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Foreword

To what extent is knowledge about the plant litter decomposition process in streams
important to the scientific community? Whoever reads this book probably knows that
primary production in streams flowing through forest areas is limited, as a conse-
quence of the scarcity of light under the tree canopy and the low concentration of
dissolved nutrients. In contrast, unidirectional flows promoted by gravity move great
amounts of dead plant organic matter from the terrestrial environment to the stream
(vertical and lateral inputs) and within the stream (downstream transport). This plant
litter represents the energetic basis to foodwebs in many streams, which are widely
recognised as heterotrophic systems. The retentive capacity of a stream together with
a series of physical, chemical and biological factors, determine the efficiency with
which plant litter is used by detritivores and decomposers, its consequences on biodi-
versity, productivity and nutrient dynamics, and its interaction with global change
drivers such as pollution and climate change. In consequence, it is not surprising that
the plant litter decomposition process has attracted the attention of stream ecologists
for decades.

The study of plant litter decomposition in stream ecosystems greatly developed
since the last quarter of the past century, after the publication of several concep-
tual works that highlighted the relevance of terrestrial organic matter to stream
functioning. Among these, “The stream and its valley” (Hynes, 1975) and “The
river continuum concept” (Vannote et al., 1980) are worth mentioning. Later on, the
impressive growth of research teams and scientific publications on this topic culmi-
nated in the organization of the first specialised scientific meeting in 1997: the Litter
Breakdown in Rivers and Streams meeting (later renamed as Plant Litter Processing
in Freshwaters, PLPF), which was held in Bilbao (Spain). The first edition was
followed by others in Lunz (Austria, 1999), Szentendre (Hungary, 2002), Toulouse
(France, 2005), Coimbra (Portugal, 2008), Cracow (Poland, 2011), London (United
Kingdom, 2014) and, again, Bilbao (2017), coinciding with the 20th anniversary
of the first meeting. The 9th edition should have already been celebrated in Braga
(Portugal), but the Covid-19 pandemic has temporarily prevented it. These events
have regularly and succesully joined together scientists from all over the world,
demonstrating that the study of plant litter decomposition in streams continues to
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attract great attention from researchers, and underscoring the crucial role that this
process has for our planet’s biogeochemistry.

The PLPF meetings have been fruitful not only in sharing scientific findings,
but also in promoting collaboration among scientists from around all the world, all
working on plant litter decomposition but from different perspectives and scales,
from molecular to global. This book is proof of such outcome: while not being
the proceedings of a PLPF meeting, its idea came to light in the last meeting held
in Bilbao. As a result, a selected group of experts has produced this state-of-the-art
compendium, which reviews the basic knowledge and the progress being made in the
last few decades about the process of plant litter decomposition in stream ecosystems,
in the face of a changing world. Now it’s time for you to enjoy it, learn from it and
put it into practice!

Bilbao, Spain Jesus Pozo
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Chapter 1 ®)
The Ecology of Plant Litter i
Decomposition in Stream Ecosystems:

An Overview

Christopher M. Swan, Luz Boyero, and Cristina Canhoto

Abstract The decomposition of plant litter of terrestrial origin is a key process for
the functioning of many stream ecosystems with notable relevance for global biogeo-
chemical cycles. The process has received much attention in the literature but, since
the iconic paper of Kaushik and Hynes (1971), we lack a comprehensive review of
its patterns of variation and drivers. This book provides an updated compendium of
the ecology of plant litter decomposition in streams, through 22 chapters grouped in
four sections that focus on (I) the analysis of the patterns and drivers of decomposi-
tion, the importance of (II) biodiversity and (III) multiple aspects of global change,
and (IV) the methodological approaches used to study litter decomposition and its
applications. By summarizing decades of fruitful research, we hope this will be a
reference textbook for ecologists and students that will stimulate further research
and promote collaboration among researchers in this field.

Ninety percent of the global terrestrial plant biomass production ends up entering
the detrital pool, supporting detritus-based food webs in both terrestrial and aquatic
ecosystems (Gessner et al., 2010). Understanding how this organic matter is
processed within ecosystems is of utmost importance, not only because this process
underlies fundamental ecosystem services (Mancinelli & Mulder, 2015), but also
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because it determines the amount of carbon (C) that is mineralized or sequestered,
and hence potential feedbacks with the global climate (Heimann & Reichstein, 2008).

Stream ecosystems are estimated to receive, process, and transport nearly 1.9
Pg of terrestrially-derived C per year globally (Cole et al., 2007). Many streams
rely on this allochthonous source of C for the maintenance of their food webs and
various functions, given that primary production is often severely limited, due to the
combination of high riparian shading and low nutrient availability (Vannote et al.,
1980). In consequence, ‘the fate of dead leaves that fall into streams’ stands out as
a major topic in stream ecology, that served as title for the seminal contribution of
Kaushik and Hynes (1971), and was recently revisited in Jane Marks’ review paper
(Marks, 2019).

This book intends to provide a comprehensive, contemporary compendium of the
patterns (Part I), factors (Parts II and III) and approaches (Part IV) that govern the
process of plant litter decomposition in streams, adding up to the several reviews
available in the literature (e.g., Barlocher & Sridhar, 2014; Boulton & Boon, 1991;
Gessner et al., 1999; Graga et al., 2015; Marks, 2019; Royer & Minshall, 2003;
Tank et al., 2010; Webster & Benfield, 1986), but going into much more detail, as
allowed by a book format. The last few decades have seen an explosion of research
addressing key questions about the ecological interactions at play in this process. A
plethora of basic and applied ecological questions have been tested using plant litter
decomposition as a study system, solely guided by a comprehensive book focused on
litter decomposition methodological approaches, which has been recently re-edited
(Bérlocher et al., 2020). The need for a complementary, more theoretical and updated
approach was thought to be needed and is the rationale for this book.

The book integrates the many authors that shared and/or received the inputs
of a common road of high-quality investigations presented and discussed in cozy,
highly interactive and scientifically fruitful meetings—"Plant Litter Processing in
Freshwaters” (PLPF). These triennially held meetings joined stream ecologists from
all over the world and clearly contributed to stimulate stream ecological research,
litter decomposition in particular, constituting grounds for the 22 chapters presented
herein.

The expression “(plant/leaf) litter decomposition” is transversally used in this
book by all authors. The majority of the book covers stream ecosystems, with a main
focus on permanent headwater streams flowing through forested areas, because these
are the streams that most rely on allochthonous plant litter as their main energy source
(Vannote et al., 1980). However, some chapters deal with other types of streams
(e.g., intermittent rivers and ephemeral streams), and some describe decomposition
in terrestrial ecosystems for a comparative view.

This book is divided into four Parts that focus on different aspects of the plant
litter decomposition process, namely its patterns and drivers (Part I), the role of
biodiversity on litter decomposition outcomes (Part 1) and on the consequences
of the multiple facets and dimensions of global change on the process dynamics
(Part III); the last Part considers the importance of methodological approaches and
applications of this vital process, calling the attention to more mechanistic and future
prospects of the presently used litter decomposition assessments and as a central
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tenet for human wellbeing (Part IV). We hope that this compendium of chapters,
which overall review the knowledge on plant litter decomposition in streams that has
resulted from decades of research, can serve as a reference textbook for ecologists
and students. Furthermore, we hope that this book can stimulate further research,
new lines of inquiry on this topic and promote collaboration among researchers in
this field.
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Chapter 2 ®)
Multi-Scale Biophysical Factors Driving oo
Litter Dynamics in Streams

Alan M. Tonin, José F. Gongalves Junior, Richard G. Pearson,
Manuel A. S. Graca, Javier Pérez, and Luz Boyero

Abstract Terrestrial litter that decomposes in streams is critical to carbon and
nutrient fluxes and aquatic food web dynamics. Litter dynamics is influenced by
biogeochemical, morphological, environmental and climatic factors, making it chal-
lenging to understand how these factors relate to each other and to litter decom-
position across different spatial scales. Here, we present a hierarchical framework
that accommodates the links among a wide variety of local and regional factors (e.g.,
litter quality, water chemistry, flow) in relation to climate, geology, biogeography and
phylogeny. These factors ultimately influence the agents or processes (e.g., microbes,
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detritivores, physical fragmentation, retention capacity) that govern litter inputs,
storage and decomposition in streams. This framework highlights the dependence
of litter dynamics on spatial scale and cautions against extrapolations across scales
without quantifying the influence of biophysical variables on the different agents and
processes. The framework can be used as a basis for experimental and observational
studies of those interactions to develop broader mechanistic understanding of litter
dynamics.

2.1 Streams as Hotspots of Organic Matter Processing

Fresh waters (i.e., wetlands, estuaries, lakes, rivers and streams) comprise only 0.01%
of the Earth’s water and approximately 0.8% of its surface area (Gleick, 1996).
Yet this small fraction of global water supports a disproportionately high diver-
sity of plants and animals (Dudgeon et al., 2006) and significantly contributes to
the carbon cycle, at both regional and global scales (Cole et al., 2007; Hotchkiss
et al., 2015; Raymond et al., 2013). Within fresh waters, 1% to 3" order streams
comprise over 75% of river network length (Raymond et al., 2013) and are closely
linked to the terrestrial landscapes, so they are hotspots of organic matter processing
because of the large amounts of terrestrial organic matter they receive, their typically
low in-stream primary production, their high retentive capacity and their efficient
decomposer communities (Battin et al., 2008).

Forest streams are typically net heterotrophic ecosystems, where overall stream
respiration surpasses primary production (limited by riparian shading) and secondary
production is fuelled by inputs of terrestrial organic carbon (Hall et al., 2000; Neres-
Lima et al., 2017). Riparian vegetation, which supplies large amounts of plant litter
streams and riparian soils (Tonin et al., 2017), also reduces light penetration and
primary productivity in the stream, and may reduce water temperature extremes
during the hottest and coldest periods of the year. The decomposition of this plant
litter is the basis of key stream ecosystem processes, namely nutrient and carbon
cycling and secondary production (Marks, 2019; Wardle et al., 2004). However, there
are major gaps in our knowledge of organic matter dynamics in streams (e.g., timing
and magnitude of inputs and biophysical factors acting on decomposition), especially
in understudied areas of the world such as the tropics. For instance, little is known
about the connection of litter fluxes with the otherwise well-known decomposition
process, with only a few studies evaluating the inputs and outputs of litter (e.g.,
Fisher & Likens, 1972, 1973; Pozo et al., 1997; Webster & Meyer, 1997), despite
their relevance for global carbon and nutrient cycling.

2.2 Dynamics of Litter Inputs and Storage in Streams

Terrestrial organic matter that enters streams is generally classified as coarse partic-
ulate organic matter, CPOM (>1 mm); fine particulate organic matter, FPOM
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(0.45 pm—1 mm); and dissolved organic matter, DOM (<0.45 pwm) (Webster et al.,
1999). This material reaches streams via direct fall or lateral transport from the
riparian zone. Most material is senescent, although large quantities of green leaves
may reach streams in the tropics after storms (Wootton et al., 2019). In this chapter
we focus on leaf litter because it is the dominant plant litter flux in streams (>60% of
total fluxes of streams from different biomes, Abelho, 2001; Tonin et al., 2017), it is
renewed annually, it has more rapid decomposition than woody material (Neres-Lima
etal., 2017; Wallace et al., 1997) and it is the focus of most studies of decomposition
in streams.

Litter falling from trees as a result of abscission or storm damage (hereafter
‘litterfall’) may reach the stream directly, but most litter falls to the ground, given
its much larger area than that of streams. A proportion of this litter eventually is
transported to streams by wind, water, gravity or animals, constituting lateral inputs
to the stream. Although neglected in some litter studies, lateral inputs may represent
a high proportion of total litter inputs to the stream (e.g., up to 55% in several tropical
streams; Tonin et al., 2017), but not all streams (e.g., < 7%; Benson & Pearson, 1993).
Lateral inputs and litterfall may differ in nutritional quality for stream consumers
depending on the residence time on riparian soils, where litter undergoes physical
and biological degradation (e.g., Garcia-Palacios et al., 2016). Litter may also enter
a stream reach by transport within the stream, here termed ‘upstream input’.

After litter enters a stream, it can be retained by in-stream structures (e.g., rocks,
roots, logs), increasing its residence time and enhancing decomposition by leaching
and consumption by microbes and invertebrates. Litter may be redistributed or
removed from streams by floods, although a considerable proportion may remain
in pools, backwaters and debris dams. It may also be buried in sediments (e.g., in
the hyporheic zone—the interface between surface stream and groundwater; Boulton
et al., 1998). Here we refer to retained material as ‘storage’. Litter accumulates in
the streambed when inputs (i.e., litterfall, lateral inputs and upstream inputs) are
higher than outputs (i.e., downstream transport and litter decomposition). The most
complex of these litter fluxes is loss of litter mass by decomposition, resulting from
chemical, physical and biological agents and their interactions.

2.3 Mechanisms of Litter Fluxes in Streams: Local
and Regional Scales

Here, we present a framework describing the connections among litter inputs, storage
and decomposition. We use a hierarchical spatial perspective to outline the links
between biophysical factors that influence litter dynamics at different scales, like
other frameworks of decomposition (Graga et al., 2015; Royer & Minshall, 2003), but
differing in the inclusion of key related processes, components and the complexity of
interactions across scales (Fig. 2.1). The framework is structured across three spatial
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scales: regional, which accommodates variation in geology, climate and biogeog-
raphy; local, including, for example, stream morphology, water quality and riparian
vegetation identity; and fine, the scale at which many biophysical agents, such as
litter fall, leaching, fragmentation consumption influence litter storage and decom-
position. Most interactions within scales are not shown for simplicity (e.g., flow
and stream morphology). The different components of the framework are described
and expanded in the following sections. The framework is not explicitly linked to a
particular timeframe, and could be applied at any time scale, from instantaneous to
monthly, annual or multiannual.

2.3.1 Litter Inputs

Litter inputs are influenced by a variety of factors and their interactions, including
litter phenology and production, stream and streambank morphology, precipitation,
wind, retention capacity of streams and water flow. Firstly, litter production deter-
mines the amount of litterfall and depends on forest physiognomy, plant species
diversity and vegetation composition and phenology, which are shaped by climatic
factors, geomorphology, soils, and plant phylogeny and biogeography. Litter fall is
caused by natural abscission (to conserve water or photosynthetic efficiency) and
storms, which may release leaves, fruits, flowers and wood, especially in tropical
regions (Benson & Pearson, 1993; Covich, 1988). Greater litterfall is expected in
productive forests, which occur mostly on fertile soils and in warmer and wetter
environments, such as rainforests (which also harbor higher plant diversity), than
in less productive forests on infertile soils or in environments limited by water or
temperature, such as cold dry forests, although the extended lifespan of leaves of
evergreen tropical trees may reduce the inputs.

Secondly, streambank morphology (e.g., heterogeneity and slope) regulates lateral
litter transport to the stream through its retention capacity, in relation to topography,
hydrology (Leopold et al., 1992), and interactions with riparian vegetation. The
heterogeneity of the streambank is determined by the presence of obstacles that
hamper litter transport to the stream, such as depressions in the ground, living and
dead trunks and buttresses, exposed roots, rocks and saplings and other small plants.
Bank slope influences litter transport as steeper slopes facilitate litter movement
by combinations of gravity, wind and enhanced surface runoff, especially during
heavy rainfall. Thirdly, stream morphology and water flow affect litter inputs from
upstream, through transport and retention mechanisms.

2.3.2 Litter Storage

The amount of litter stored on the streambed is regulated by interactions among three
main factors: litter inputs, retention capacity of streams and litter decomposition.
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Firstly, litter inputs would increase litter storage linearly if a stream retained all
inputs. This might occur during periods of very low flow, but is otherwise unlikely
because of high stream heterogeneity and the variable influence of flow and retention
capacity.

Secondly, retention capacity determines litter storage as it reduces instream trans-
port. The retention capacity of a stream is a function of stream morphology (e.g.,
width, depth, slope, sinuosity), water flow, substrate (including the type, size and
quantity of retentive structures such as rocks and fallen tree trunks or branches, which
may remain in the stream for years; Diez et al., 2000; Wallace et al., 1995), stream-
bank structures (including roots and living trunks), and their interactions. Stream
morphology is determined by geomorphological and hydrological processes, as well
as riparian vegetation, which can provide flow resistance and increase bank strength
by means of roots and woody debris (Hupp et al., 2016). Volume and velocity of
water flow are influenced by precipitation and cross-sectional area and slope of
the stream, which can determine whether retention structures are over-topped, and
whether the stream has power to dislodge material from retention structures. In
general, the retentive capacity of the streambed increases with substrate size—for
example, boulders and cobbles are more efficient in retaining litter than gravel and
sand (Jones, 1997). Large wood may greatly increase retention by redirecting flow
and physically retaining litter directly or in pools.

