unit distance along the reach
(kx in m™) was estimated based on the amount of leaves retained along the streambed of

the study reach by fitting empirical data to the exponential model:
LX = LXO e—kxx (1)

Where Ly is the number of retained leaves found at each x (m) distance from addition
point and LXxg is the estimated number of leaves retained at 0 m from addition point. The
inverse of ky (i.e., Sw in m) is the average distance travelled by leaves along the reach
before being retained in the streambed. In all additions, some added leaves could not be
visually found either within the reach or at the end of it in the net. This caused that the

number of retained leaves found within the reach plus the number of leaves trapped in
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the net (Fieaves) Was less than the total number of leaves added (Ajeaves). Therefore, we
calculated a percentage of leaf recovery (PR), estimated following equation 2, as an

indicator of the reliability of the data derived from the leaf additions.

PR = (Fleaves/ Aleaves) 100 (2)

In addition, we examined the relationship between the number of retained leaves and the
particular velocity at each retention site to examine how water velocity influences leaf
distribution within the reach. To approach this relationship, the range of water velocities
measured at all retention sites (i.e., from ~0 to 90 cm s™*) was grouped within velocity
intervals of 5 cm s, resulting in a total of 18 categories. We found that the best fit

describing this specific relationship was the following exponential decay model
L,=Lvge Y (3)

where Ly is the number of leaves retained at each water velocity category v (cm s™), Lvg
is the estimated number of leaves retained under the water velocity category of 0 cm s™,
and ky is the leaf retention coefficient per unit of water velocity along the reach (s cm™).
ky represents the fractional change in the number of leaves found at habitat scale in a
given reach with increasing water velocity. The inverse of k, (cm s?) is an indicator of
the average water velocity at which leaves are retained in the reach. This exponential
model was also used to estimate the predicted number of leaves retained at each velocity
category within the reach. To do that, the total number of leaves retained within the
reach was multiplied by the relative proportion of stream-locations of each water
velocity category. Then, for each addition of leaves, we calculated observed/predicted
ratios in every water velocity category in order to explore whether the number of
retained leaves followed the spatial patterns predicted from the water velocity mosaic

measured into the reach. If leaves re-distributed within the reach over time randomly
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with respect to the water velocity mosaic then we would expect that, after longer times
since the addition, the observed/predicted ratios would become closer to 1 at each water

velocity category.

Additionally, using data from the 4 leaf additions, we examined the degree of
heterogeneity in the spatial distribution of the retained leaves in the reach and how it
was related with water velocity distribution. To do that, we calculated the Euclidean
distances in the number of retained leaves among the different category distances (n =
35). A total of 595 paired combinations among all category distances were calculated.
The matrix of the standard deviation (SD) of the Euclidean distances was used as a
measure of heterogeneity in the distribution of retained leaves for each addition; with
higher SD values representing a higher heterogeneity. For each addition, we also
examined the degree of heterogeneity in the spatial distribution of the retained leaves
across the velocity range by calculating the Euclidean distances in the number of
retained leaves among water velocity categories (n = 18). A total of 153 paired
combinations among all categories of velocities were calculated. In this case, the SD of
the Euclidean distances matrix was used as a measure of the influence of water velocity
on the spatial distribution of retained leaves, with lower SD indicating lower influence
of velocity. Differences in SD for distance travelled and retention velocity among the 4
additions provided information on the dynamics of spatial re-distribution of leaves

within the reach and how velocity affected them.

Leaf litter decomposition rates within the reach.

Collected leaf bags from each sampling location were first rinsed with stream water to

remove inorganic sediments attached to the bag. Then, leaf litter samples were carefully
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removed from the bags and rinsed with stream water to remove inorganic sediments
attached to the leaf litter surfaces. Leaf litter samples were oven dried (60 °C during 48
hours) and weighted (Sartorius, AX) to obtain the remaining dry mass, which was

expressed as percentage from the initial dry mass.

To estimate rates of leaf litter decomposition (k in d™) at each location, which denotes
the velocity at which leaf litter mass decreases over time, the remaining dry mass on
each sampling date was plotted against time following the model described by Petersen

and Cummins (1974)
Wy = Wy * et 4

where Wy and W; are leaf litter dry mass (g) at the beginning and at sampling dates,

respectively, t (days) is the incubation time.

To explore the influence of water velocity on leaf litter k, we summed the daily water
velocity values measured over the decomposition period at every sampling location
where leaf bags were deployed. The percentage of remaining dry mass of alder leaf
litter was then plotted against cumulative water velocity on each sampling date at each
location using the exponential decay model from equation 4 in a similar manner as that
used to correct for the temperature effect in degree day (dd™) (Minshall et al. 1983).
Therefore, for each stream location, we obtained a leaf litter decomposition rate
standardized by local water velocity, which was expressed by velocity day (i.e., velocity

standardized-k, in velocity-days™).
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Exoenzymatic activity of decomposing leaf litter

We measured the CBH activity of leaf litter incubated over 55 days at different water
velocity locations in the study reach using methylumbefelliferone (MUF) fluorescent-
linked substrates, following the method described in Romani et al. (2006). This assay
was conducted at saturation substrate conditions of 1 mM. Leaf litter discs (14 mm
diameter) from each velocity location (n = 4 per location) and water controls were
incubated with the MUF-linked substrates for 1 h in the dark in a shaker (50 rpm).
Blanks and standards of MUF (0-100 umol L) were also incubated. At the end of the
incubation, Glycine buffer (pH 10.4) was added (1/1 vol/vol), and the fluorescence was
measured at 365/455 nm excitation/emission (Spectrofluorophotometer Shimadzu/ RF-
5000). Results of extracellular enzyme activities of CBH were expressed as the amount

of MUF substrate produced per incubation time (h) and dry mass of leaf litter (g).