Thirdly, litter decomposition decreases litter storage through the transformation
of coarse litter into fine and dissolved material (Gessner et al., 1999), which is more
easily transported by water flow, buried in the sediments (Webster et al., 1999) or
incorporated into microbial and animal biomass. The components affecting litter
decomposition are explored below. In summary, high retention is expected in small,
shallow, sinuous and low-gradient streams; in low-flow conditions; and in streams
with large substrates, high litter inputs and low decomposition rates. Retention is
determined by the interactions among these variables.

2.3.3 Litter Decomposition

The processes that contribute to litter decomposition and affect its rate are leaching,
physical fragmentation, microbial processing and detritivore consumption (Gessner
et al., 1999; Marks, 2019).

2.3.3.1 Leaching

Leaching is the dissolution of water-soluble compounds from litter and may account
for up to 40% of mass loss within a week of immersion, with the greatest loss
typically occurring in the first 24-48 h (Gomes, 2015; Taylor & Bérlocher, 1996).
However, greatest mass loss due to leaching may occur during the first 10 days of
immersion in litter from some tropical plants (Gomes, 2015). Leaching is influenced
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by litter quality, and water chemistry, temperature, velocity and turbulence. Firstly,
litter quality includes nutrient content (especially nitrogen and phosphorus), carbon
recalcitrance (due to high content of lignin, cellulose and hemicellulose) and content
of secondary metabolites (e.g., repellent or toxic substances such as phenols used
in protection or competition by living plants). The degree of leaching may be deter-
mined by the concentration of soluble components, especially nutrients, low-mass
carbon molecules and some secondary compounds, and their resistance to dissolu-
tion. For example, thick litter cuticles and superficial waxes may slow the dissolution
of soluble compounds (Kuiters & Sarink, 1986; Schreeg et al., 2013). Litter quality is
determined by the species composition of riparian vegetation and their physiological
and morphological traits, which are influenced by climate, landscape, biogeography
and phylogeny (Boyero et al., 2017; Siefert et al., 2015). Importantly, apparently
similar plant communities may differ in litter quality as a result of soil character-
istics (via different nutrient resorption efficiencies; Vergutz et al., 2012) or species
interactions (e.g., competition for nutrients; Casper & Jackson, 1997).

Secondly, water chemistry affects leaching through variation in pH, hardness and
mineral concentrations (Essington, 2005). Water hardness and mineral concentra-
tions may affect different chemical compounds in different ways (e.g., polyphenols
bind to hard-water minerals; Gebely, 2016). Water chemistry relates to lithology (i.e.,
characteristics of parent rock), soil properties and riparian vegetation (through regula-
tion of dissolved inorganic and organic molecules). Thirdly, water temperature influ-
ences the solubility of molecules in the water (Chergui & Pattee, 1988). Water temper-
ature is driven primarily by climate (through solar radiation), but riparian canopy
density is also important in affecting stream shading. Finally, water flow enhances
dissolution of water-soluble compounds. In summary, greater leaching is expected
in litter with higher amounts of water-soluble compounds and lower protection from
dissolution (e.g., absence of superficial waxes and low carbon recalcitrance), and in
alkaline, warmer, faster and more turbulent waters. However, leaching is the least
studied component of decomposition but compelling evidence of its importance is
limited.

2.3.3.2 Microbial Decomposition

Fungi and bacteria are important contributors to decomposition and may have
complementary roles (e.g., fungi facilitate the penetration of bacteria into leaf tissue).
Fungi represent the largest proportion of microbial biomass (Findlay & Arsuffi, 1989;
Hieber & Gessner, 2002). The contribution of microbes to decomposition is deter-
mined by biogeography and phylogeny, water temperature, water chemistry and litter
quality. Firstly, biogeography and phylogeny may be responsible for community
composition of fungi and bacteria (and, thus, different efficiencies in degrading leaf
litter carbon), although there is controversy about the relative roles of the legacies of
historical events (e.g., dispersal limitation and past environmental conditions) versus
contemporary environmental conditions in shaping their communities (Martiny et al.,
2006; O’Malley, 2007). Secondly, water temperature influences microorganisms by
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regulating the distribution of species (Dang et al., 2009), their metabolic and sporu-
lation rates and their biomass (Ferreira & Chauvet, 2011). Thirdly, microbes increase
their activity and biomass with increased availability of dissolved nutrients (through
the maximization of carbon intake; Suberkropp & Chauvet, 1995), pH and alkalinity
(by increasing the activity of different enzyme types associated with leaf softening
and maceration; Chamier, 1987; Jenkins & Suberkropp, 1995). Microorganisms also
perform better in softer litter, which is more susceptible to enzymatic degradation, and
in litter that is rich in macro and micronutrients (such as calcium and magnesium)
and not chemically defended (Schneider et al., 2012). Additionally, the selective
feeding activity of detritivores on litter may affect microbial diversity and biomass
by consuming some fungal species and rejecting others (e.g., Arsuffi & Suberkropp,
1989; Barlocher, 2005).

2.3.3.3 Fragmentation by Detritivorous Invertebrates

Detritivorous invertebrates are key organisms in litter decomposition, often respon-
sible for a large proportion of total litter decomposition (e.g., 51-64% of litter mass
loss; Hieber & Gessner, 2002), although this proportion is generally lower in tropical
streams (Boyero et al., 2015; Gongalves et al., 2007; Tonin, Hepp, et al., 2018). They
consume litter directly and produce large amounts of FPOM via maceration and
defaecation (Graga, 2001), which is consumed by other invertebrates (Cummins &
Klug, 1979). Decomposition is affected by detritivore biogeography and phylogeny,
water temperature, water chemistry, litter quality, water flow and streambed substrate.
Large-scale drivers such as biogeography determine detritivore species distributions.
For example, some taxa are more abundant and diverse in particular biogeographic
realms (Boyero et al., 2011), including high abundance and diversity of caddisflies
in the Australian realm; beetles in the Neotropics; and stoneflies and amphipods
in the Palearctic. Detritivore contributions to decomposition tend to increase with
their density, biomass and diversity (e.g., Jonsson & Malmgqvist, 2000; Tonello et al.,
2016; Tonin et al., 2014). Although detritivore density and diversity are typically
higher in colder climates (Boyero et al., 2011), high biomass of efficient detritivores
may compensate for lower diversity in some tropical streams (Cheshire et al., 2005;
Tonin et al., 2014). Detritivore community composition may also have an effect
on decomposition, mostly through the presence of efficient consumers (e.g., some
caddisflies, stoneflies or amphipods; Tonin et al., 2014). Sometimes overlooked in
studies of decomposition by detritivores are the larger crustaceans, which may be
particularly abundant in tropical streams but not always clearly accounted for in field
and laboratory experiments (Cogo & Santos, 2013). These animals may be of high
biomass compared with insects and important consumers of litter in many systems
(e.g., Coughlan et al., 2010; Crowl et al., 2001; Moulton et al., 2010).

Water chemistry may also shape detritivore communities. For example, some
caddisfly and amphipod species are sensitive to acid waters (e.g., Dangles et al.,
2004; Herrmann et al., 1993), whereas stoneflies are tolerant of them (e.g., Dangles
& Guérold, 1999). Litter quality influences the consumption rates of detritivores
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and their C:N:P ratios, growth and survival (e.g., Graga et al., 2001; Tonin et al.,
2017). They usually prefer litter that is soft and nutrient-rich (including macro and
micronutrients), with low concentrations of secondary metabolites. Water flow and
streambed substrate may also regulate detritivore distribution within streams, as
different species occur in different substrate types (rocky vs. leaf litter substrates;
Cheshire etal., 2005) and detritivores usually aggregate in areas of high litter accumu-
lation, frequently in pools or backwaters, or behind retention structures (Heino et al.,
2004). Therefore, litter storage and its spatial distribution often influence detritivore
contribution to decomposition (e.g., Tonin, Hepp, et al., 2018). Finally, detritivores
typically benefit from microbial colonization of litter (i.e., microbial conditioning;
Casotti et al., 2019), because microbes increase the nutritional quality of litter and
convert indigestible material into more labile compounds (Bérlocher, 1985), although
fresh green leaves are consumed in some situations (Wootton et al., 2019).

2.3.3.4 Physical Fragmentation

Physical fragmentation is an important component of litter decomposition, but it
can be difficult to separate its effects from those of other components, particularly
from detritivore-mediated decomposition (Rader et al., 1994). Physical fragmen-
tation depends on litter toughness, flow and flow-substrate interactions (Fonseca
et al., 2013; Hoover et al., 2006). Litter toughness is increased by high concentra-
tions of lignin, cellulose and hemicellulose. Flow affects physical fragmentation by
abrading the litter surface with suspended particulate material, especially small parti-
cles, which are more likely to be transported by the current (Ferreira et al., 2006;
Heard et al., 1999). Flow also causes turbulence, which may increase shear stress
and enhance litter fragmentation, but there is limited information on this process.

2.4 Future Research Needs

The influence of scale is a major issue in ecology, both in terms of scientific under-
standing and subsequent management application (Levin, 1992). Frequently, local
field studies and laboratory experiments are the only ones able to investigate patterns
and processes in detail, so many decomposition studies have been undertaken at
single stream sites. The major disadvantage is that conclusions cannot be confidently
scaled up to generate broad conclusions. Similar studies undertaken at many sites
help building a picture from which we can generalise, although the use of different
methods can sometimes hinder comparisons. In response to such issues, in the last
decade there has been a move to undertake parallel decomposition studies at multiple
sites across the planet using standardised methods (Boyero & Pearson, 2017).

For development of general paradigms, understanding variability across scales
is important (Tonin et al., 2019). Variability may be due to the physical environ-
ment operating at several scales, illustrated in the conceptual framework of Graca
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et al. (2015), but also to many biotic variables operating at fine scales, such as
intraspecific competition (Boyero & Pearson, 2006), resource partitioning (Tonin,
Pozo, et al., 2018), presence of large crustaceans (Coughlan et al., 2010), predation
(Boyero et al., 2008), litter diversity (Bastian et al., 2008), decomposer diversity
(Bastian et al., 2008), life cycle (Nolen & Pearson, 1992) and size or developmental
stage (Nolen & Pearson, 1993). A hierarchical approach is required, preferably in
several regions that may be regarded as representative globally. A limited number of
detailed but biogeographically restricted studies of this nature have been undertaken
in examination of diversity (e.g., Heino et al., 2018) and decomposition processes
(Rezende et al., 2014; Tiegs et al., 2009; Tonin, Hepp, et al., 2018). Such hierarchical
studies might provide a biogeographical, geomorphological and geological basis for
developing a classification of streams relating to food webs, in a more globally inclu-
sive scheme than, for example, the river continuum concept (Vannote et al., 1980),
recognising that it is difficult to apply a single conceptual framework to all lotic
systems.

Tank et al. (2010), in an extensive review, nominated a number of areas where
more information was required on the dynamics of organic material in streams.
A decade later, these gaps largely remain, particularly when considering issues
at different scales. They include understanding of the dynamics and importance
of dissolved organic matter, materials and energy budgets, inputs from floodplains
and retention/transport generally. Those that we have highlighted above and others
directly relevant to the decomposition process include: improved models of litter
budgets (inputs, transport, storage) across scales; rates of organic matter decompo-
sition across scales and biomes (mostly tropical ones), despite major advances in the
last 10 years; multiple biophysical influences on decomposition; types of litter other
than leaves (flowers, fruits and especially wood) across scales; fate of fine partic-
ulate organic matter (mineralization and incorporation in food webs); influence of
variation within species and within individual trees in leaf chemistry on processing
rates at different scales; effects of anthropogenic changes on litter inputs, decom-
position and storage, which is an expanding field but has no systematic approach
at the global scale (includes vegetation clearing, exotic species, species invasion,
agriculture, urbanisation and changes in temperature and hydrology with climate);
development of spatially explicit models at large scales (e.g., ecoregions, biomes),
which provide the opportunity to formulate new hypotheses; and development of
general models/frameworks of litter dynamics across scales, as elucidated in this
paper. We look forward to future global experiments, meta-analyses and syntheses
towards developing a more comprehensive framework that will enhance our under-
standing of the variable importance of organic matter and its sources in stream ecosys-
tems, providing the capacity to predict effects of environmental change and inform
improved management.
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Chapter 3 ®)
Stoichiometry of Plant Litter oo
Decomposition in Stream Ecosystems

Michael Danger, Julio Arce-Funck, Miriam Beck, Clément Crenier,
Vincent Felten, Ziming Wang, and Florence Maunoury-Danger

Abstract Ecological stoichiometry is an approach of ecology aimed at under-
standing the causes and consequences of elemental imbalances in nature (mainly
focusing carbon, nitrogen, and phosphorus), from molecular to ecosystem levels.
Like most detritus in nature, plant litters are nutrient depleted, and both microbial
decomposers and detritivores are exposed to large stoichiometric constraints. These
nutritional constraints will ultimately control litter decomposition rates, nutrient
mineralization, and affect, in turn, decomposers’ community structures. To consider
such stoichiometric constraints could greatly help understanding the functioning of
detritus-based ecosystems. In this chapter, focused on leaf litter, diverse examples
of stoichiometric constraints at play at the detritus-decomposer interface in aquatic
ecosystems are presented. The different steps involving stoichiometric processes
and ultimately conducting to litter decomposition, from the production of leaf litter
in the riparian zones of freshwater ecosystems to its incorporation in aquatic food
webs and its potential recycling in freshwater ecosystems are discussed. Stoichio-
metric constraints arising between detritus and decomposers in freshwater ecosys-
tems are then placed into the context of current global change. Finally, we highlight
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the limits of the stoichiometric approach as well as some complementary approaches
and perspectives of work are proposed.

3.1 Ecological Stoichiometry: Conceptual Bases
in Detritus-Based Ecosystems

Ecological stoichiometry is an approach of ecology aimed at understanding the causes
and consequences of imbalances between several chemical elements during organ-
isms’ interactions and ecological processes, from molecular to ecosystem levels
(Elser et al., 1996; Sterner & Elser, 2002). It relies on the observation that all
living organisms are composed of the same chemical elements (e.g., carbon (C),
nitrogen (N), phosphorus (P), iron (Fe), silica (Si), potassium (K), etc.) in more
or less important and variable amounts. Ecological stoichiometry approaches then
consider the elemental compositions (often expressed as molecular elemental ratios,
for example C:N or N:P ratios) of basal resources and living organisms involved in
ecological interactions. Any mismatch between consumer requirements and elements
available in their resources constitutes a stoichiometric constraint that can alter
consumers’ life history traits (survival, growth, reproduction), nutrient transfer effi-
ciency and ecosystem productivity, but also nutrient recycling (Cebrian et al., 2009;
Sterner & Elser, 2002; Vanni, 2002). It can also be efficiently applied to commu-
nity ecology, since stoichiometric constraints alter competitive interaction outcomes
between species and participate to shape community structures (Moe et al., 2005;
Tilman, 1982). Taking explicitly into account the couplings between biogeochem-
ical cycles and organisms via chemical elements, ecological stoichiometry permits
to relate several sub-disciplines of ecology, such as ecophysiology, population and
community ecology, and ecosystem ecology.