Statistical analysis
Retention and spatial distribution of leaf litter within the reach

We used analysis of covariance (ANCOVA) to explore differences in the leaf retention
coefficients per unit distance (kx) among the 4 leaf litter additions. The number of
leaves retained in the reach was log-transformed prior the analysis to meet normality
and homogeneity of variance assumptions. The ANCOVA model includes number of
leaves retained as a dependent variable, the distance from addition point as the
covariate, and each addition (n = 4) as a fixed factor. Tukey’s Honestly Significant
Difference pairwise comparisons were then used to determine specific differences in ky
among additions. We also used ANCOVA models to explore differences in leaf

retention coefficient per unit of water velocity (k,) among the 4 leaf litter additions. The
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number of leaves retained in the reach was log-transformed prior the analysis to meet
normality and homogeneity of variance assumptions. The ANCOVA model includes
number of leaves retained as a dependent variable, water velocity at the location of the
leaf litter retained as the covariate, and each addition (n=4) as a fixed factor. Tukey’s
Honestly Significant Difference pairwise comparisons were then used to determine

specific differences in k, among additions,

Leaf litter decomposition rates within the reach

We used one-way analysis of variance (ANOVA) with repeated measures (RM) to
determine differences in water velocity, depth, dissolved oxygen concentration and
temperature among sampling locations during the study period. The ANOVA model
includes these parameters as dependent variables and stream locations (n = 8) as fixed
factor. Tukey’s Honestly Significant Difference pairwise comparisons were then used to
determine specific differences in these parameters among sampling locations. We used
ANOVA models to explore differences on CBH microbial activity among sampling
locations. The ANOVA model includes CBH as dependent variable and stream
locations (n = 8) as fixed factor. Tukey’s Honestly Significant Difference pairwise
comparisons were then used to determine specific differences in CBH among sampling

locations.

To explore differences in k (day™) among sampling locations, we used ANCOVA
analysis with log-transformed values of leaf litter remaining mass as a dependent
variable, the incubation time (expressed in days) as the covariate, and sampling location
as a fixed factor. Tukey’s Honestly Significant Difference pairwise comparisons were

then used to determine differences in k among locations. We also used ANCOVA
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model to explore differences in k (expressed per velocity days) among locations. In this
case, we used the accumulated water velocity values over the study period as the

covariate.

To examine the effects of water velocity on leaf litter k (expressed both per days and
velocity days) and on the CBH activity, we used linear and exponential regression

analysis.

Statistical analyses were done with PASW Statistics 18 (v18.0.0/SPSS Inc).

5.4. Results

Retention and spatial distribution of leaf litter within the reach

During the addition of leaves, stream discharge was relatively low and constant (20 + 2
L s™). The proportion of streambed locations influenced by low water velocities (< 10
cm s) accounted for 70% of the total number of locations where water velocity was
measured within the reach (Table S5.1.; see annexes section). The proportion of
locations influenced by water velocities ranging from 11 to 90 cm s™ accounted for 30%
of total number of locations (Table S5.1.; see annexes section). Moreover, we observed
that the percentage of stream locations associated with each water velocity category
declined exponentially with water velocity, based on our intensive survey of water
velocity within the reach (Table S5.1.; see annexes section). The percentage of leaves
recovered (PR) from the additions ranged from 86% to 99%, making more reliable the
spatial parameters calculated from retained leaves. In this regard, all additions of leaves

resulted in significant exponential declines of retained leaves with distance (ky) (Figure
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5.1.). Moreover, the average distance travelled by leaves (Sw = 1/ky) increased

significantly with increasing the elapsed time between leaf addition and collection

(ANCOVA, p < 0.001; Figure 5.1.), indicating that retained leaves re-distribute

themselves over time and travel longer distances.
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Figure 5.1. Relationship between the number of leaves retained within the stream channel and the distance
from addition point for the 4 additions of leaves, which varied in the elapsed time between the addition and
collection of leaves within the reach (from 1 to 490 h after leaf addition). Average travel distance (S,=1/ky)
was calculated by fitting these relationships to negative exponential models. Letters next to the p-value of the
regression indicate statistical differences in k, based on ANCOVA analysis followed by post-Hoc Tukey’s t-

test.
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In agreement, the SD of retained leaves among distance categories was smaller as the
elapsed time increased (Figure 5.2. A), indicating that leaves were more homogenously

distributed within the reach over time.
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Figure 5.2. Results of standard deviation (SD, in parenthesis) of Euclidean distances representing the
variability of retained leaves along the study reach (A) and across the velocity range (B). Note that low SD
indicates more similar number of retained leaves among distance categories (A) or velocity categories (B),
respectively. High SD values indicate greater heterogeneity in the amount of leaves retained along the reach (A)
and across velocity range (B).
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The spatial distribution of leaves within the reach was also significantly associated with
overlying water velocity. In particular, all additions of leaves resulted in significant
exponential declines of retained leaves with water velocity (ky) (Figure 5.3., left panels).
Moreover, the average retention velocity (1/ky) decreased significantly with increasing
the elapsed time (ANCOVA, p < 0.001; Figure 5.3., left panels), indicating that during
the spatial re-distribution of leaves they were predominantly retained at locations with
low water velocity. In agreement, results from the SD of retained leaves among velocity
categories was higher as the elapsed time increased (Figure 5.2.B), indicating that
leaves were more heterogeneously distributed across the velocity categories over time.
In addition, if retained leaves were distributed randomly with respect to the water
velocity mosaic observed within the reach, then the expected number of leaves retained
in each velocity category would be proportional to the relative abundance of locations
within each velocity category (i.e., observed/predicted ratios ~1; Figure 5.3., right
panels). In this regard, the number of leaves retained in the slowest and highest velocity
categories was generally similar or lower than expected by the velocity mosaic within
the reach. In contrast, observed abundance of retained leaves was generally higher than
expected at intermediate water categories (20 to 50 cm s) (Figure 5.3., right panels).
Even after more than three weeks of the elapsed time, leaf distribution in the study reach
was still right-skewed toward mid-velocity zones relative to expectations based on the
velocity distribution found within the reach. We used a power function relating k, and
the elapsed time in hours (k, = 0.026 time®*® r? = 0.97) to estimate that it would
require approximately 15 years for the observed leaf distribution to match with the
expected leaf distribution based on the relative abundance of locations within each

water velocity category.
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Figure 5.3. Distribution of leaves retained in the reach in relation to the different water velocity for the 4 additions
which varied the time between leave addition and collection (from 1 to 490 h after leave addition). The coefficient
ky represents the leaf retention coefficient per unit of velocity. Dashed line shows the expected leave retention
regression based on the proportion of water velocity locations within the reach (k,)™ predicted. Filled and open
points represent the observed and expected number of retained leaves found in every water velocity category,
respectively (see text for further explanation). Letters next to the p-value of the regression indicate statistical
differences on k, among the 4 additions respectively, based on ANCOVA analysis followed by post-Hoc Tukey’s
t-test (Left panel). Ratios between the observed number of leaves retained in each water velocity category and
those expected by the relative proportion of water velocity measured within the reach were calculated (Right
panels). Note that horizontal line (1) indicates the number of leaves observed was similar than those expected from
within reach water velocity mosaic (Right panels).
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Decomposition rates and microbial activity of leaf litter

During the period of leaf litter incubation, water discharge decreased from 60 to 50 L s
! However, water velocity and depth measured in each specific sampling location
remained quite stable throughout the incubation time (ANOVA-RM, p > 0.05, data not
shown). Nutrient concentrations were relatively stable during leaf litter incubation
(ANOVA-RM, p > 0.05 (average + SEM; n = 18): N-NO3 + N-NO, (ugN L™) = 226 +
22; N-NH;* (ugN L™) = 12 + 5 and SRP (ugP L™) = 11 + 2). Furthermore, among
sampling locations, water temperature and oxygen concentration were relatively similar
(ANOVA-RM, p > 0.05) (Table 5.1.). We found significant differences in water
velocity and water depth among locations (ANOVA-RM, p < 0.001), ranging from O to

92 cm s and from 12.2 to 20.2 cm, respectively (Table 5.1.).

Table 5.1. Characteristics of the different sampling locations within the study reach where leaf bags were
incubated during 57 days. Values are means of measurements done during the study period (n=12 sampling
dates). Values in brackets represent the standard error of the mean associated with the spatial variation within
the reach. Cumulative water velocity is the sum of daily water velocity during the entire study period on each
location. Different letters indicate significant differences among locations for a given variable based on the
results from one-way ANOVA analysis with repeated measures (i.e., different dates) followed by post-Hoc
Tukey’s t-test.

Sampling Temperature Dissolved O, Depth Water Cumulative
locations (°C) concentration (cm) velocity water velocity
(mg L™ (cms™) (cms™)

1 8.6 (0.37) 9.52(0.74) 12.2%(0.52) 0% (0) 0

2 8.0% (0.28) 10.62 (0.99) 22.0°(0.19) 7° (3) 420

3 8.5% (0.51) 10.72 (0.14) 12.4% (0.64) 15° (3) 900

4 8.2%(0.34) 10.72 (0.14) 15.4° (0.32) 29° (2) 1660

5 8.6 (0.53) 10.62 (0.12) 14.8" (0.31) 50° (2) 2900

6 8.6 (0.56) 10.7a (0.20)  12.2° (0.39) 53¢ (4) 3050

7 8.4% (0.35) 10.8%(0.17) 20.2" (0.43) 78 (3) 4510

8 8.1%(0.37) 10.8%(0.14) 19.4° (0.52) 92" (5) 5470
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Mass loss of leaf litter during the initial days of decomposition (i.e., 2, 7 and 14 days)
was similar across the range of water velocities examined (Figure 5.4.). In contrast, after
day 40, mass loss of leaf litter differed among sampling locations, being higher at
locations with higher water velocity. Mass loss differences among locations were
largest on day 57, when mass loss was ~62% at locations with low velocity (close to 0

cm s™) and 75% at locations with high velocity (92 cm s™; Figure 5.4.).