Although formalized quite recently (Sterner & Elser, 2002), ecological stoi-
chiometry finds its origin in much older approaches. As early as 1925, Lotka in
his book entitled Elements of Physical Biology, evoked the importance of consid-
ering the elemental composition of living organisms in the study of their interactions
and their impacts on their environment. Results from Redfield (1958) then largely
questioned the couplings between elements in organic matter and their importance
for biogeochemical cycles. In 1986, Reiners first proposed a mechanistic view of
the connections between the elemental composition of organisms, environmental
constraints, and ecosystem processes. This approach has then been successfully tested
into diverse ecosystems, from lakes and rivers to marine and terrestrial ecosystems
(Sterner & Elser, 2002). Despite the apparent generality of ecological stoichiometry
concepts, most studies have been restricted to the plant—herbivore interface. Fewer
studies investigated the importance and the impacts of stoichiometric constraints for
upper trophic levels (predators) and for detritus consumers. While stoichiometric
constraints are expected to be reduced at higher trophic levels due to the higher



3 Stoichiometry of Plant Litter ... 25

elemental quality of resources (animal prey), those arising at the detritus—detri-
tivore interface are expected to be extremely high (Danger, 2020; Evans-White &
Halvorson, 2017; Martinson et al., 2008). Detritus includes all types of dead animals,
dead microorganisms, and dead plant tissues (e.g., dead leaves, dead wood, macro-
phytes, and dead algae), but also faeces and dissolved organic matter excreted or
exuded (e.g., exopolysaccharides, dissolved organic matter, root or leaf exudates;
Moore et al., 2004). Due to the central importance of plant production on Earth,
a large majority of detritus found in ecosystems have a plant origin (Moore et al.,
2004). For numerous vascular plants, plant tissues or substances released as detritus
are particularly nutrient-poor since most plants have long been selected for reab-
sorbing and retaining the most limiting nutrients before detritus release (Killingbeck,
1996; Noodén et al., 1997). In particular, litter of terrestrial plants generally contains
extremely low N and P concentrations (Cross et al., 2005). Stoichiometric constraints
are thus expected to be particularly exacerbated at the detritus—detritivore interface
(Martinson et al., 2008).

Because of their generally concave profiles, aquatic ecosystems are more subject to
inputs of allochthonous organic matter than terrestrial ecosystems (Leroux & Loreau,
2008; Polis & Strong, 1996). In freshwater ecosystems, a dominant proportion of
this organic matter is composed of plant detritus from terrestrial origin, mainly under
the form of large particles (Coarse Particulate Organic Matter, CPOM), such as leaf
litter or dead wood, but also as dissolved organic material originating, for example,
from root exudates or leaf litter leaching (Meyer et al., 1998). The detritus have
long been acknowledged as important or even preponderant resources for freshwater
ecosystem functioning (Lindeman, 1942; Wetzel, 1995). Headwater streams draining
forest catchments, for example, rely for a large part on leaf litter inputs from adjacent
terrestrial ecosystems (Fisher & Likens, 1973; Wallace et al., 1999). Despite their
generally refractory nature and their reduced nutrient contents, detritus largely sustain
the development of aquatic food webs (Wetzel, 1995). Studying the stoichiometric
constraints at the detritus—decomposer interface and their ecological consequences
in freshwater ecosystems is thus of critical importance, and has been the topic of an
increasing number of studies in the past two decades.

Rather than proposing an exhaustive review of all stoichiometric studies carried
out on detritus decomposition in aquatic ecosystems, this chapter will gather diverse
examples of the stoichiometric constraints occurring at the detritus—decomposer
interface in aquatic ecosystems. Detritus will be restricted to leaf litter for simpli-
fication, but stoichiometric constraints will also generally apply for other detritus
types, more or less pronounced depending on the stoichiometric imbalance between
detritus and their consumer (microbial and metazoan detritivores) requirements. This
chapter will thus be constructed by discussing the different steps involving stoichio-
metric processes and ultimately conducting to litter decomposition, from the produc-
tion of leaf litter in the riparian zones of freshwater ecosystems to its incorporation
in aquatic food webs and its potential mass and nutrient recycling in freshwater
ecosystems (Fig. 3.1). Finally, stoichiometric constraints arising between detritus
and decomposers in freshwater ecosystems will then be placed in the context of
current global change, and some perspectives of work will be proposed.
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Leaf litter
. . leaching
Riparian zone

Aquatic ecosystem

Fig. 3.1 Non exhaustive presentation of factors susceptible to affect leaf litter stoichiometry, from
its production in the riparian zone to leaf litter deposition in aquatic ecosystems: (a) riparian plant
identity, leaf litter traits including stoichiometric traits largely differing between species, (b) micro-
bial processes occuring in the vicinity of riparian plant roots, such as nitrogen fixation, (¢) Environ-
mental factors, such as light availability, CO; concentrations, or nutrient levels in soils, (d) predation
or parasitism occuring on green leaves, (e) biological processes occuring at the soil surface (see
text for details and references). Leaf litter can either enter aquatic ecosystem directly (arrow 1)
or indirectly (arrows 2 and 3), after a variable period of decomposition on soil surface. Leaf litter
leaching (arrows 4) will occur quickly in aquatic medium, and might be delayed on soil depending
on weather conditions. This leaching is generally higher for P than for N and C, altering leaf litter
stoichiometry

3.2 From the Riparian Zone to Freshwaters: The
Stoichiometry of Leaf Litter

Litter inputs often represent the main energy and nutrient sources for many forested
aquatic ecosystems (Wallace et al., 1999). These inputs largely vary between biomes
and seasons, ranging from large seasonal inputs in temperate, broad-leaved forests,
to more annually distributed inputs in evergreen or coniferous forests. Also, the
relative abundance of broad-leaved trees, evergreen or coniferous trees can largely
impact instream leaf litter decomposition, especially due to its impacts on litter
inputs seasonality and the overall litter chemistry (Ferreira et al., 2016). To date,
most stoichiometric studies have concerned the litter decomposition of deciduous
broadleaf species in temperate ecosystems, and most examples cited hereafter will
concern this litter category. In any case, in comparison with green leaves, leaf litter
is generally considered as a low stoichiometric quality resource, i.e., containing low
nutrient contents and exhibiting high C:nutrient ratios (Cross et al., 2005; Sariyildiz &
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Anderson, 2005). These high C:nutrient ratios are mainly attributed to plant nutrient
remobilization at abscission (Chapin & Kedrowski, 1983; Killingbeck, 1996; Nooden
et al., 1997). Nevertheless, other parameters have been evidenced as playing a role
in leaf litter elemental composition.

First of all, leaf litter stoichiometry can vary much between species (Hladyz et al.,
2009; Melillo et al., 1982; Ostrofsky, 1997, Figs. 3.1a and 3.2). As an illustration,
litters coming from N-fixing species are known to present, on average, higher N
contents than litters coming from non-fixing ones (Hladyz et al., 2009; Fig. 3.1b).
While alder (Alnus glutinosa, L.) leaves can reach C:N molar ratios as low as 14,
other deciduous species like ash (Fraxinus excelsior, L.) or beech (Fagus sylvatica,
L.) generally exhibit C:N ratios higher than 40 (Hladyz et al., 2009). Such high N
contents in leaf litter of N-fixing plants can be explained by the absence of plant
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Fig. 3.2 Illustration of the elemental imbalance between diverse leaf litters and their potential
consumers, including some common detritivorous invertebrate taxa, bacteria, and fungi. Leaf litter
data include data from deciduous trees (Al: Alnus glutinosa, Fa: Fagus sylvatica, Qu: Quercus
robur, Ac: Acer pseudoplatanus, Co: Corylus avellana, data from Hladyz et al., 2009), conifers
(Ps: Pinus sylvestris, Pi: Picea sp., data from Enriquez et al., 1993), and non-coniferous evergreen
trees (Eu: Eucalyptus globulus, data from Kiffer et al., 2018; 1l: llex aquifolium, data from Hladyz
et al., 2009). Detritivorous invertebrate data correspond to whole body tissue analyses carried out
on some of the dominant taxa in north-eastern France headwater streams (Ga: Gammarus fossarum,
Se: Sericostoma personatum, Pr: Protonemura sp., Po: Potamophylax sp., Le: Leuctra sp., data from
Beck et al., unpublished data). Bacteria and fungi data correspond to microbial cultures of natural
isolates (Mouginot et al., 2014). Note that bacteria and fungi elemental ratios correspond to mean
values and that these values can be highly variable (see Danger et al., 2016)
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limitation by this element and thus an absence or a reduction of N remobilization of
this element prior to abscission. Second, beyond interspecific differences, litter stoi-
chiometry can also widely differ between individuals of a single species. Several envi-
ronmental parameters have been shown to affect plant tissue stoichiometry, such as
climate, CO, concentration, light availability, or nutrient availability in soils (Agren,
2008; Biasi et al., 2017; Graga & Poquet, 2014; Norby et al., 2001; Fig. 3.1c).
Litter stoichiometry then more or less closely relates green leaves stoichiometry
with a general reduction of nutrient contents (McGroddy et al., 2004), the inten-
sity of nutrient decrease depending largely on plant resorption activity (Killingbeck,
1996). From a global viewpoint, litter stoichiometry seems to depend on latitude,
with litters being more P depleted in the tropics than in higher latitudes (Boyero et al.,
2017). Such large scale patterns, generally explained by variations of soil P avail-
ability with latitude, could at least partly drive differences in leaf litter decomposition
already observed with latitude (Boyero et al., 2016; Lecerf & Chauvet, 2008).

Several other parameters have been shown as playing a role in leaf litter stoichiom-
etry. In particular, parasitism or predation occurring on the plant impact its physiology
and can ultimately lead to large changes in leaf litter nutrient contents (Fig. 3.1d). For
example, insects consuming leaves (e.g., galling or mining insects) can greatly change
leaf physiology and metabolism, attacked leaves generally containing higher levels
of nutrients than intact ones (Giron et al., 2016). Grimmett et al. (2012) also showed
that infection of green leaves by a parasitic fungus, Rhytisma spp. (Ascomycetes),
lead to significant increases in leaf litter N and P concentrations that result in higher
leaf litter quality. However, fungal infection can also change other traits of leaf litter,
such as increasing leaf litter polyphenol content and toughness (e.g., Pazianoto et al.,
2019), decreasing leaves palatability for invertebrates and then rendering the impact
of parasite infection on leaf litter decomposition hardly predictable.

Finally, after abscission, leaf litter can follow two different pathways susceptible
to influence leaf litter stoichiometry. First, for riparian trees close to aquatic ecosys-
tems, leaf litter can directly enter aquatic ecosystems (Fig. 3.1, Arrow 1). In that case,
the leaching of most soluble compounds will quickly change leaf litter stoichiometry
(Fig. 3.1, Arrow 4). Leaching generally occurs during the first hours or days after
immersion, leading to large carbon and nutrient losses. Depending on respective
losses of C and nutrients, elemental ratios of leaf litters can vary much. However,
since N and especially P are generally lost in higher amounts through leaching than
C (Maunoury-Danger et al., 2018; Schreeg et al., 2013), leaching most often results
in increases of leaf litters C:N and C:P ratios (Danger, Arce Funck, et al., 2013).
Second, leaf litter can fall on the soil and remain for a variable time in terrestrial
ecosystems before being transferred to aquatic ecosystems (Fig. 3.1e, Arrows 2 and
3). These lateral inputs can be as high as direct leaf litter inputs in small forested
streams (Wallace et al., 1999). Depending on the duration and the context of leaf
litter exposure to soil conditions (e.g., moisture, presence of microbial and inver-
tebrate decomposers), the consequences on leaf litter stoichiometry should largely
vary, influencing in turn the degradability of leaf litter leachates and leaf litter decom-
position in aquatic ecosystems (del Campo et al., 2020). Note also that even if a large
part of carbon and nutrients leached from leaf litter stay in the surrounding terrestrial
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ecosystem, a non-negligible amount of these compounds might ultimately arrive in
aquatic ecosystems, and ultimately be used by microbial decomposers (Meyer et al.,
1998).

3.3 Stoichiometry of Litter Microbial Decomposition
in Freshwaters

When entering the aquatic ecosystem, concomitantly with leaf litter leaching, leaf
litter will be promptly colonized by microbial decomposers (Fig. 3.3a, b).
Microbial decomposers are composed of both aquatic fungi (e.g., aquatic
hyphomycetes) and bacteria. Aquatic fungi are generally considered as the first and
most important leaf litter decomposers in rivers (in terms of both biomass and activity,
e.g., Baldy et al., 1995; Hieber & Gessner, 2002) while bacteria become increasingly
abundant at later stages of litter decomposition. Microbial activity ultimately leads to

Fig. 3.3 Microbial- and detritivore-driven processes affected by or affecting leaf litter stoichiom-
etry. (a) Leaf litter stoichiometry can select for particular taxa of decomposers and microbial activity
progressively changes leaf litter elemental composition, (b) in addition to fungi and bacteria, other
organisms can change leaf litter quality for detritivores, such as protozoans or microalgae devel-
oping on leaf litter surface, (c) detritivores can selectively feed on patches of higher stoichiometric
quality and change the elemental composition of remaining material, (d) leaf litter stoichiometry
will affect not only detritivores growth but also the taxonomic composition of detritivores commu-
nities, altering in turn leaf litter decomposition, (e) microbial and detritivores activity release fine
particles with variable stoichiometry (fungal conidia, leaf litter debris, detritivore faeces, etc.)—see
text for details and references
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direct litter mass loss but is also particularly important for ensuring leaf litter condi-
tioning, i.e., the enhancement of leaf palatability for detritivores (Gessner et al.,
1999). Microbially-conditioned leaf litters generally become softer, more nutritious,
and more palatable to detritivores (Graca, 2001). Despite the central role of micro-
bial decomposers in leaf litter conditioning and decomposition in aquatic ecosystems,
the stoichiometric determinants of their decomposing activity received attention only
recently.

Most studies dealing with aquatic fungi stoichiometry have shown that at the
strain level, fungi are largely non-homeostatic, i.e., they can store large amounts
of nutrients in their biomass, resulting in widely variable mycelium stoichiometry
(Danger & Chauvet, 2013; Danger et al., 2016). This elemental plasticity is especially
important for P, fungal biomass C:N ratios being far much more constrained than
C:P ones (Gulis et al., 2017). Results are more contrasted for bacteria, the degree of
homeostasis varies between bacterial strains (Chrzanowski & Kyle, 1996; Godwin
& Cotner, 2014). However, when considering microbial communities instead of
individual strains, stoichiometric flexibility of microbial biomass seems to be the rule
(Danger et al., 2008). Despite this flexibility, microbial decomposers communities
could present optimal nutrient ratios, i.e., ratios of nutrients in their environment that
maximize their growth and activity (Giisewell & Gessner, 2009). These optimal ratios
may vary with nutrient quantity, and differ between bacteria and fungi, fungi generally
exhibiting higher C:nutrient ratios and more variable nutrient requirements than
bacteria (Danger et al., 2016, Fig. 3.2). Such stoichiometric differences between both
decomposers groups, in addition to different enzymatic capabilities and antibiotic
substance production, might help to explain the dominant role of fungi over bacteria
during the decomposition of extremely high C:nutrient ratio substrates such as leaf
litters (Danger et al., 2016).

While having flexible elemental composition might be essential for microbial
decomposers to decompose high C:nutrient substrates, it remains that microorgan-
isms decomposing leaf litters and dead wood must face extremely high—certainly
amongst the most important on Earth—elemental imbalances (Cross et al., 2005).
From a stoichiometric viewpoint, three main, non-exclusive mechanisms might help
decomposers to cope with these large imbalances (Fig. 3.4).