80 -

60 -

40 1 water velocity (cm/s)

—o— ~0
—o0— 7
—v— 15
—— 29
—&— 55
—O0—
——
——

Remaining dry mass (% of initial dry mass)

20 ~

52

92

78

0 T T T T T T
0 10 20 30 40 50 60

Incubation time (days)

Figure 5.4. Temporal variation in the remaining dry mass (expressed as % of initial dry mass) of alder
leaf litter during 57 days of incubation. Each line shows the temporal variation of leaves incubated under
different water velocity conditions (n = 8; 0 - 92 cm s™).
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Remaining mass of leaf litter over the incubation period was significantly fitted to the
exponential decay model at all sampling locations (0.77 < r* < 0.96, p < 0.0001, Table
S5.2. see annexes section). Values of leaf litter k significantly differed among sampling
locations (ANCOVA, p < 0.001) and were positively related to water velocity at each

location (r*= 0.96; p < 0.001; Figure 5.5. A).
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Figure 5.5. Relationships between (A) leaf litter decomposition rates and (B) microbial enzyme activity
of cellobiohydrolase and water velocity. Cellobiohydrolase activity was analyzed in leaves incubated
during 55 days. Note that in panel A points indicate decomposition rates and vertical bars indicate the
standard error of the regression. Different letters indicate significant differences on dependent variables
in each panel based on ANCOVA (A) and ANOVA (B) analysis followed by Tukey-t test, respectively.
Dotted lines indicated the interval confidence of the regression (95%).
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Leaf litter k expressed in terms of daily sum of water velocity (i.e., velocity
standardized-k, in velocity-days™) significantly fitted to the exponential decay model
(0.82 < r* > 0.96, p < 0.0001) at all sampling locations (Table S5.2.; see annexes
section). Velocity standardized-k also differed among sampling locations (ANCOVA, p
< 0.01), and values were negative related with water velocity at each location (Figure

5.6.).
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Figure 5.6. Exponential relationship between velocity standardized-k and water velocity. Vertical bars
indicate the standard error of the regression. Different letters indicate significant differences on
decomposition rates on ANCOVA analysis followed by Tukey-t test. Dotted lines indicated the interval
confidence of the regression (95%).
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Extracellular enzyme activity of CBH in leaf litter measured after 55 days of incubation
ranged from 8.1 — 61.6 pmol MUF g DM™ h™*. The CBH activity significantly differed
among sampling locations (ANOVA, p < 0.01), and decreased with increased water

velocity (> = 0.27, p < 0.01; Figure 5.5. B).

5.5. Discussion

The capacity of stream ecosystems to decompose leaf litter inputs has been traditionally
addressed by quantifying leaf litter decomposition rates (k) in several habitats within the
stream, and up-scaling the average of the obtained k values at ecosystem level (Webster
and Benfield, 1986; Woodward et al. 2012). Therefore, the examination of leaf litter
decomposition is beset with uncertainty because these studies provided little or no
information regardless of how k can vary within a reach. Our results revealed that leaf
litter decomposition can remarkably vary within a stream reach, and that this variability
can be driven by the spatial heterogeneity of water velocity in the reach. Our results also
demonstrate that the spatial variability of water velocity within a reach can influence the
capacity of the reach to retain the inputs of leaf litter as well as the spatial distribution of
these inputs in the reach. Therefore, our results eventually extent the influence of sub-
reach scale variability of water velocity on in-stream processes (Peipoch et al. 2016) by

further suggesting a relevant effect on leaf litter dynamics.

Influence of water velocity on retention and spatial distribution of leaf litter inputs
At base flow, the retention of leaf litter inputs has commonly been assumed as a static

process; and thus, the spatial re-distribution of retained leaves within a reach has been
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associated with events of increasing discharge (i.e., floods; Webster et al. 1994; Wallace
et al. 1995). However, our results show that retained leaves in a reach can be spatially
re-distributed over time and travel longer distances even under stable discharge
conditions. Therefore, we suggest that leaf litter retention, distribution, and transport in
streams are dynamic processes even under base flow conditions. This behavior has been
usually not considered in previous studies using a single period of time between leave
addition and collection (Larrafiaga et al. 2003; Cordova et al. 2008). Therefore, some
assumptions provided by these studies should be reconsidered. For instance, most
previous studies indicated that the average distance travelled by leaves might be a good
predictor of their final spatial distribution within the stream. These studies also suggest
that leaves become retained close to the input site; and thus, generally travel short
distances (Snaddon et al. 1992, Raikow et al. 1995, Dewson et al. 2007). Our results
support this idea, but only when we focus on short-time periods (i.e., few hours) after
leaf litter inputs. As time since leaf litter inputs increases, the spatial heterogeneity of
water velocity within the reach becomes a more important factor describing the spatial
distribution of leaf litter. In fact, leaves re-distribute themselves along the reach, with a
transition from high to low velocity zones. This suggests that low velocity zones favors
leaf litter retention (Hoover et al. 2006). Alternatively, the accumulation of leaves at
low velocity zones could be explained by the higher dominance of low velocity zones
within the reach (~70%, Table S1). Nevertheless, we found that under mid-velocity
conditions leaves were more effectively retained than expected from the relative
abundance of locations within the reach. Therefore, at mid-velocity conditions leaves
can also be effectively retained and exposed to decomposition by microbial
assemblages. We do not know the underlying mechanism responsible for this

unexpected result, but it could be that under this velocity range the forces retaining
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leaves to streambed obstacles could be higher than those promoting leaf litter re-
suspension. Previous studies conducted in headwaters streams observed that leaves can
be trapped in riffles due to the presence of streambed obstacles (i.e., cobbles, rocks,
wood) where leaves can be easily attached (Speaker et al. 1984, Hoover et al. 2010).
This fact might be especially relevant in headwater streams due to the dominance of

large alluvial substrata.

Influence of water velocity on decomposition rates and microbial activity of leaf

litter

The values of k measured in this study for alder leaf litter varied ~3 fold within the
study reach and this spatial variation was explained by variation in water velocity.
These results indicate that water velocity is an important factor influencing leaf litter
decomposition within the reach. The range of k values for alder (i.e., 0.0076 d™ to
0.0222 d?) is comparable with the range of k values reported for several streams
(Webster and Benfield 1986; Woodward et al. 2012; Bastias et al.2017) and among
different leaf litter species (Webster and Benfield, 1986). Therefore, the variability of
leaf litter k provided in the literature could have been maximized or even
counterbalanced depending of the particular velocity conditions during the
decomposition process (Woodward et al. 2012; Bastias et al. 2017). Hence, the
interaction of water velocity with factors controlling leaf litter decomposition such as
water temperature and water column nutrient concentrations should be considered if we
aim to understand how leaf litter decomposition occurs under different environmental
conditions. In this regard, we expected that differences in k values should be mainly
explained by physical processes, therefore if all sampling locations within the reach had

similar environmental conditions we expected that the influence of the activity of
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microbial decomposers to be similar. In fact, during the experiment, temperature,
nutrient concentrations, and oxygen concentration were relatively similar within the
reach. Therefore, the positive relationship between water velocity and k observed in this
study could be explained by leaf litter fragmentation, supporting results from previous
studies (Ferreira et al. 2006). However, our results revealed that the effect of water
velocity on leaf litter decomposition increases as incubation time proceeds. This may be
likely explained by the fact that the toughness of the leaves may buffer the effect of
water velocity during the early stages of decomposition. The reduction of leave
toughness throughout decomposition has been previously observed and has been mainly
attributed to the conditioning and development of microbial assemblages on leaf litter
(Quinn et al. 2000; Artigas et al. 2011). Therefore, the effect of physical abrasion by
water velocity could be subjected to the stage at which microbial assemblages are
developed on the leaf litter surfaces, which may explain the observed increase of
physical fragmentation during decomposition process (Carton and Martinson 1990).
This is in agreement with previous studies, which suggest that leaf litter decomposition
is initially driven by leaf litter leaching and microbial colonization, and then, by the
mechanical effect of physical abrasion and macroinvertebrate activity (Webster and

Benfield 1986).

To further explore how water velocity influences leaf litter decomposition, we
standardized decomposition rates by water velocity using a similar approach as that
used to standardize k values among sites by water temperature (i.e., k values per unit of
degree days). We expected that k standardized by water velocity should remain constant
among sampling locations if physical abrasion was the main driver explaining the
observed spatial variability of k within the reach. However, standardized-k by water

velocity still differed among sampling locations, but, unexpectedly, higher values
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coincided with low velocity conditions. These results suggest that the influence of water
velocity on leaf litter decomposition can go beyond physical fragmentation and can also
be explained by biological degradation. In fact, results from the CBH activity support
this suggestion since the capacity of microbial decomposers to degrade cellulose
polymeric compounds (i.e., CBH activity) was higher under low water velocity
conditions, and it sharply decreased with increasing water velocity. Nevertheless, our
study does not allow explaining the causes of the negative influence of water velocity
on microbial enzymatic activity, but suggest that higher water velocity did not enhance
the capacity of microbes to degrade the leaf litter matter. In this regard, previous studies
contrast with our findings, showing a positive influence of water velocity on several
parameters associated with microbial decomposers, such as fungal sporulation rates and
cumulative conidial production (Ferreira et al. 2006), but not in the microbial capacity
to produce enzymatic activities. Probably, the amount of energy invested to degrade leaf
litter polymeric compounds is higher under low velocity environments due to the
reduction of water turbulence and physical abrasion over leaf litter surfaces. In this
sense, the influence of water velocity on microbial development and activity should be
examined in detail to better understand the biological role on in-stream leaf litter

dynamics.