First, microorganisms can invest an important part of their energy for producing
efficient (N-rich) enzymes aimed at recovering the rare nutrients present in detrital
resources. This is especially true for microorganisms facing P-limiting conditions,
where available N and energy can be invested in the production of large amounts
of phosphatase (Clivot et al., 2013). Second, microorganisms can strongly reduce
their Carbon-Use Efficiency (CUE, i.e., the ratio of microbial growth to total micro-
bial carbon assimilation; see Sinsabaugh et al., 2013) and eliminate a part of C
in excess through higher carbon release via respiratory processes (Manzoni et al.,
2012). Finally, microorganisms can largely use dissolved inorganic nutrients from
their environment to balance their stoichiometric requirements (Cheever et al., 2012;
Howarth & Fisher, 1976). This process, referred as microbial nutrient immobiliza-
tion, will largely participate to commonly observed patterns of nutrient enrichment
of leaf litters during decomposition (Howarth & Fisher, 1976). Inorganic nitrogen
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Fig. 3.4 Roles of microbial decomposers and metazoan detritivores on leaf litter stoichiometry.
Leaching first leads to the release of soluble carbon and nutrients in water. Microbial decomposers
being non-homeostatic, they first immobilize nutrients from the water column to balance their
stoichiometric requirements before mineralizing leaf litter (i.e., producing a net release of mineral
nutrients). During their growth, exoenzymes released by decomposers can lead to large losses
of N-rich compounds. High respiration rates and CO, production can help microorganisms to
balance their stoichiometric requirements. In anoxic conditions, some C and N might also be lost
as CHy or Np/N>O. Finally, metazoan detritivores consume leaf litter more or less conditioned
by microorganisms. Detritivores can be highly selective, feeding on nutrient-rich patches on leaf
litter, permitting to balance their nutrient demand. A part of these nutrients will be retained in
detritivores biomass, and consumers’ metabolism, physiology, and stoichiometry will ultimately
control the amount and stoichiometry of nutrients released under the form of dissolved nutrients or
faeces. Excreted nutrients produced by detritivores can represent a large part of the total leaf litter
remineralization process (a process commonly called the ‘consumer-driven nutrient recycling’).
The repackaging of leaf litter nutrients in fecal pellets can delay the remineralization of nutrients
by detritivores, and the balance between excretion vs. egestion processes might play an important
but understudied role in aquatic ecosystems functioning (see text for details and references)

immobilization from water has been suggested to participate to the increase of fungal
biomass while P would be controlled less homeostatically and stored in microbial
biomass, leading to large variations in the P content of leaf litter decomposers (micro-
bial C:N remaining quite constant when compared to C:P; Gulis et al., 2017; Manning
et al., 2015). Large microbial immobilization capabilities permit to understand the
general stimulatory effect of nutrient availability on litter decomposition (Ferreira
etal., 2015; Gulis & Suberkropp, 2003). This immobilization also leads to reductions
in litter C:nutrient ratios, which will then represent resources of higher stoichiometric
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quality for detritivorous invertebrates (Cross et al., 2003; Danger, Arce Funck, et al.,
2013; see the paragraph 3.4 below). Also, note that these immobilization capacities
can be useful for understanding nutrient availability in aquatic ecosystems, measure-
ments of litter stoichiometry giving interesting indications on nutrient limitations or
imbalances occurring in aquatic ecosystems (Farell et al., 2018).

Finally, through their decomposing activity, microbial decomposers will ulti-
mately participate to detritus mineralization, i.e., the net release of inorganic nutrients
from decomposing detritus (Fig. 3.4). Most of mineralized elements are expected to
remain and be re-used in the aquatic ecosystem but a part might ultimately be lost from
water (at least for C and N, through the release of CO,, CHq4, N; or N,O depending
on environmental conditions, e.g., Beaulieu et al., 2011). Microbial decomposers
are generally considered as large contributors of the nutrient release from leaf litters
in aquatic environments. However, mineralization by microbial decomposers only
occurs when the nutrient concentration in the detritus is in excess of the microbes’
physiological requirements (Webster et al., 2009). Microbial mineralization occur-
rence and intensity will thus be driven by the stoichiometric mismatch between
nutrients available in resources and those required for microorganisms development
(Chérif & Loreau, 2013). In the case of leaf litter decomposition, microbial decom-
posers should first immobilize large amounts of inorganic nutrients from the water
column during their initial active growth (Webster et al., 2009). The demand for nutri-
ents should then peak and decline with microbial biomass when most degradable parts
of the litter have been colonized. Net nutrient release from decomposing leaf litter
should thus occur at a point during decomposition when the stoichiometric demand
for microbial growth has been fulfilled (Cheever et al., 2012; Webster et al., 2009).
Nutrient availability and stoichiometry in both detrital resources and water are thus
supposed to be important drivers of leaf litter decomposition, also controlling the shift
from net immobilization to net mineralization (Giisewell & Gessner, 2009). While
such simple stoichiometric models are attractive, they still lack large experimental
assessments. Reality might appear as more complex in particular since microbial
decomposers are not homeostatic, and since microbial communities can be highly
diversified, including numerous taxa (even primary producers such as benthic algae)
with diverse biological and ecological traits. In particular, predictions of simple stoi-
chiometric models might be largely complexified by community dynamics arising
during leaf litter decomposition, species replacements commonly occurring and
reducing the stoichiometric imbalance between resources and microbial requirements
(Danger et al., 2008; Kaiser et al., 2014).

3.4 Stoichiometry of Metazoan Detritivores

In many aquatic ecosystems, most litter resources are considered as becoming avail-
able for metazoan detritivores consumption when conditioned by microbial decom-
posers (Gessner et al., 1999; Fig. 3.3c). This microbial conditioning is generally
accompanied by an increase in litter stoichiometric quality (see the above Sect. 3.3).
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In contrast with microbial decomposers, metazoans are generally assumed to be quite
homeostatic in comparison with their detrital resources (Cross et al., 2005; Evans-
White et al., 2005). This means that they are able to maintain a quite stable elemental
composition, even when the nutrient concentrations in their food are variable. This
has been confirmed for some detritivorous invertebrate species, both in laboratory
experiments (Danger, Arce Funck, et al., 2013) and in the field (Evans-White et al.,
2005). However, several studies questioned this principle, and some observations
revealed deviations from a strict homeostasis (Cross et al., 2003; Small & Pringle,
2010). Other influencing factors on stoichiometry have indeed been evidenced such
as sex, body size or ontogeny (Halvorson et al., 2015). In all cases, phylogenetic
signals remain important in determining invertebrate stoichiometry (Evans-White
etal., 2005; Gonzalez et al., 2018), and invertebrate taxa elemental compositions are
on average far less variable than those of their resources.

To date, elemental imbalance between resource stoichiometry and consumer
requirements has generally been simply evaluated as the difference between
consumers’ body elemental ratios and those from resources (e.g., Cross et al., 2005,
Fig. 3.2). Yet, by doing this, the metabolic and biochemical costs necessary for a
consumer to process and assimilate the diet are totally omitted (Danger, 2020; Frost
et al., 2006). In particular, carbon loss due to the energetic costs of nutrient assimila-
tion is neglected. Stoichiometric requirements of a metazoan (also called Threshold
Elemental Ratios, TER) can be either evaluated from mathematical models incor-
porating carbon and nutrient assimilation efficiencies, elemental ingestion rates and
mass-specific respiration rates (for details on TERs calculation, see Frost et al.,
2006), or be measured experimentally using controlled resources (Khattak et al.,
2018; Ruizetal., 2020). Nevertheless, even if true consumers’ stoichiometric require-
ments differ from consumers’ biomass elemental composition, these two parameters
generally remain quite proportional (Frost et al., 2006). In addition to the difficulty
of evaluating consumers’ stoichiometric requirements, it is often hard to evaluate
the stoichiometric quality of detritivores’ resources. These organisms are indeed far
more selective than what is generally thought, most detritivorous invertebrates select
for example the highest quality patches on leaf litter surface (Lauridsen et al., 2014).
Measuring the elemental composition of bulk leaf litter might thus sometimes give
erroneous information on actual elemental imbalances undergone by detritivores.

Since leaf litters generally have extremely high C:nutrient ratios, especially the
least microbially-conditioned ones, stoichiometric constraints are expected to be
extremely important for detritivores (Martinson et al., 2008). Using leaf litters
controlled for their elemental contents (using the large P-immobilization capacities of
microbial decomposers), Danger, Arce Funck, et al. (2013) showed that lower detrital
C:Pratios strongly increased the survival and growth of an invertebrate detritivore (the
freshwater crustacean, Gammarus fossarum). Lower stoichiometric constraints were
also associated with significant improvements of invertebrates’ locomotor activity,
energetic status, and reproduction (Arce-Funck et al., 2018; Rollin et al., 2018). Such
findings, already found for herbivorous species, are consistent with the Growth Rate
Hypothesis (GRH), initially proposed by Elser et al. (1996). High growth rates are
associated with high rates of protein synthesis, which require high amounts of P-rich



34 Danger et al.

rRNA, and rRNA often represents a major part of the entire cellular P content (Elser
et al., 2003). The resulting demand for P of fast-growing organisms are generally
displayed in the elemental composition of the body tissue of consumers. Therefore,
organisms with high growth rates (i.e., a high demand for P) generally exhibit low
C:P and N:P ratios, while organisms that grow at slower rates which require less
phosphorus have higher C:P and N:P body stoichiometry (e.g., Main et al., 1997).

At the community level, large elemental imbalances between detritivores’ require-
ments and their detrital resources and their negative impacts on consumers’ life
history traits should have important consequences (Fig. 3.3d). In particular, it might
be expected that taxa exhibiting the largest elemental imbalances will be replaced by
taxa that are better adapted to the stoichiometric conditions. For example, one could
expect that the least homeostatic taxa (i.e., the taxa exhibiting the highest elemental
composition plasticity) would be less impacted by changes in nutrient availabilities.
Cross et al. (2003) showed for example that some taxa were more flexible in terms of
elemental stoichiometry than others, representing a potential mechanism reducing
the intensity of stoichiometric constraints undergone by these taxa. One could also
expect that ecosystems with the highest P concentrations should select for taxa that
have the highest P contents and the lowest body C:P ratios. In the past two decades,
a few experimental approaches were developed to test this hypothesis, using either
in situ gradients of nutrients or ecosystem-level artificial nutrient enrichments. Due to
nutrient immobilization by microbial decomposers (see the above Sect. 3.3), higher
nutrient levels or nutrient enrichments in water are expected to decrease leaf litter C:P
and C:N ratios and thereby increase its quality for detritivorous invertebrates (e.g.,
Cross et al., 2003). Several studies succeeded in showing an impact of resources C:P
ratios on detritivores community structure and the selection of P-rich taxa (Dang
et al., 2009; Evans-White et al., 2009; Prater et al., 2015; Singer & Battin, 2007)
while other studies failed (e.g., Demi et al., 2019). In most studies, shifts in commu-
nity composition were accompanied by shifts in other macroinvertebrate traits. For
example, Cross et al. (2006) and Prater et al. (2015) showed that in nutrient rich
conditions, small and fast-growing taxa were favored and dominated the commu-
nity, while under nutrient-poor conditions, taxa were larger and expressed slower
growth rates. These shifts follow the assumptions of the GRH, as explained above.
Up to now, it is unclear how detritivores’ body stoichiometry is related to other
invertebrates’ functional traits. Some studies already reported differences in body
stoichiometry between different invertebrates’ feeding-groups (Cross et al., 2003;
Evans-White et al., 2005). Developing trait-based approaches on detritivorous inver-
tebrates incorporating stoichiometric traits would certainly help to disentangle the
importance of stoichiometric traits relative to other functional traits (Meunier et al.,
2017).
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3.5 Stoichiometry for Linking Organisms Requirements
to Freshwater Ecosystems Functioning

How and to what extent stoichiometric changes in detritus, decomposers and detri-
tivores affect the overall ecosystem functioning represent an important and partly
unsolved scientific question (Woodward, 2009). The conceptual framework of
ecological stoichiometry could help predict some ecological consequences of stoi-
chiometric imbalances at the ecosystem scale (Fig. 3.4). Stoichiometric models could
in particular help to understand and to predict the role of leaf litters microbial decom-
posers in nutrient mineralization (e.g., Daufresne & Loreau, 2001; Manzoni et al.,
2010), i.e., the net release of inorganic nutrients that could then be rendered avail-
able in ecosystems (see the above Sect. 3.3 for more details). Similarly a release of
stoichiometric constraints for detritivorous invertebrate, potentially associated with
higher detritivores’ feeding rates (Cornut et al., 2015; Flores et al., 2014), will ulti-
mately lead to faster leaf litter mass loss and to increased detritivores’ production
(Cross et al., 2006; Demi et al., 2019; Greenwood et al., 2007). Such increases in
prey production could in turn lead to significant increases in predators’ production
and deeply modify food web structures, as already shown after experimental stream
nutrient enrichments (Cross et al., 2006; Demi et al., 2018; Greenwood et al., 2007).
However, this response seems to partly depend on prey species: when increases
in detritivores production are associated with large shifts in detritivores biological
traits (e.g., changes in prey body size; Davis et al., 2010), detritivores might ulti-
mately be outside the range of suitable/ optimal prey for prevailing predators. In
this case, response of higher trophic levels might be delayed or decoupled from the
stoichiometry-induced increased energy flow through the food web.

Another important input of ecological stoichiometry for understanding the
impact of leaf litter stoichiometry on ecosystem functioning concerns the so-called
Consumer-Driven Nutrient Recycling (Atkinson et al., 2017; Elser & Urabe, 1999).
As discussed earlier, since microbial decomposers first immobilize nutrients from the
water column to fulfill their stoichiometric requirements during leaf litter decompo-
sition, nutrient mineralization often occurs in the latest stages of microbial decom-
position. In numerous ecosystems, leaf litters are consumed by detritivores when
microbial decomposers biomass peak in the decomposing material, i.e., before or at
the beginning of net nutrient release by microorganisms. Thus, detritivorous organ-
isms, through their nutrient excretion, often play a major role in nutrient release
(Fuller et al., 2015; Halvorson et al., 2015). Several studies indicated that the stoi-
chiometry of nutrients excreted was related to the elemental composition of the
consumers (e.g., Vanni, 2002). However, if stoichiometric imbalance between detriti-
vores and detrital resources plays arole in the nature and quantity of nutrient released,
consumers metabolism and body mass also represent central parameters controlling
consumer-driven nutrient recycling (Alves et al., 2010; Vanni & Mclntyre, 2016).

Leaf litter consumers not only release inorganic nutrient in their environment
but also produce some fine detrital particles, store nutrients in their biomass—
depending on their elemental composition—and transform detrital organic matter
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through their digestive activity (Halvorson et al., 2015; Figs. 3.3e, 3.4). Therefore,
in addition to nutrient excretion, these processes also play key roles in ecosystems
functioning. First, nutrients bound in leaf litter consumers biomass can represent
important nutrient sinks that can then be consumed by predators. Also, in the case
of detritivorous insects, a part of the nutrients initially stored in their biomass can be
exported in adjacent terrestrial ecosystems through their emergence from the stream
(e.g., Grimm, 1988). Such nutrient transfers might be important for terrestrial ecosys-
tems functioning, as already pointed out for energy fluxes (Nakano & Murakami,
2001). Finally, during their feeding activity, detritivores eating leaf litters will release
large amounts of fine organic matter particles (up to 80% of detritivore mediated
decomposition; Lépez-Rojo et al., 2018), either under the form of non-ingested frag-
mented parts of leaf litter, or as non-assimilated organic matter into faeces (also
called egesta). Nutrients released as fecal particles instead of excreted, dissolved
nutrients, might in particular represent a major part of the nutrients released by detri-
tivores in their environment (Grimm, 1988; Halvorson et al., 2017). This “nutrient
repackaging” induced by leaf litter consumers could lead to the production of large,
stable sinks of nutrients in aquatic ecosystems (Halvorson et al., 2017). The ratio
of egested to excreted nutrients, which largely depends on detritivores’ physiology
and stoichiometric requirements, represent an understudied but essential parameter
explaining detritivores impacts on ecosystems functioning.