Influence of water velocity on leaf litter dynamics at reach scale

Stream discharge is a pivotal driver of leaf litter retention in streams, which can further
dictates whether leaf litter inputs can act as an effective source of energy and matter for
microbial communities of receiving stream reaches. At low stream discharge inputs of

leaf litter are barely transported downstream, whereas at high stream discharge leaf litter
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inputs are basically exported (Larrafiaga et al. 2003; Cordova et al. 2008). However, at
intermediated discharge, stream flow strongly interacts with streambed structure
generating a complex physical template that drives spatial variation in water velocity,
which can influence leaf litter retention (Richarson et al. 2009). Thus, the complexity of
streambed has been documented as a relevant factor determining the standing stocks of
leaf litter within the reach. To date, it has been difficult to determine a reliable
parameter to quantify the complexity of streambed structure and how it may influence
leaf litter retention within the stream. In this sense, this study sheds some light on the
mechanisms driving this uncertainty and suggests that the heterogeneity of water
velocity at reach scale is a relevant factor to understand the retention and spatial
distribution of leaf litter inputs, especially under intermediate flow conditions. High
variability of water velocity within the reach may increase the probability that leaf
inputs will be retained and decomposed by generating a complex set of suitable habitats.
In addition, our results suggest that the spatial distribution of water velocities within the
reach may also dictate the rates of leaf litter decomposition as well as the main process
involved in leaf litter mass loss. On one hand, our results increase the certainty that
leaves retained under high-velocity habitats (i.e., > 50 cm s™) may be more easily re-
suspended and further exported downstream. Moreover, physical fragmentation in these
environments may increase k ~270-t0-292% in comparison to that found in low-velocity
locations. Thus, an increase of the relative proportion of sites covering this velocity
range within the reach could increase the export of leaves both, as coarse particles and
as fine particles after leaves are physically fragmented. On the other hand, in stream
reaches with a high proportion of sites with relatively fast velocities (i.e., ranging from
20 to 50 cm s™) leaf inputs will be effectively retained, but will undergo physical

fragmentation. In fact, under these conditions leaf litter decomposition may even
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increase by 39-t0-49% in comparison to that measured at low-velocity sites. Therefore,
in this case, leaf litter inputs will be partially fragmented and exported to downstream
sites, without major contribution to the metabolism of recipient reach. Finally, in stream
reaches dominated by sites with low velocity, leaves will be easily retained and
biologically metabolized. Considering all results together, this study indicates that the
relevance of leaf litter inputs as organic matter source to in-stream communities can be
subjected to the hydro-morphological characteristics of the receiving stream reaches,
since they determine the spatial heterogeneity of water velocity within the reach. In
addition we found that water velocity is a factor controlling different aspects of leaf
litter dynamics in streams because not only influences the fraction of leaf litter retained
but also how these inputs are spatially distributed and further processed within the
streams. Therefore, this factor should be considered in future studies to increase our
understanding of how leaf litter inputs can effectively fuel the metabolism of stream

ecosystems.

61



62



CHAPTER 6: CHEMICAL AND OPTICAL PROPERTIES OF
DIFFERENT LITTER LEACHATES INFLUENCE IN-STREAM
NUTRIENT POOL AND MICROBIAL ACTIVITY

Bastias E., M. Ribot, M. Jonsson, F. Sabater, E. Marti. Freswater Science (in revision)
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6.1. Abstract

We studied how chemical and optical properties of the leachates vary among different
coarse particulate organic matter (CPOM) sources, and how such potential variation can
influence the activity of microbial assemblages in streams. We produced leachates from
6 leaf litter riparian tree species, and from a mixture of fruits and of twigs from these
species. For each type of CPOM leachate, we analyzed the concentration of dissolved
organic carbon (DOC) and organic and inorganic nitrogen (N) and phosphorus (P)
forms. We also analyzed optical indexes associated with the degree of aromaticity of the
dissolved organic matter (DOM) of leachates, such as SUVAus4, Ex/E; and E4/Es.
Additionally, we estimated rates of microbial metabolic activity associated with each
leachate type using the Resazurin (Raz) - Resorufin (Rru) system under laboratory
conditions. Results show that leachates from riparian CPOM are sources of high-quality
DOC, dissolved organic N and dissolved inorganic P. In addition, Rru production rates
were positively related to the degree of aromaticity and the NO3 concentrations of
leachates. Together these results suggest that the management of riparian vegetation
could have significant implications for the DOC and nutrient dynamics as well as for

the heterotrophic activity of stream ecosystems.
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6.2.  The role of leaf litter leachates in stream ecosystems

In forested headwater streams, inputs of coarse particulate organic matter (CPOM) from
riparian zones (i.e., leaf litter, fruits and twigs) undergo an initial loss of mass due to the
leaching of elemental constituents. CPOM inputs are used as colonizing substrate as
well as source of carbon (C) and nutrients (i.e., nitrogen and phosphorous) for in-stream
microbial communities. CPOM is also mechanically fragmented by macroinvertebrates
and physical abrasion (Webster and Benfield, 1986). Therefore, CPOM inputs can act as
the primary energy source for the metabolism of these ecosystems (Fisher and Likens
1973, Vannote et al. 1980) as well as, can influence in-stream nutrient cycling (Hall and
Meyer 1998, Valett et al. 2008) and food web composition and function (Webster et al.

2000).

During the initial phase (i.e., ~24 h), leaching of dissolved organic matter (DOM) from
CPOM can constitute an important energy source to in-stream microbial activity
(Webster and Benfield, 1986). Some studies have shown that leachates from CPOM can
contribute approximately up to 30-42% of the total dissolved organic carbon (DOC)
pool in streams during autumn (McDowell and Fisher 1976, Meyer et al. 1998). In
addition, leachates from CPOM also contain dissolved inorganic nitrogen (DIN) forms,
such as nitrate (NO3") and ammonium (NH,"), and soluble reactive phosphorous (SRP)
(Wymore et al. 2015). Thus, leachates from direct inputs of riparian CPOM have the
potential to influence the in-stream dynamics of the dissolved organic and inorganic
elemental pool, which may further affect the activity of microbial assemblages of these

ecosystems and overall temporal dynamics of ecosystem metabolism.

The bioavailability of leachates from riparian CPOM inputs to in-stream microbial

assemblages is related to the amount of elements released. As an example, Wymore et

66



al. (2015) suggested that variation in dissolved N concentrations of leachates among
types of CPOM could result in differences in in-stream microbial activity. Furthermore,
the bioavailability of leachates is related to the quality of the DOM. In fact, low-
molecular weight amino acids and carbohydrates (i.e., compounds with low degree of
aromaticity) are rapidly mineralized (Amon et al. 2001, Balcarczyk et al. 2009),
whereas humic-like compounds with higher molecular weights (i.e., higher aromaticity)
tend to be less bioavailable and, thus, have longer residence times in the water column
(Fellman et al. 2009). Despite differences in DOM quality among CPOM inputs, the
bioavailability of DOC in streams is also influenced by the origins of its inputs (Meyer
et al. 1987, Fellman et al. 2009). DOC entering into streams via terrestrial runoff (from
plants and soils) is previously processed by soil microbial communities. Thus, this DOC
is usually considered more recalcitrant for in-stream heterotrophic communities than
other sources of DOC that mediate the microbial activity in streams (Tranvik 1988,
McKnight et al. 2001). In contrast, leachates from plant litter input may provide streams
with fresh DOC and nutrient resources, which could strongly influence in-stream
microbial heterotrophic activity. However, despite this potential influence of CPOM
leachates on in-stream microbial activity, information on how leachate characteristics
vary among different sources of riparian species, and how such potential variation can
influence their effect on the in-stream microbial activity, is scarce (but see Wymore et
al. 2015). Assessment of DOM quality of the leachates has been difficult, but several
proxies and indexes based on fluorescence spectroscopy have recently been developed
and used to infer the potential bioavailability of DOM from freshwaters (Murphy et al.
2010, Cory et al. 2011). For instance, the specific ultraviolet absorbance at 254 nm (i.e.,
SUVA,s,) is being widely used as a proxy of the degree of humification, aromaticity,

and molecular weight of DOM (McKnight et al. 2001, Weishaar et al. 2003). In fact,
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Weishaar et al. (2003) reported a positive correlation between SUV A5, and aromaticity
of DOM from leachates determined by “*C nuclear magnetic resonance (NMR). Other
recently used indexes associated with DOM aromaticity are the ratios E,/E3 (Wang et al.
2009, Leeben et al. 2010) and E4/Es (Peuravuori and Pihlaja 1997, Fuentes et al. 2006).
The E,/E; is the ratio between the specific absorbance at 250 nm and that at 365 nm,
and it is inversely correlated with DOM aromaticity (Peuravuori and Pihlaja 1997,
McDonald 2004). The E4/Eg is the ratio between the absorbance at 465 and that at 665
nm, and it is positively correlated with DOM aromaticity. This ratio has been

predominantly used in soils.

In this study, we explore (i) how chemical and optical properties of the leachates vary
among different CPOM sources, and (ii) how such potential variation can influence the
activity of microbial assemblages in streams. We expected that leachates from different
CPOM sources will have different chemical and optical properties. We hypothesized
that a high degree of aromaticity among CPOM leachates (i.e., higher values of
SUVA,s, and E4/Eg ratios and lower values of E,/E; ratios) would be negatively related
to microbial activity (expressed as Rru production), because highly aromatic
compounds are more difficult to degrade. We also hypothesized that CPOM leachates
with higher concentrations of dissolved nutrients (i.e., N and P forms) would result in
higher microbial activity if the activity of microbial assemblages is nutrient limited

(Kroer 1993, Zweifel et al. 1993).
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6.3. Methods

Production of leachates from different riparian CPOM sources

We collected leaf litter from 6 tree species that are broadly distributed in riparian zones
of the Mediterranean region, i.e. alder (Alnus glutinosa), black poplar (Populous nigra),
black locust (Robinia pseudoacacia), ash (Fraxinus excelsior), sycamore (Platanus x
hispanica), and holm oak (Quercus llex). We also collected fruits and twigs from these
tree species. Samples of these different CPOM sources were collected in Font del Regas
stream, a 3™ order Mediterranean stream draining La Tordera catchment (NE Spain;
41°50°N, 2°30°E, 300 m a.s.l). Samples of riparian CPOM sources were collected with
aerial traps (n = 5) made by a polyvinyl chloride frame (PCV, 1 m?) and a plastic mesh
(5 mm mesh size). Traps were fastened to the riparian trees adjacent to the stream and
hung over the stream channel along a 100-m reach. We collected all the CPOM material
accumulated in the traps during peak senescence (from mid-October to early November,
2013). The samples were transported to the laboratory in paper envelopes, and were air
dried at room temperature (20 °C, 30% moisture) for 24 h. Approximately 1 g of each
CPOM type (5 replicates) was placed in a 120-ml plastic tubes with 100 ml of deionized
water. Then, samples were placed in a shaker during 24 h (20 °C at 75 rpm) to facilitate
the extraction of the leachates. After the 24 h extraction, we filtered the leachates
through ashed (500 °C for 5 h) FVF glass filters (0.7 um pore size) to exclude small
particles. The leachates were analyzed for chemistry (10 ml) and optical properties of
DOM (10 ml). Simultaneously, 50 ml of leachates were used for the incubations with