3.6 Conclusions and Main Perspectives of Research

Still in development, the conceptual bases of ecological stoichiometry offers an
interesting frame for the study of litter decomposition. From the understanding of
microbial processes to the construction of ecosystem nutrient budgets, several studies
have proven the great interest of this approach. Litters being most often particu-
larly nutrient-depleted, stoichiometric imbalances are expected to play central roles
in numerous processes related to litter decomposition. The above, non-exhaustive
review of studies dealing with stoichiometric controls of leaf litter decomposition
and their consequences at the individual, community, and ecosystem levels clearly
underlines the great scientific potential of such approaches. It should also not hide
that not all in litter decomposition can be predicted by this quite simple approach,
stoichiometric approaches having their own limits. Below are listed some important
perspectives of research that might deserve more attention in the future, as well as
some complementary approaches that might help to refine or to broaden ecological
stoichiometry results.
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3.6.1 Complementary Nutritional Constraints for Litter
Decomposition

As described above, ecological stoichiometry is mainly a bottom-up approach trying
to relate nutritional constraints to their consequences at different levels of biological
organization, from individuals to communities and ecosystems. Nevertheless, other
nutritional limitations might occur in aquatic ecosystems, these ones potentially inter-
acting or interfering with stoichiometric constraints. Among the long list of nutri-
tional constraints that have been discussed for litter decomposition, early studies dealt
with leaf litter toughness and microbial conditioning (Barlocher & Kendrich, 1975;
Kaushik & Hynes, 1971). Thick and hard tissues of freshly fallen leaf litter have been
proposed as being hardly consumable by most detritivores. Through their enzymatic
activity, microbial decomposers strongly change litter biochemical composition and
decompose a part of refractory carbon compounds (Suberkropp et al., 1976), leading
to softer leaf litter tissues and higher litter consumption rates by detritivores (Kaushik
& Hynes, 1971). Such changes are generally accompanied by large changes in leaf
litter palatability for detritivores, some aquatic fungi making leaf litter more attrac-
tive—or sometimes more repellent—to detritivorous invertebrates (Suberkropp et al.,
1983). More recent works also showed that leaf litter conditioning leads to impor-
tant shifts in litter lipidic profiles, increasing for example the abundance of some
sterols and some long chain polyunsaturated fatty acids (Arce-Funck et al., 2015;
Torres-Ruiz & Wehr, 2010). All these changes in leaf litter quality co-varying with
stoichiometric indices, it is sometimes hard to disentangle the effects of stoichiometry
and those from other nutritional constraints. One way to limit the occurrence of such
confounding factors is to experimentally control leaf litter stoichiometry by acting
on nutrient immobilization by leaf litter decomposers during short-term nutrient
pulses (Danger, Arce Funck, et al., 2013). Another potentially important research
avenue would be to investigate the co-limitations probably occurring during leaf
litter decomposition, by using gradient approaches (as already suggested for herbi-
vores: Danger, 2020; Sperfeld et al., 2016). Finally, it must also be noted that contrary
to detritivores that are quite well characterized in terms of nutritional requirements,
far less is known for microbial decomposers. Some studies evidenced that micro-
bial decomposers might have “optimal N:P ratios” maximizing their decomposing
activity (Giisewell & Gessner, 2009). One could expect that microorganisms activity
is also potentially co-limited by other micronutrients (Garcia-Palacios et al., 2016;
Powers & Salute, 2011) or biochemical compounds lacking in their environment, as
suggested for example by the observed positive effects of phytosterol additions on
aquatic fungi growth in laboratory cultures (Gessner & Chauvet, 1993). However,
such investigations remain rare for microorganisms, with most approaches being
generally restricted to carbon degradability and N and/or P availability.
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3.6.2 Stoichiometric Interactions with Other Organisms

Leaf litter decomposition studies in aquatic ecosystems have been generally restricted
to the evaluation of the respective roles of microbial decomposers and metazoan detri-
tivores (Gessner et al., 1999). However, detritus-based food webs might be far more
complex than simply considering these two groups of organisms (Fig. 3.3b). Among
the far less studied organisms, protozoans have been shown as playing non-negligible
roles in the fate of leaf litter in aquatic ecosystems, most often stimulating microbial
activity and leaf litter decomposition (Ribblett et al., 2005; Risse-Buhl et al., 2012).
Microalgae developing on leaf litter surface, through their release of labile carbon
exudates, have also been shown to affect leaf litter decomposition. Depending on
environmental conditions, such as light intensity or nutrient levels, the present algae
might stimulate (Danger, Cornut, et al., 2013; Pope et al., 2020) or reduce micro-
bial activity (Halvorson, Barry, et al., 2019, see Halvorson, Francoeur, et al., 2019
for a meta-analysis). These observations might be the results of complex priming
effects, i.e., release of energetic limitations and/or shifts in C-sources utilization
following C release by living primary producers that may also be partly controlled
by stoichiometric constraints (Guenet et al., 2010). In addition to bringing essential
fatty acids for detritivores (Crenier et al., 2017), microalgae development might thus
greatly influence leaf litter decomposition. Brown and green food webs thus largely
interact and ultimately influence stoichiometric processes and litter decomposition
(Evans-White & Halvorson, 2017). The presence of top-predators might also directly,
through their top-down control (Jabiol et al., 2014), or indirectly, through changes
in detritivores behavior and elemental requirements (Hawlena et al., 2012), alter the
stoichiometric balances at play during litter decomposition. Finally, a last illustration
of the importance of taking into account the whole complexity of aquatic food webs
for leaf litter decomposition concerns the observed stimulatory effect of flat worms
on leaf litter decomposition (Majdi et al., 2014). Flatworms were indeed shown to
accelerate litter decomposition through positive effects on microbial decomposers.
Developing stoichiometrically explicit models of aquatic food webs, including their
whole complexity, might thus represent an important research perspective for a deeper
understanding of litter decomposition. This would also certainly represent an impor-
tant pre-requisite for understanding ecological services rendered by detritus-based
headwater streams to adjacent ecosystems and downstream habitats (e.g., Piccolo &
Wipfli, 2002).

3.6.3 Stoichiometry of Litter Decomposition in a Changing
World

In addition to its fundamental interest, the study of the different stoichiometric aspects
of leaf litter decomposition appears as especially important when considering the
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emergency of predicting ecosystem responses to ongoing global changes. In partic-
ular, human-induced alterations of nutrient biogeochemical cycles tend to totally
imbalance global nutrient stoichiometry (Elser et al., 2009; Penuelas et al., 2013).
Such global changes in the relative abilities of nutrients in ecosystems, in associa-
tion with other parameters of global changes, might change ecosystem processes in
very complex ways (Cross et al., 2015). In particular, current temperature increase
in ecosystems might change consumers’ stoichiometric requirements concomitantly
with changes in nutrient availabilities, rendering predictions far more complex than
when considering parameters of global changes independently. For example, recent
theoretical developments showed that ectotherm metazoans see their optimal C:P
ratio decrease then increase with temperature due to partly decoupled stimula-
tions of animals metabolism and growth (Ruiz et al., 2020). Predictions for micro-
bial decomposers are much more complex since results seems to depend on the
degree of control exerted on microbial decomposers (e.g., totally controlled micro-
cocosms, Ferreira & Chauvet, 2011a vs. semi-controlled mescocosms conditions,
Gossiaux et al., 2020). Understanding and predicting nutrient requirements of micro-
bial decomposers seems thus to represent an important perspective of work. In addi-
tion, increases in CO, concentrations might reduce leaf litter stoichiometric quality
but also chemical quality for leaf litter decomposers (Tuchman et al., 2002), even if
temperature increase might sometimes play a greater role on litter decomposition than
CO;-induced litter quality changes (Ferreira & Chauvet, 2011b). Pollutants can also
reduce litter decomposition through their impacts on microbial decomposers (Arce-
Funck, Clivot, et al., 2013), metazoan detritivores (life history traits, feeding activity,
physiology: Arce-Funck, Clivot, et al., 2013; Arce-Funck, Danger, et al., 2013; Arce-
Funck et al., 2018; Felten et al., 2008) and food quality (Arce-Funck, Danger, et al.,
2013), selecting the traits of the tolerant species (including stoichiometric traits).
Ecological stoichiometry offers the conceptual basis for understanding the conse-
quences of the impacts of pollutants (leaves decomposition, organisms, community)
on food webs, biogeochemical cycles (stocks and fluxes), and ecosystem functioning
(Danger & Maunoury-Danger, 2013).

3.6.4 More Conceptualization to Disentangle Stoichiometric
Controls and Other Mechanisms at Play

As a general conclusion of this chapter, it must be reminded that litter decompo-
sition in aquatic ecosystems is definitely a multifactorial process, and that stoi-
chiometric constraints represent one factor, among others, which can control litter
decomposition. As already underlined for ecological processes occurring at the
herbivores-primary producers interface, our predictions of litter decomposition might
greatly gain from merging the different conceptual models that are currently avail-
able. For example, Sperfeld et al. (2017) proposed to relate the nutritional geom-
etry and the ecological stoichiometry frameworks, since both approaches appear
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as largely complementary. The first approach generally considers the differently
sized categories of food components such as macronutrients (proteins, carbohy-
drates and lipids) and the consequences of their imbalance on consumers’ behaviors
or fitness (Simpson & Raubenheimer, 2012). The second approach, ecological stoi-
chiometry, more directly relates nutritional constraints to ecosystem functioning.
Bridging these frameworks together could permit making ecological stoichiom-
etry more accurate by considering the true nature of molecules behind their C,
N, and P content, while nutritional geometry studies could more closely relate to
ecosystem processes. Another promising approach would consist in merging the
metabolic theory of ecology and ecological stoichiometry. This might indeed help
understanding the carbon metabolism and nutrient requirements of both microbial
decomposers and metazoan detritivores, permitting in turn to predict community
structures and ecosystem processes (Ott et al., 2014; Ruiz et al., 2020). This might
be particularly valuable when considering changes in organisms’ sizes or responses
to temperature increases. It has also been recently proposed to extend the niche
concept to stoichiometric niches (Gonzélez et al., 2017). Such an approach permits
to easily visualize elemental composition and variability of different taxa, helping
for example to anticipate some phylogenetic differences between consumer require-
ments. Finally, the development of a trait-based approach of ecological stoichiom-
etry (sensu Meunier et al., 2017) would certainly be useful for predicting microbial
decomposers and detritivores community structures in response to litter stoichiom-
etry. This could also allow to more closely relate stoichiometric traits of taxa with
other functional traits, and ultimately broaden our understanding of functional conse-
quences of species shifts in ecosystems. This list is obviously non-exhaustive, but
should definitely help to deepen our understanding of litter decomposition and permit
to predict its underlying causes and its consequences for aquatic ecosystems.
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Global Patterns of Plant Litter oo
Decomposition in Streams

Luz Boyero, Mark O. Gessner, Richard G. Pearson, Eric Chauvet,
Javier Pérez, Scott D. Tiegs, Alan M. Tonin, Francisco Correa-Araneda,
Naiara Loépez-Rojo, and Manuel A. S. Graca

Abstract Understanding ecological patterns and processes at the global scale is
becoming increasingly important in view of the rapid pace of environmental change
and consequent impacts on ecosystems. This chapter reviews current knowledge
about how plant litter decomposition—a key stream ecosystem process—and its
major biotic and abiotic drivers vary globally along geographic gradients. The
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evidence available suggests that thermal regime is the main factor influencing micro-
bial decomposition rate, which tends to increase with temperature. The presence or
absence of litter-consuming detritivores is a major determinant of overall decom-
position rate, the scarcity of these invertebrates being a common pattern in trop-
ical streams. However, relating detritivore-mediated decomposition rates to environ-
mental factors is complex, because of the interplay between detritivore abundance,
body size distribution, diversity and community composition, as well as plant litter
traits and diversity, all of which are influenced by climate, geology and biogeog-
raphy. Meta-analyses and a growing number of coordinated large-scale studies have
greatly enhanced our understanding of geographical variation of litter decomposition
in streams, and have enabled first projections of how climate warming and a range
of other aspects of global environmental change will affect the process.

4.1 Introduction

The extent of the total stream network globally is estimated at 88 million km
(Downing, 2012), a length equivalent to 200 times the distance from Earth to the
moon. Many of these streams receive plant litter from riparian vegetation, which is
deposited in the stream channel, partly transported downstream and partly used and
decomposed by microbial decomposers and litter-consuming detritivores. Indeed,
terrestrial plant litter represents the single most important source of carbon (C) and
nutrients to many streams (Wallace et al., 1997). This is particularly true for streams
surrounded by dense riparian vegetation, which not only provides abundant litter
but also limits instream primary production (Vannote et al., 1980). Once entrained
in stream channels, litter is broken down as a result of several processes occurring
simultaneously (Gessner et al., 1999), including physicochemical processes (i.e.,
leaching of soluble litter constituents and fragmentation by shear stress and abra-
sion) and biological processes (i.e., decomposition mediated by microorganisms and
litter-consuming detritivores). As a consequence, C compounds and nutrients are
released and may be incorporated into stream food webs (Marks, 2019; Webster &
Benfield, 1986), lost downstream, or emitted to the atmosphere as carbon dioxide
(CO3,), methane (CHy), or other gases after further biogeochemical transformations
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(e.g., molecular nitrogen, Nj; nitrous oxide, N,O) (Battin et al., 2009; Mulholland
et al., 2008). Uncovering the global patterns of these processes is important in order
to quantify the role of stream ecosystems in global C and nutrient budgets, and to
understand the hierarchy of factors governing rates of decomposition.

4.2 Assessing Global Patterns to Inform About Global Change

An understanding of large-scale variation in the patterns of litter decomposition in
streams can provide insights into major ecosystem consequences of global environ-
mental change. Clearly, global change is affecting ecosystems worldwide at unprece-
dented rates, with strong impacts on biodiversity and ecosystem functioning and
potential impairment of ecosystem services to humans (IPCC, 2014; Vitousek et al.,
1997). Corvalan et al. (2005) advocated that special attention be given to fresh waters
as the most threatened ecosystems on Earth, with any change in their functioning
likely altering provisioning, regulating and supporting ecosystem services. Among
the large-scale changes imposed on ecosystems, those related to climate have been
most prominently examined, and many are well documented and of serious concern.
The periodically published reports of the Intergovernmental Panel on Climate Change
(IPCC) have provided increasingly compelling evidence that anthropogenic emis-
sions of greenhouse gases to the atmosphere cause global warming and alter precip-
itation patterns in many parts of the globe, and that these trends are projected to
continue in the future (IPCC, 2018).

The general global warming trend, although not uniform in magnitude across
biomes and regions, is unique in Earth’s recent history (Neukom et al., 2019). Its
consequences on ecosystems are not easy to study, but substituting space (across
broad temperature gradients) for time has been widely used as a proxy approach
to project changes in the structure of biological communities and fluxes of matter
and energy in response to climate change (Pennings & Bertness, 1999). Limitations
of this approach include influences of latitudinal changes in other environmental
factors, whether related to temperature variation or other causes, including the phys-
ical setting of landscapes, water chemistry and biodiversity patterns (Willig et al.,
2003). However, these limitations may not apply when temperature changes cause
range shifts of species, as has been reported for plants, fishes and plankton (Deutsch
et al., 2008; Mohseni et al., 2003; Pitelka & Group, 1997). Additionally, evolu-
tionary responses to altered temperature regimes by species are to be expected (e.g.,
De Meester et al., 2018), although little pertinent information is currently avail-
able for stream organisms (Haase et al., 2019). Such range shifts and adaptations
of species need to be incorporated into models designed to assess impacts of global
environmental change on ecosystem structure and processes. For the process of litter
decomposition in streams, this applies especially to riparian vegetation, microbial
decomposers and litter-consuming detritivores.
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4.3 Approaches to Determining Global Patterns

A variety of complementary approaches have been used to determine patterns and
the underlying drivers of decomposition at large scales, ranging from regional to
continental and global. This has included direct comparisons of litter decomposi-
tion between two or three regions that differ climatically (e.g., Ferreira et al., 2012;
Gongalves et al., 2000) or geographically (e.g., Camacho et al., 2009), as well as
comprehensive literature reviews (e.g., Marks, 2019; Tank et al., 2010; Webster
& Benfield, 1986). Two approaches have been particularly valuable in providing
insights into large-scale geographical patterns in litter decomposition. First, meta-
analyses and data syntheses have proved powerful in detecting and quantifying influ-
ences of particular environmental drivers, including factors affected by global change
(Ferreira et al., 2015; Follstad Shah et al., 2017; Zhang et al., 2019). Second, coordi-
nated distributed experiments at global or continental scales have been increasingly
initiated over the last decade (Boyero et al., 2016; Boyero, Pearson, Gessner, et al.,
2011;Handaetal.,2014; Tiegs etal., 2019; Woodward et al., 2012) and have provided
invaluable comparative information. This includes the recognition that decomposi-
tion rates of different litter types vary with latitude, as do the roles of microorganisms
and detritivores, despite high spatial variability (Fig. 4.1).

A key advantage of coordinated distributed experiments over literature-based
meta-analyses for quantifying effects and pinpointing mechanisms is the opportu-
nity to employ consistent protocols, and even identical materials (Boyero & Pearson,
2017), at a wide variety of locations (Fraser et al., 2013). This methodological stan-
dardization eliminates important sources of variation and hence enhances statistical
power of hypothesis tests to facilitate detection of effects and generalities (Pennings
& Bertness, 1999). The first coordinated study indicating temperature effects on
litter decomposition in streams along a latitudinal gradient was conducted by Irons
et al. (1994), although the experiments were restricted to three sites across North
and Central America, with the possibility that any observed pattern was confounded
by factors other than temperature. However, more comprehensive studies with sites
distributed across all continents except Antarctica (e.g., Boyero, Pearson, Gessner,
et al., 2011) have reached similar conclusions (see below).