Raz-Rru metabolic system (see below).
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Measurements of chemical and optical properties of leachates

For each leachate sample, we analyzed the concentration of DOC and total dissolved N
(TDN) by high-temperature catalytic oxidation on a Shimadzu TOC-VCSH + TNM-1 +
ASI-V analyser. Leachate concentration of total phosphorus (TP) was analysed by acid-
hydrolysis and measured with colorimetric methods. We measured the concentrations of
NOs + NO,” (NOs’; Cd-Cu reduction), NH4" (phenate method), and SRP (molybdate
blue) of leachates by Continuous Flow Analysis (CFA) with a Bran+Luebbe auto-
analyser. We calculated dissolved organic nitrogen (DON) as TDN minus the sum of
NOs", NO;", and NH,4" and dissolved organic phosphorous (DOP) as TP minus SRP. All
chemical analyses were conducted at the Nutrient Analysis Service of the ICM-CSIC
(Barcelona). Concentration of different solutes was multiplied by the water volume used
in the leachate production and divided by the dry mass (DM) of the CPOM used to
obtain the leachates. Therefore, chemical characterization of solute concentration of

different CPOM leachates is expressed in pg or mg of solute per g DM™.

The leachates were also characterized for optical indexes associated with their degree of
aromaticity. In this sense, we divided the specific absorbance at 254 nm by the DOC
concentration (mg L™) to estimate SUVAs, (in units of L mg™ C m™?) (McKnight et al.
2001), the ratio of the specific absorbance at 250 nm and that at 365 nm to estimate the
E./E3 (McDonald, 2004), and the ratio of the specific absorbance at 465 nm and that at

665 nm to estimate the E4/Eg.

Estimation of microbial activity associated with CPOM leachates

The effect of leachates from different leaf litter sources on in-stream heterotrophic

activity has been assessed in laboratory incubations by quantifying the rates of
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dissolved oxygen (DO) consumption (Wymore et al. 2015). In the present study, we
used a novel approach to measure responses of microbial metabolic activity to leachates
of different riparian CPOM types: the Resazurin (Raz) - Resorufin (Rru) chemical
system. The reduction of Raz to Rru has been used in previous studies as a good tracer
to infer microbial metabolic activity of specific in-stream biotic components (O’Brien et
al. 2000, Guerin et al. 2001, McNicholl et al. 2007) and metabolism at whole-reach
scale (Haggerty et al. 2009). Microbial activity based on these measurements is not
subjected to limitations of dissolved oxygen gas exchange and it is a good tool to
compare microbial activity among different CPOM treatments. In Font del Regas
stream, we collected fine benthic organic matter (FBOM) as the source of microbial
assemblages to estimate microbial activity associated with the different types of CPOM
leachates. The upper layer (~first 2 cm) of the streambed sediment was gently stirred to
re-suspend the FBOM, which was then collected with a syringe (100 ml) following the
procedure described by von Schiller et al. (2009). In the laboratory, we incubated 50 ml
of the leachates from each CPOM type with 100 pL of homogenized slurry of FBOM (5
replicates per CPOM leachate type). We then added 10 ml of Raz standing stock
solution, which resulted in a target initial Raz concentration of 200 pg L™ in the
incubations. We collected 5 mL samples from each incubation vial (8 CPOM leachate
types and 5 replicates per leachate type) every 30 minutes during 4 hours. Fluorescence
of collected samples was measured at 571 and 585 nm of excitation and emission
wavelengths,  respectively, to estimate Rru concentration using a
spectrofluorophotometer (Shimadzu/ RF-5000) (Haggerty et al. 2008). We calculated
Rru production rates as the difference in Rru concentration between samples at time 0
minutes and at ~1.2 h of incubation, because this incubation timeframe showed a linear

increase of Rru concentration consistently among all the incubations. Results of the Rru
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production rates were expressed as mmol of Rru produced per incubation time (h) and

CPOM dry mass (g) used to generate each leachate.

Statistical analysis

To examine differences in the chemical and optical parameters of the leachates among
the different CPOM types, we used a one-way analysis of variance (ANOVA) with
CPOM type as fixed factor followed by Tukey’s post hoc-test for each variable
examined. We also calculated the coefficient of variation (CV) for each chemical and
optical variable considering data from all CPOM types together, to assess the degree of
variability for each variable associated with the different CPOM types. Additionally, we
conducted a PCA analysis considering all chemical and optical variables of the
leachates to evaluate relationships among them, and to assess which variables mostly

contributed to the observed variability among leachates of the different CPOM types.

We also used one-way ANOVA to determine differences in Rru production rates
associated with leachates from the different CPOM types, with CPOM type as fixed
factor, followed by Tukey's post hoc-test. We used partial least squ