Ideally, global assessments are made through large coordinated networks of
researchers (e.g., GLoBE, 1000IRES, CELLDEX networks; Boyero & Pearson,
2017). This approach allows framing questions as hypotheses derived from previous
observations at multiple sites, which can then be tested by employing iden-
tical methods. The approach has its own difficulties, however, including disparate
geographic representation and effective coordination of teams and a lack of effective
funding mechanisms for international networks. Nevertheless, multiple standardised
global studies of litter decomposition in streams have been completed in recent years
(Fig. 4.2), starting with publications based on a modest number (~25) of globally
distributed sampling sites (Boyero et al., 2016; Boyero, Pearson, Dudgeon, et al.,
2011). These studies have identified consistent global patterns in decomposition
(Fig. 4.1) and provided insights into the influence of climatic and other environmental
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Fig. 4.1 Latitudinal variation in temperature-corrected decomposition rates (k per degree day)
reported in several global studies. Light grey lines represent microbial decomposition of litter
or cotton strips and dark grey lines represent total litter decomposition mediated by both
microorganisms and detritivores; > and p-values of linear regressions are shown
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Fig. 4.2 Map showing locations of regions included in global decomposition studies (extracted
from Boyero et al., 2021; Follstad Shah et al., 2017; LeRoy et al., 2019; Tiegs et al., 2019;
Zhang et al., 2019; blue, green, orange and red colours represent latitudinal bands (respectively:
polar/subpolar, >60° temperate, 35-60°; subtropical, 23.5-35°; and tropical, 0-23.5°) and yellow
represents Mediterranean regions within temperate or subtropical areas
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variables on the process. Handa et al. (2014), working at 20 sites in five regions in
Europe and South America, highlighted the possible consequences of biodiversity
loss on litter decomposition, while at a larger scale Tiegs et al. (2019) were able
to sample approximately 500 riverine and 500 riparian sites using a standardized
substrate (cotton strips) and simple procedures to identify patterns and drivers of
microbial decomposition globally. Such studies have been undertaken in environ-
ments sharing major characteristics, apart from geographic location; nevertheless,
they can still display notable variability (Boyero, Pearson, Gessner, et al., 2015).

Following Boyero, Pearson, Gessner, et al. (2011), subsequent large-scale studies
on litter decomposition in streams have focused on the importance of water tempera-
ture and climate warming (Follstad Shah et al., 2017), litter traits (Boyero et al., 2017;
Garcia-Palacios etal.,2016; Zhanget al.,2019), plant phylogeny (LeRoy et al.,2019),
detritivore diversity (Boyero, Pearson, Dudgeon, et al., 2011; Boyero, Pearson, et al.,
2012; Boyero, Pearson, Swan, et al., 2015), plant diversity (Handa et al., 2014), and
biotic and abiotic drivers generally (Boyero et al., 2016; Tiegs et al., 2019). Themes
have expanded to include the impacts of exotic plant species, typically examined at
the regional scale (e.g., Boyero, Barmuta, et al., 2012), although a large-scale study
on the impact of Eucalyptus introductions on decomposition in streams was under-
taken across a broader geographical area (South America and Europe; Ferreira et al.,
2018). The importance of microorganisms on decomposition has long been recog-
nised both regionally and globally (e.g., Boyero, Pearson,Gessner, et al., 2011), and
knowledge has expanded with the global investigation by Seena et al. (2019) into
the diversity of fungi colonizing litter. Most commonly, studies have focused on
perennial headwater forest streams (Fig. 4.3), removing much of the environmental
variation that is characteristic of stream ecosystems (e.g., natural non-forest streams;
Tonin, Goncalves, et al., 2017). However, growing attention is given to global assess-
ments of non-perennial streams (Datry et al., 2018; Shumilova et al., 2019), adding
to our understanding of processes in contrasting stream environments.

4.4 Distinguishing Decomposition Pathways

Once entrained in a stream, litter is rapidly colonized by a diverse array of microor-
ganisms, particularly aquatic fungi, which account for 60-99% of microbial biomass
in litter decomposing in streams (Gessner, 1997; Kuehn, 2016), as well as by litter-
consuming detritivores (Graga, 2001; Marks, 2019). The process of microbial litter
colonization is often called ‘conditioning’ (Cummins, 1974), which involves the
modification of the leaf matrix and enhancement of leaf palatability for the detri-
tivores (Gessner et al., 1999). Aquatic hyphomycetes are effective in both roles
through, first, the production of extracellular enzymes that rapidly degrade complex
litter constituents and, second, the production of microbial biomass containing essen-
tial nutrients for detritivores that are in short supply in the litter (Barlocher &
Kendrick, 1975; Marks, 2019).
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Fig. 4.3 Examples of streams from around the world where decomposition studies have been
conducted. (a) Ecuador (0°); (b) French Guiana, France (4 °N); (¢) Queensland, Australia (19 °S);
(d) Chile (37 °S); (e) Spain (37 °N); (f) Switzerland (46 °N); (g) Germany (54 °N); (h) Alaska,
USA (56 °N); (i) Iceland (64 °N). Photos by J. Schreckinger (a, with permission), M. Schindler (b,
with permission), L. Boyero (¢, e), F. Correa-Araneda (d), M. O. Gessner (f), D. S. Finn (g, with
permission) and S. D. Tiegs (h, i)
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There is evidence that the fate of litter entering streams can differ depending on the
relative importance of microbial and detritivore-mediated decomposition. Decom-
position driven by fungi in streams, best understood through the study of aquatic
hyphomycetes, involves the mineralization of a large fraction of the litter into CO,
(Baldy et al., 2007; Suberkropp, 1991) and presumably other inorganic compounds.
Notable amounts of dissolved (Meyer et al., 1998) and fine-particulate (Suberkropp
& Klug, 1980) organic C and nutrients are also released (Gessner et al., 1999), espe-
cially as a result of effective litter maceration by fungal pectinases (Suberkropp &
Klug, 1980). Similarly, detritivores can be extremely important agents driving litter
decomposition (Wallace & Webster, 1996). By ingesting, digesting and egesting the
organic matter, they transform part of the litter into biomass, not unlike the conversion
of litter by microbes (Suberkropp et al., 2010), while simultaneously releasing CO,
and mineral nutrients (Iversen, 1979). Moreover, the litter consumed by detritivores
is fragmented during gut passage, resulting in the release of strikingly large amounts
of fine-particulate organic matter (FPOM), which is a staple food source for many
other animals (Wallace & Webster, 1996).

The relative proportions of these transformation products are likely to vary with
litter recalcitrance and environmental context (e.g., temperature, nutrient availability,
geochemistry, water pollution; Marks, 2019). Outcomes will also depend on the
extent to which microbial decomposers and detritivores interact. If, for example, the
microbial conditioning of litter is insufficient to narrow the typically large carbon-
to-nitrogen (C:N) and carbon-to-phosphorus (C:P) ratios of the plant tissue (Graga,
Ferreira, et al., 2015), detritivores will defecate a large portion of the ingested mate-
rial as FPOM (Manzoni et al., 2010). Or, when detritivores rapidly crop the microbial
biomass developing on decomposing litter, the contribution of microbes to decom-
position will be small, even when conditions for microbial growth are favourable
(Robinson et al., 1998). Thus, streams can experience very different rates of decom-
position, resulting in spatial variation that will influence the global patterns of the
process. Even when overall decomposition rates are similar, marked differences in
decomposition pathways and resource-use efficiency could still occur, depending
on whether microbial or detritivore-mediated decomposition dominate and which
decomposition pathways prevail (Boyero, Pearson, Gessner, et al., 2011).

4.5 Global Patterns and Drivers of Microbial
Decomposition

Microbial decomposition often constitutes a substantial fraction of the total amount
of litter decomposed in streams (Hieber & Gessner, 2002; Webster & Benfield,
1986). While the contribution of microorganisms to litter decomposition is not
homogenously distributed across the planet, it shows predictable large-scale patterns
across biomes and latitudinal gradients. Graga, Ferreira, et al., (2015) reviewed
these patterns using the hierarchical conceptual framework proposed by Royer and
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Minshall (2003), and identified multiple factors, from local to global scales, influ-
encing decomposition rates and the relative role of microbial decomposers and
detritivores.

Among these factors, temperature stands out as a main driver of microbial decom-
position and can explain much of this variability through its influence on metabolic
rate (Brown et al., 2004). Thus, low-latitude streams (i.e., those in tropical and
subtropical areas at latitudes between approximately 0 and 35°) generally show the
highest microbial decomposition rates (Boyero, Pearson, Gessner, et al., 2011; Irons
et al., 1994). However, variation within the tropics and subtropics is high (Boyero,
Pearson, Gessner, et al., 2015; Tiegs et al., 2019), partly due to large variation in
temperature across altitudinal gradients (Encalada et al., 2019). Furthermore, the non-
limiting role of temperature for decomposition in many tropical streams raises the
relative importance of other environmental factors such as nutrient availability or pH
(Tiegsetal.,2019). Athigh latitudes, in contrast, low temperatures impose constraints
on microbial activity, so microbial decomposition is slow and more consistent across
cooler areas of the planet (Tiegs et al., 2019). The critical role of temperature is
corroborated by results of studies quantifying decomposition rates per degree day
(rather than per day), an approach that removes the effect of temperature and facil-
itates examining the influence of other factors (Gessner & Peeters, 2020). Thus, a
global study showed no latitudinal gradient in microbially mediated litter decom-
position rates expressed per degree day (Boyero, Pearson, Dudgeon, et al., 2011;
but see Follstad Shah et al., 2017), and the latitudinal gradient found in cotton-strip
decomposition became much less pronounced when examined on a per-degree-day
basis (Tiegs et al., 2019).

A second factor varying at large scales and strongly influencing microbial decom-
position is litter quality, involving tissue concentrations of nutrients and secondary
compounds and leaf physical structure (e.g., toughness). Tropical streams often
receive litter inputs of lower quality than their high-latitude counterparts (Boyero
et al., 2017; Wantzen,Wagner, Suetfeld, et al., 2002). This includes lower concen-
trations of nutrients, especially P, which is probably related to the commonly low
nutrient content of tropical soils (Alvarez-Clare & Mack, 2011) resulting from their
old age (i.e., longer weathering) and high rates of nutrient leaching (Reich & Oleksyn,
2004), despite an efficient P resorption by tropical plants (Yuan & Chen, 2009). More-
over, litter with lower nutrient content is also often richer in refractory structural and
potentially inhibitory secondary compounds, reflecting defenses against herbivory
(Boyero et al., 2017; LeRoy et al., 2006). Litter quality tends to be low in semi-arid
and arid zones of the planet, which occur mostly at latitudes between 30° and 40°
in the northern and southern hemispheres (i.e., Mediterranean regions and deserts),
where leaves are often leathery and have thick cuticles (Gallardo & Merino, 1993).
However, many riparian plants could be exceptions to this rule as they are close
to a source of water and, potentially, nutrients (Smith et al., 1998). Lastly, while
broadleaf litter quality increases with latitude (Boyero et al., 2017), boreal forests
are dominated by conifers characterized by highly recalcitrant litter, and beyond 60°
of latitude (i.e., the tundra) few trees are found, so litter inputs to streams are scarce
and mostly composed of grasses and bryophytes (Peterson et al., 1986).
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Nutrients dissolved in stream water represent another important environmental
factor governing differences in spatial patterns of microbial decomposition in streams
(Suberkropp & Chauvet, 1995). Aquatic hyphomycetes can readily retrieve nutri-
ents from water (Suberkropp, 1998), indicating that decomposition of litter can be
enhanced in nutrient-rich waters, particularly when litter nutrient concentrations are
low (Jabiol et al., 2019; Tonin, Boyero, et al., 2017). To date, however, data are
insufficient to assess the repercussion globally, because water chemistry is influ-
enced by an array of factors, including not only geology and soil quality, but also the
degree of human intervention. Nevertheless, evidence from a comprehensive meta-
analysis (Ferreira et al., 2015) and a coordinated experiment at the continental scale
(Woodward et al., 2012) suggests that global effects are likely to be important.

The effectiveness of microbial decomposition is also affected by seasonality,
which not only determines the timing of litter inputs but also temperature and stream-
flow regimes (including the occurrence of floods and droughts), which vary glob-
ally. Hydrological variability may be high in the tropics, either day to day near the
equator (Yule & Pearson, 1996), or seasonally in other tropical areas, and floods
reduce litter availability (Graga, Ferreira, et al., 2015). Seasonality is also critically
important at mid latitudes (*35-50°), where most research on decomposition has
been conducted to date. Studies at mid latitudes have generally taken place during
and shortly after peak litter fall in the autumn and early winter as the most relevant
season for decomposition to occur naturally. At higher latitudes, seasonal fluctua-
tions are also high, but litter inputs are more variable, ranging from distinctly seasonal
to irregular throughout the year (Benfield, 1997), although much less information
on seasonal influences on litter decomposition in streams is available from these
latitudes.

Microbial decomposition can be related to the biomass and productivity of aquatic
hyphomycetes (Gessner & Chauvet, 1994), as well as their diversity and sporulation
rate (Pérez et al., 2012). Contrasting with the general trend of increased biological
diversity towards the tropics (Willig et al., 2003), aquatic hyphomycete diversity
peaks at mid latitudes (Duarte et al., 2016; Jabiol et al., 2013; Seena et al., 2019),
and is often low in streams outside the temperate zones (Graga, Hyde, et al., 2015).

4.6 Global Patterns and Drivers of Detritivore-Mediated
Decomposition

Shredders, defined as invertebrates with mouthparts capable of cutting and chewing
litter (Cummins et al., 1989), are a key functional feeding group in forested head-
water streams (Vannote et al., 1980; Wallace et al., 1997). Here we extend the
group of invertebrates exploiting leaf litter in streams, referring more generally to
litter-consuming detritivores, which include taxa that may be classified in functional
feeding groups other than shredders but may nonetheless feed on litter and thus
contribute to decomposition (Boyero et al., 2020).
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Many local studies conducted in temperate climates have reported high abun-
dances and taxonomic richness of litter-consuming detritivores, and large contribu-
tions to total decomposition (20-60% of total litter mass loss; Andrushchenko et al.,
2016; Bruder et al., 2014; Cuffney et al., 1990; Graga, 2001; Hieber & Gessner, 2002;
Pascoal et al., 2005; Woodward et al., 2012). In contrast, studies from tropical areas
have reported a wide variety of results: while most have emphasized a paucity of litter-
consuming detritivores and low detritivore-mediated decomposition rates (<10% of
total litter mass loss; Bruder et al., 2014; Dobson et al., 2002; Gongalves et al., 2007;
Ironsetal., 1994; Pettitetal., 2011; Rueda-Delgado et al., 2006; Tenkiano & Chauvet,
2018; Zaniga-Céspedes et al., 2018), others have found numbers of litter-consuming
detritivores similar to those of streams in temperate regions, with important contri-
butions to decomposition (Cheshire et al., 2005; Encalada et al., 2010; Fugere et al.,
2018; Graca & Cressa, 2010; Jinggut & Yule, 2015; Masese et al., 2014; Tonin, Hepp,
et al., 2018; Yule et al., 2009).

The large variability in the abundance and richness of these detritivores across
tropical streams reported from local investigations has been further supported by
global studies that have used identical methods across multiple sites (Boyero,
Pearson, Dudgeon, et al., 2011; Boyero, Pearson, et al., 2012; Boyero, Pearson,
Gessner, et al., 2015). Nevertheless, these studies have typically reported litter-
consuming detritivore abundance and richness more than two-fold higher in
temperate than tropical streams. Similarly, despite high variability in detritivore-
mediated decomposition rates, global studies have demonstrated an overall increase
with latitude (Boyero et al., 2016; Boyero, Pearson, Dudgeon, et al., 2011; Follstad
Shah et al., 2017), confirming earlier results based on studies conducted at a restricted
number of sites (Irons et al., 1994).

Several explanations have been invoked for the latitudinal gradient in detriti-
vore numbers. First, many typical litter-consuming detritivores are evolutionarily
adapted to cool waters, and may be scarce in the tropics because of limited toler-
ance to elevated temperature (Boyero, Pearson, Dudgeon, et al., 2011). The key role
of temperature is supported by the observation that, along altitudinal gradients in
some tropical areas, detritivore abundance and richness are greater at cooler sites
at high altitudes (Yule et al., 2009). Moreover, cool water at high latitudes reduces
microbial activity, possibly allowing litter to persist in streams for extended periods,
especially if temperatures below freezing point prevent flushing by high streamflow,
thus providing more reliable resources for litter-consuming detritivores to flourish
(Dobson et al., 2002; Irons et al., 1994). However, low temperatures may not be
advantageous if microbial conditioning is essential for detritivore feeding (Graga,
2001).

Second, seasonality may affect detritivore-mediated decomposition through
effects on litter availability much more than microbial decomposition, because life
cycles of invertebrates are longer and more complex. Flood disturbances can deplete
streams from litter and result in unfavourable conditions to detritivores relying on this
resource (Coughlan et al., 2010; Graca, Hyde, et al., 2015; Wantzen & Wagner, 2006;
Yule, 1996). However, there are indications that stream detritivore communities can
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quickly recover after floods (Wootton et al., 2018), and floods are not necessarily
more frequent in the tropics than at higher latitudes (Winterbourn et al., 1981).

Third, litter quality tends to decrease towards the equator, as reported by several
local studies (Coley & Barone, 1996; Dobson et al., 2002; Stout, 1989; Wantzen,
Wagner, et al., 2002; Marquis et al., 2012) and a global study examining 151 riparian
tree species from 24 regions across a latitudinal gradient (Boyero et al., 2017). Trop-
ical plants are often better protected against consumers: they are tougher and contain
more toxic compounds, most of which remain active after senescence, and they tend to
be more depleted in P relative to C (i.e., their C:P ratios are high) than their temperate
counterparts (Boyero et al., 2017). However, reciprocal incubation experiments have
produced contradictory evidence, with high-quality temperate litter decomposing at
rates lower than or equal to tropical litter in tropical streams (Bruder et al., 2014;
Ferreira et al., 2012).

A fourth explanation is related to the Bergman and temperature-size rules (Foster
etal.,2011; Horne et al., 2015). Many invertebrates are smaller at lower latitudes, and
smaller invertebrates may be less efficient at consuming litter because their mouth-
parts are not sufficiently robust to shred tough leaf tissue effectively. However, large
crustaceans (e.g., Brachyura, Parastacidae, Palaemonidae, Atyidae) are common in
tropical streams and can readily consume such decomposing litter (Coughlan et al.,
2010; Dobson et al., 2002; Wantzen & Wagner, 2006). Other large litter-consuming
detritivores at low latitudes include some snails and semi-aquatic cockroaches (Yule
et al., 2009; M. Moretti, pers. comm.) and probably tadpoles (Schmidt et al., 2017).
However, these animals are often too large to enter litterbags, and thus may have
been overlooked in decomposition studies. Finally, many tropical taxa are likely to
have been incorrectly assigned to functional feeding groups, given the lack of knowl-
edge on the feeding ecology of these invertebrates and reliance on information from
related taxa in temperate regions. For example, mayflies usually consume FPOM,
or scrape off biofilms, but some genera such as Atalophlebia (Leptophlebiidae) in
Australia (Cheshire et al., 2005), or Acanthiops (Baetidae) in Africa (Dobson et al.,
2002) have been identified as litter consumers. Collectively, the above factors may
thus have resulted in a general underestimation of litter-consuming detritivores in
tropical streams.

4.7 Conclusion and Perspectives

Globally coordinated studies have contributed substantially to assessing the impor-
tance of litter decomposition as a pivotal ecosystem process in streams worldwide. Is,
then, the process of global importance? The answer to this question is not yet clear.
Despite its impressive length, the global stream network represents only a small
area of the planet (approximately 0.6% of the non-glaciated land surface; Allen
& Pavelsky, 2018). However, given the tight linkages to their catchments through
direct or indirect inputs of terrestrial organic matter, and because of much higher
decomposition rates than in terrestrial environments (Handa et al., 2014), streams
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could have a significantly greater influence on global C and nutrient cycles than their
surface area implies. This would suggest that comprehensive global-scale analyses
of litter decomposition are needed to elaborate robust estimates of the contribution
of stream ecosystems to global biogeochemical cycles. The relative contribution of
chemical and biological processes in inland waters to global atmospheric CO; is
largely unknown at present (Hotchkiss et al., 2015; Raymond et al., 2013). However,
von Schiller et al. (2019) presented a first estimate of CO, release from decomposing
litter in the global network of intermittent streams, and Boyero, Pearson, Gessner,
etal. (2011) concluded that C sequestration resulting from incomplete decomposition
in streams before deposition in lake and ocean sediments increases with latitude.

Many major research gaps remain beyond the current lack of reliable global esti-
mates, despite growing attention given to litter decomposition across broad geograph-
ical areas. In particular, wide areas of the planet remain greatly understudied, espe-
cially in Asia and Africa but also in Central and South America (Fig. 4.2). These gaps
in geographic coverage are most evident in the tropics, and result in large uncertain-
ties, not least because many of these regions are characterized by a particularly high
diversity of habitats and species. Even within better-known regions, investigations
into the decomposition of litter in streams have typically been limited to a few dozens
of sites, data on which are insufficient as a basis for reliable broad-scale assessments.

Global studies may help to identify gaps that may be pursued at local or regional
studies and in laboratory experiments. For example, large numbers of local studies
have contributed to understanding the influence of temperature (Ferreira & Chauvet,
2011; Martinez et al., 2014), dissolved nutrients (Connolly & Pearson, 2013; Gulis
et al., 2006; Rosemond et al., 2015), land-use change (Wild et al., 2019), and biotic
factors such as biodiversity, phylogeny and plant traits (Lopez-Rojo et al., 2018,
2019; Tonin, Boyero, et al., 2017) on decomposition, but few studies have addressed
the effects of intra- and interspecific interactions or body size of detritivores (Boyero
& Pearson, 2006, Tonin, Pozo, et al., 2018). The importance of nutrients other than
N and P such as calcium and magnesium has been highlighted but has received
little comprehensive study (Garcia-Palacios et al., 2016). With regard to nutrients,
there is extensive literature on their influence on decomposition in streams (e.g.,
Ferreira et al., 2015; Woodward et al., 2012), but there are no global comparisons of
the influence of decomposition on nutrient dynamics in streams. Regarding climate
change, some studies have directly addressed the effects of warming (e.g., Boyero,
Pearson, Gessner, et al., 2011; Follstad Shah et al., 2017) and decreased flow (Sabater
etal., 2018) on decomposition, suggesting that responses vary across biomes. Still to
be considered are the effects of climate change on the diversity of litter and microbial
decomposers and litter consuming detritivores. Finally, knowledge of decomposition
responses to hydrological regime shifts, which are inconsistent amongst regions of
the world, may be improved through climate modelling at regional scales.

Clearly, large-scale assessments must address substantial variability within
regions resulting from variation in climate, geology, vegetation and human influences
that shape regional and larger-scale patterns in decomposition rates, pathways and
controlling factors. This variety of stream environments needs to be comprehensively
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documented and explicitly accounted for in analyses of relationships between envi-
ronmental drivers and decomposition. For example, how do slow-flowing lowland
streams compare with the swiftly flowing upland streams where litter decomposi-
tion has been studied most commonly? Or, do deforestation, nutrient enrichment,
changes in hydrological regimes or channel morphology, biodiversity loss or species
range shifts, warming, salinization, and other anthropogenic perturbations affect
the process similarly in different biomes? Global surveys, meta-analyses or specif-
ically targeted studies could address such questions. Particularly useful could be
coordinated manipulative experiments designed to assess the importance of indi-
vidual drivers and their combinations. Such experiments are logistically challenging
at the global scale, difficult to fund, and lacking to date. They could prove extremely
powerful, however, to achieve a quantitative understanding of the hierarchy of drivers
(Graga, Hyde, et al., 2015) controlling litter decomposition in streams across the
globe.
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Chapter 5 ®)
Plant Litter Decomposition oo
in Intermittent Rivers and Ephemeral

Streams

Rubén del Campo, Arnaud Foulquier, Gabriel Singer, and Thibault Datry

Abstract Intermittent rivers and ephemeral streams (hereafter IRES) are waterways
that temporarily cease to flow and/or dry up. They represent half the length of the
global river network and are expanding in time and space in response to global
change. The hydrological regimes of IRES are characterized by alternating flowing,
non-flowing and dry phases, which translate to varying importance of in-stream
litter accumulation, processing and downstream transport. Decomposition agents,
processes and rates dramatically change among these hydrological phases, leading
to decomposition dynamics that differ markedly from perennial rivers and streams.
As a result, IRES have a specific “biogeochemical heartbeat” characterized by high
temporal and spatial variability of leaf decomposition, and so they can be idealized as
pulsed bioreactors. The ecological effects of flow cessation and drying are sometimes
visible far beyond rewetting, generating “legacy effects” that become apparent even
during later flowing phases. Rewetting events can represent “hot moments” of litter
decomposition due to the intense biological and physical activities, generating pulses
of transport and decomposition. Upscaling the abundant reach-scale knowledge to
larger river-network scales is probably one of the most challenging but timely paths
for future research.

R. del Campo (X)) - G. Singer
Department of Ecology, University of Innsbruck, Technikerstrasse 25, 6020 Innsbruck, Austria
e-mail: ruben.del-campo @uibk.ac.at

G. Singer
e-mail: gabriel.singer@uibk.ac.at

A. Foulquier

University Grenoble Alpes, University Savoie Mont Blanc, CNRS, LECA, 38000 Grenoble,
France

e-mail: arnaud.foulquier @univ-grenoble-alpes.fr

T. Datry

INRAE, UR RIVERLY, Centre de Lyon-Villeurbanne, 5 rue de la Doua CS70077, 69626
Villeurbanne cedex, France

e-mail: thibault.datry @inrae.fr

© Springer Nature Switzerland AG 2021 73
C. M. Swan et al. (eds.), The Ecology of Plant Litter Decomposition
in Stream Ecosystems, https://doi.org/10.1007/978-3-030-72854-0_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72854-0_5&domain=pdf
mailto:ruben.del-campo@uibk.ac.at
mailto:gabriel.singer@uibk.ac.at
mailto:arnaud.foulquier@univ-grenoble-alpes.fr
mailto:thibault.datry@inrae.fr
https://doi.org/10.1007/978-3-030-72854-0_5

74 R. del Campo et al.

5.1 What Are Intermittent Rivers and Ephemeral Streams?

5.1.1 Habitat Mosaic and Hydrological Phases

Intermittent rivers and ephemeral streams (IRES) include all flowing waters that
temporarily cease to flow in surface and/or dry at some point along their course (Datry,
Bonada, et al., 2017, Fig. 5.1). With the cessation of surface flow, shallow water
habitats dry and thereby generate a chain of isolated pools, potentially still connected
by hyporheic flow. We refer here to this phase as the non-flowing period. Finally,
the drying results in the complete disappearance of surface water in the channel
(though hyporheic flow may still exist) and leads to the dry phase. In response to river
discharge and groundwater levels (Datry etal., 2016; Jaeger etal., 2014; Stanley et al.,
1997), the extent of and connectivity between flowing, non-flowing and dry habitats
(Fig. 5.1) vary continuously across a river network, forming a dynamically shifting
mosaic of terrestrial and aquatic habitats. These dynamics translate to hydrological
phases, which are each characterised by different biota, ecological processes and
ecosystem services (Datry et al., 2014). The phase shifts can represent hot moments
(sensu McClain et al., 2003) for some biological processes, e.g., the increase of
aquatic food resources available for terrestrial invertebrates when surface water flow
disappears (Mclntosh et al., 2017), or the transport of terrestrial organisms (Corti &
Datry, 2012) and huge amounts of organic matter (Datry et al., 2018) to downstream
ecosystems upon rewetting.

5.1.2 Abundance and Distribution

Classifying flow regimes is complex. The scientific literature shows many efforts
(e.g., Gallartet al., 2012; Uys & O’Keeffe, 1997; Williams, 2006) to assign names to
classes of intermittent rivers based on drying duration, frequency and predictability.

a. flowing b. non-flowing c. dry d. rewetting

Fig.5.1 Alternating flowing (a), non-flowing (b), dry (¢), and rewetting phases (d) in an intermittent
river in France (Calavon River). Photo credits: Bertrand Launay
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However, a global consensus remains elusive, as many intermittently flowing water-
ways dry for widely different periods in different years, leading to variation of a
single waterway among different categories (Datry, Bonada, et al., 2017). For the
sake of simplicity, we refer to ‘intermittent rivers and ephemeral streams’, IRES, to
refer to all flowing waters that cease to flow or dry completely at some point along
their course. Arguably the world’s most widespread type of flowing water (Datry
etal., 2018; Larned et al., 2010), IRES range from small ephemeral streams that flow
for a few days after heavy rain to large intermittent rivers that recede to isolated pools
but might not dry completely. We acknowledge that some rivers can be ephemeral
and streams intermittent and that many local names such as winterbournes, wadis,
arroyos and ramblas (e.g., Steward et al., 2012) can be used to describe IRES. This
diversity of names highlights the diversity and cultural importance of IRES to people
living in their catchments (Fig. 5.2).

IRES occur on all continents, including Antarctica (Larned et al., 2010; Steward
etal., 2012). Some global estimations calculate that IRES comprise 15% of the global

Fig.5.2 Different types of IRES from across the world during non-flowing conditions: (a) unnamed
karstic stream, West Coast, South Island, New Zealand, (b) Rio Seco, Chaco, Bolivia, (¢) Asse
River, Provence, France, (d) unnamed gravel-bed stream, West Coast, South Island, New Zealand,
(e) unnamed stream, Altiplano, Bolivia, (f) Chaki Mayu, Amazonia, Bolivia, (g) Clauge, Jura,
France, (h) Calavon River, Provence, France, and (i) Hozgarganta River, Andalucia, Spain. Photo
credits: Thibault Datry (a—f), Bertrand Launay (g, h), and Niria Bonada (i). Figure extracted from
Datry, Corti, et al. (2017). Permission for reuse requested from Elsevier
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river-network area (Raymond et al., 2013), representing >50% of the global river-
network length (Lehner et al. personal communication). Indeed, every river network
may include IRES virtually, since headwaters are usually at least partly intermittent
(Fritz et al., 2013; Grill et al., 2019; Lowe & Likens, 2005). IRES are ubiquitous in
most climatic regions (Bonada & Resh, 2013; Leigh et al., 2016; Sabater & Tockner,
2010; Vander Vorste et al., 2020) but are particularly conspicuous in arid landscapes,
which constitute already more than a third of the Earth’s land surface (Millenial
Ecosystem Assessment, 2005; Tooth, 2000; Fig. 5.2). For example, more than the
70% of rivers in Australia are considered intermittent (Sheldon et al., 2010), 66
to 94% of river lengths in Southwest USA have an intermittent or ephemeral flow
regime (Levick et al., 2008), and up to 35% of the French river network is prone to
drying (Snelder et al., 2013).

5.1.3 Drivers of Flow Intermittence and Trends

Different processes generate natural flow intermittence in streams and rivers, acting
individually or in combination: transmission loss (infiltration of surface water into
porous streambeds), evapotranspiration, downward shifts in groundwater tables, hill-
slope runoff recession, and freezing (Larned et al., 2010). Furthermore, there is
growing evidence that the total number and length of IRES is increasing due to
anthropogenic causes. Anthropogenic flow intermittence can be due to: alteration of
land-use patterns, flow regulation and diversion, surface or groundwater extraction,
and reduced precipitation and increased evaporation resulting from climate change
(Datry, Bonada, et al., 2017; Palmer et al., 2008; Steward et al., 2012).

There is little doubt that IRES are going to be the dominant type of waterway in
the near future (Datry et al., 2018) due to the predicted increase in flow intermittence
worldwide as a consequence of natural and anthropogenic disturbances associated
to climate and global change. Currently, many IRES are already experiencing longer
and more frequent flow cessation and dry periods. For example, using a hydrological
modelling coupled to climate change scenarios, Cipriani et al. (2014) estimated
annual flow intermittence to increase on average by 5—10% by 2050 in the intermittent
Albarine River in France. Water abstraction and impoundment have caused many
formerly perennial rivers to become intermittent in the last 50 years, including large
rivers such as the Nile, Indus, Yellow, Amu and Syr Darya, Rio Grande and Colorado
(Meybeck, 2003; Postel, 2000). In the near future, the extent of IRES in fluvial
networks will increase particularly in regions where severe climatic drying and/or
water appropriation occurs (Cipriani et al., 2014; Doll & Schmied, 2012; Larned
et al., 2010). Transitions of flow regime from perennial to intermittent are projected
until the 2050s globally, for instance in Mediterranean regions, Southern and West
Africa, Brazil, the Caribbean, California or north-eastern Australia (D61l & Schmied,
2012). On the contrary, some IRES might shift to a perennial flow regime due to
warmer winters in some parts of Alaska, Canada or Siberia (D61l & Schmied, 2012).
Similarly, the influence of the discharge of agricultural fields, industrial or municipal
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effluents, the controlled releases from dams and weirs, or the transfer of river water
among basins may also turn some IRES into perennial waterways (Datry et al., 2014;
Hassan & Egozi, 2001; Steward et al., 2012).

5.2 Rates, Agents and Processes of Leaf Litter
Decomposition in IRES Habitats

5.2.1 Leaf Litter Decomposition in Flowing Water Conditions

Processes and agents involved in leaf litter decomposition in IRES during flowing
phases are similar to perennial water courses. Leaf litter decomposition is driven
by a combination of abiotic (leaching of soluble compounds, physical abrasion) and
biotic processes (microbial- and macroinvertebrate-driven decomposition) (Fig. 5.3).
However, preceding dry phases can exert a strong negative effect on the aquatic
decomposition rates of leaf litter during the flowing phase of IRES. Various studies
have reported that the increase of the dry-phase length and drying frequency may
result in a drastic decrease of leaf litter decomposition rates in IRES compared to
perennial streams (Table 5.1) (Datry et al., 2011; Maamri et al., 1997, 2001; Martinez
et al., 2015; Monroy et al., 2016; Schlief & Mutz, 2011; but see Pinna et al., 2016).
Lower rates of decomposition have been attributed to lower shredder abundances and
biodiversity in IRES compared to perennial systems (Datry et al., 2011; Mariluan
et al., 2015; Martinez et al., 2015; Monroy et al., 2016; Pinna et al., 2016; Schlief
& Mutz, 2011). In contrast, the rates of microbial decomposer activity seem to be
less affected by flow intermittence, suggesting a higher resistance and resilience of
microbial communities to drying events than of macroinvertebrates (Datry et al.,
2011; Mariluan et al., 2015; Pinna et al., 2016). High functional redundancy, shorter
generation times or higher phenotypic plasticity may be reasons (Bonada et al., 2017;
Zeglin, 2015), yet there may also be higher chances for adaptation for microbial
communities to conditions in IRES (Gionchetta et al., 2019; Timoner et al., 2012,
2014). It is expected, for instance, that IRES should be dominated by fungal species
with traits of higher desiccation resistance (see Shearer et al., 2007). So far, the
most common strategies observed in decomposer communities in IRES to resist
flow intermittence are the use of humid refugia (like leaf litter packs or hyporheos)
during drying, or species with terrestrial and aquatic life cycle stages that pass to a
dormant state during the dry phase (Romani et al., 2017). Despite that, the few studies
comparing microbial decomposer communities in intermittent and perennial rivers
so far have found only very limited differences in diversity, richness and composition
of species (Febria et al., 2015; Foulquier et al., 2015; Maamri et al., 2001). Although
prokaryotic biofilm communities have been well studied in IRES during last years
(see Romani et al., 2017; Sabater et al., 2016), the number of studies comparing
the diversity of fungal and bacterial decomposer communities in intermittent and
perennial streams is still limited (see Romani et al., 2017), so further research to
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Flowing conditions

Leaching and abrasion
by water flow

Aquatic decomposers

Non-flowing conditions
Photodegradation

Rain leaching

Leaf litter accumulated
on dry riverbeds and in
stagnant pools

Terrestrial
decomposers

Fig. 5.3 Decomposition agents and factors driving leaf-litter decomposition in flowing water
conditions and in the terrestrial-aquatic habitat mosaic appearing during drying. During flowing
conditions, leaf litter is mainly processed by aquatic decomposers in a similar way to perennial
streams, physical processes such as leaching and mechanical abrasion and fragmentation during
transport with flowing water play additional roles. With drying, the recession of flow eventually shuts
down downstream transport and leaf litter can accumulate in habitats with various environmental
conditions (isolated pools, wet-shaded areas, irradiated and dry riverbed spots). In this dynamic
terrestrial-aquatic habitat mosaic leaves can partially decompose under the influence of multiple
biotic and abiotic factors, which can translate into a conditioning of the leaf material that affects its
later decomposition after rewetting. See Table 5.2 for more information about changes in leaf-litter
chemistry and biodegradability during the non-flowing period. Diagram made by Patricia Tudela
Rosique
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identify and discern particularities of microbial decomposer communities in IRES
is required.

5.2.2 Leaf Litter Decomposition in the Terrestrial-Aquatic
Habitat Mosaic During Drying

The cessation of surface flow promotes the fragmentation of surface water and the
formation of isolated pools along the stream channel. Water physicochemistry in
isolated pools can be highly heterogeneous (see von Schiller et al., 2017), which
can result in different implications for the processing of leaf litter in these habitats.
In stagnant pools exposed to solar radiation, warmer water, lack of water renewal
and the accumulation of riparian leaf litter enable high respiration rates and promote
hypoxic conditions (Canhoto et al., 2013; von Schiller et al., 2011). The leaching
of leaf litter also leads to higher nutrient concentrations, water acidification and
an accumulation of potentially toxic compounds (Canhoto et al., 2013; von Schiller
etal.,2011). These adverse environmental conditions can curb decomposition of leaf
litter due to reduced microbial and detritivore activities (Table 5.1) (Canhoto et al.,
2013; Corti et al., 2011; Schlief & Mutz, 2009). Some remnant pools, however, can
remain sufficiently well connected to hyporheic flow and may thereby maintain as
a favourable refuge for microbial decomposers and shredders (Bogan et al., 2019)
during the non-flowing phase. These can then drive leaf litter decomposition even
in the absence of flowing conditions (Abril et al., 2016; Corti et al., 2011; Langhans
et al., 2008).

Besides remnant pools, dry and exposed stream habitats are an important habitat
with ongoing drying. Eventually, the complete disappearance of surface water in
the channel makes dry streambeds the dominant habitat in the dry phase of IRES.
The consequent emersion of leaf litter considerably reduces its decomposition due
to the drastic reduction of microbial decomposer and detritivore activities (Table
5.1) (e.g., Boulton, 1991; Bruder et al., 2011; Corti et al., 2011; Duarte et al., 2017;
Foulquier et al., 2015; Maamri et al., 1997, 2001; Mora-Gémez et al., 2018). The
disappearance of water means great physiological stress to aquatic organisms and
results in marked changes in the composition and activity of microbial decomposers
and detritivores (Duarte et al., 2017; Foulquier et al., 2015; Larned et al., 2007; Mora-
Goémez et al., 2018). Aquatic shredders undergo a severe decline with the absence
of water (eg. Abril et al., 2016; Corti et al., 2011; Datry, 2012; Martinez et al.,
2015; Schlief & Mutz, 2011), but, conversely, these conditions allow colonization
by terrestrial invertebrates (Corti & Datry, 2016; Corti et al., 2013; Sanchez-Montoya
et al., 2016), which might then participate in the decomposition of accumulated leaf
litter during the dry phase of IRES, although the evidence for this is still very scarce
(see Bastow et al., 2002; Rosado et al., 2014). Reductions in water availability reduce
microbial biomass and constrain microbial activities through a reduction of substrate
and nutrient diffusion combined with osmotic stress when water potential declines
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(Amalfitano et al., 2008; Duarte et al., 2017; Manzoni et al., 2012; Mora-Gémez
et al., 2018; Schimel et al., 2007). Relatively high rates of decomposition may be
maintained in relatively moist habitats such as shaded sediments close to riparian
vegetation or subsurface zones (Abril et al., 2016; Arias-Real et al., 2019; Burrows
et al., 2017; Gionchetta et al., 2019; Solagaistua et al., 2016).

While the absence of water reduces the leaching rates and physical abrasion asso-
ciated to the flowing phases, leaf litter can be more exposed to other abiotic factors
such as solar radiation, high temperatures or precipitation. In fact, during the dry
phase, abiotic factors can have a greater relative importance on leaf litter than biotic
ones (Steward et al., 2012). Local environmental conditions of the stream reach (for
instance, shading by riparian vegetation canopy) can modulate the intensity of these
abiotic factors on leaf litter and thus its processing during the dry phase (del Campo
et al., 2019). On dry streambeds with low riparian cover, solar radiation can become
the main factor affecting leaf litter (Abril etal., 2016; del Campo et al., 2019). It drives
photodegradation through photolysis reactions of aromatic and condensed aromatic
compounds (mainly lignin and phenols otherwise considered recalcitrant) that have
a higher capacity to absorb solar radiation (Austin & Ballaré, 2010). This translates
to photochemical mineralization of organic matter (Austin & Vivanco, 2006; Brandt
etal., 2009; Rutledge et al., 2010) as well as chemical changes of the residual material
with implications for later decomposition (see Table 5.2). Occasional rainfall events
that rewet riverbeds without leading to the resumption of flow can promote certain
mass loss of leaf litter by leaching (del Campo et al., 2019; Mora-Gémez et al., 2019),
while at the same time they can trigger brief pulses of organic matter decomposition
(Mufioz et al., 2018; Timoner et al., 2014) with peaks of CO,-production (Datry
et al., 2018; Gémez-Genner et al., 2016; Marcé et al., 2019). For arid lands similar
phenomena are known as the “Birch effect”, i.e., the abrupt increase of organic matter
mineralization and associated CO, emissions following the rewetting of previously
dry soils (Birch, 1958; Wilson & Baldwin, 2008).

5.3 Dynamics of Leaf Litter Decomposition in IRES

5.3.1 IRES Act Locally as Punctuated Biogeochemical
Reactors

In IRES, processing of leaf litter and other detrital organic matter is highly dynamic,
reflecting the hydrological dynamics of IRES, which, as coupled aquatic-terrestrial
ecosystems, function as ‘pulsed biogeochemical reactors’ (Fig. 5.4). These are
conceptualized as processing, storing and transporting organic matter in response to
temporal flow fluctuations (Datry et al., 2014; Jacobson & Jacobson, 2013; Larned
et al., 2010).

Leaf litter is processed mostly during flowing phases when both aquatic microbial
decomposers and shredders reach their maximum densities and activities in IRES
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Table 5.2 Examples of typical preconditioning situations that can affect the chemical composition
and biodegradability of leaf litter accumulated in various riverbed habitats during drying. How
leaf litter is conditioned in IRES during the non-flowing phase depends on locally heterogeneous
environmental conditions. Due to the great spatiotemporal heterogeneity of these rivers, various
of these habitats may even be found along the same stream reach, which can lead to a chemical
diversification of leaf litter at small spatial scale. In the table, question marks indicate that the
effect of abrasion and fragmentation of leaf litter on its biodegradation by aquatic decomposer
communities have not been tested yet

Riverbed habitats

Decomposition agents or
factors involved

Effect on leaf litter

Effect on leaf litter
biodegradability

Open, exposed
dry riverbeds

Solar radiation and heat

x Lignin loss by

photodegradation’->3

+

x Increase of organic
matter solubility
enhancing leaching
loss*>0 (combined action
of sunlight and heat)

x Polymerization and
accumulation of phenolic
compounds® (combined
action of sunlight and
heat)

Rain

x Leaching of nutrients
and more soluble C
compounds>®

Other abiotic factors
(wind, sediment
burial...)

x Abrasion’

Humid riverbed
sediments

Terrestrial invertebrates

x Fragmentation®°

Microbial activity

x Consumption of labile
C resources and
accumulation of
recalcitrant

compounds> 1011

x Increase of the nutrient
content (mainly N, but
also P) by microbial
immobilization!1:12

Stagnant pools

Anoxic, acid water

x Leaching of nutrients
and more soluble C
compounds®!3

x Accumulation of
phenolic compounds and
cellulose due to acidic
conditions*

! Austin et al. (2016), ZPu et al. (2014), 3del Campo and Gémez (2016), “Dieter et al. (2013), 3 Abril
etal. (2016), ®del Campo et al. (2019), 7 Austin (2011), 8Bastow et al. (2002), “Rosado et al. (2014),
19Zheng et al. (2018), ' Mora-Gémez et al. (2019), '2Abelho and Descals (2019), *Dieter et al.

(2011)
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Flowing phase
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Fig. 5.4 Temporal changes in organic-matter dynamics associated with the hydrological phases of
intermittent rivers. Due to their dynamic hydrology, IRES are considered to function as punctuated
biogeochemical reactors. The continuous succession of drying/rewetting events promote a pulsed
processing of organic matter in these streams, mainly during flowing water conditions. After the
cessation of surface flow, leaf litter and other organic-matter substrates (woody litter, dead macro-
phytes) are retained and preconditioned under diverse terrestrial-aquatic habitat conditions until
flow resumes and organic matter is transported downstream, where a new decomposition cycle can
start again. Diagram made by Patricia Tudela Rosique

(Datry et al., 2014; Foulquier et al., 2015). As drying starts and flow first diminishes
and then stops, leaf litter and other organic substrates (woody debris, algal mats, fine
particulate organic matter) experience slower decomposition and start to accumulate
on the riverbed (Datry et al., 2018; Dewson et al., 2007; Stanley et al., 1997). Partic-
ularly, in forested IRES with deciduous vegetation, massive amounts of riparian leaf
litter can accumulate on dry riverbeds due to early abscission periods caused by
the increase of water stress during summer (Acuiia et al., 2007; Datry et al., 2018;
Sanpera-Calbet et al., 2016).

The fragmentation of surface flow during drying prompts the emergence of a
shifting mosaic of terrestrial and aquatic habitats (Datry et al., 2014; Stanley et al.,
1997), where leaf litter can accumulate and remain immobilized, yet exposed to
diverse environmental conditions (Figs. 5.3 and 5.4). These include highly irradi-
ated dry riverbed areas, isolated pools with high temperature, cold pools connected
to hyporheic flow, wet and shaded remnant sediments, or even areas subjected to
recurrent wet-dry cycles. Most leaf litter accumulates under environmental condi-
tions where it undergoes modest microbial decomposition and various physical and
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chemical conditions can lead to chemical alteration of leaf litter (e.g., dry riverbeds
or isolated pools). This type of organic matter processing may be more aptly concep-
tualized as “preconditioning” as its most important consequence is the modulation of
later decomposition rates in aquatic conditions after flow resumption (see Table 5.2
for some examples) (del Campo et al., 2019; Dieter et al., 2011, 2013; Mora-Gémez
etal., 2019).

Once the dry phase finishes, the resumption of surface flow promotes the reac-
tivation of aquatic decomposition but also the downstream transport of leaf litter
(Fig. 5.4). The relative dominance of decomposition versus transport depends on the
type of rewetting. The resumption of flow can be very variable in magnitude, type and
timing, depending on the climate, hydrology and position in the catchment (Corti &
Datry, 2012; Larned et al., 2010; von Schiller et al., 2017). The re-establishment of
flow can arise from gradual increases of discharge following the rise of groundwater
levels or be very pronounced and abrupt (e.g., flash flooding), if triggered by intense
runoff events following storms. Flash floods can cause spectacular downstream trans-
port of massive amounts of leaf litter, which form subsidies for downstream located
ecosystems rather than entering local decomposer food chains. This is facilitated by
more extreme flows, that appear during flash floods, driving physical abrasion (Corti
& Datry, 2012) and constraining microbial activity due to shear stress (Zoppini et al.,
2010). In contrast, gradual rewetting favours the onset of microbial decomposition
over transport. The slow increase of water and nutrient availability promotes the
release of physiological constraints imposed on microbial communities during the
dry phase and thus a rapid stimulation of microbial decomposition, similarly to the
Birch effect (Bruder et al., 2011; Maamri et al., 2001; Schlief & Mutz, 2011). Indeed,
a recent study involving IRES worldwide, has shown that microbial communities of
the litter itself can become activated within a few minutes upon rewetting and produce
a peak of respiration within 24 h (Datry et al., 2018). According to estimations by
Datry et al. (2018), these CO, respiration pulses associated to leaf litter rewetting
can amount to 10% of the daily CO, emissions coming from perennial rivers and
streams. Consequently, rewetting events are ‘hot moments’ (McClain et al., 2003)
in river metabolism (von Schiller et al., 2019) due to the transport of large amounts
of particulate organic matter from dry riverbeds and the release of huge loads of
dissolved organic carbon and nutrients to the water column by leaching (Corti &
Datry, 2012; Shumilova et al., 2019). Furthermore, increased microbial respiration
on leaf material and dissolved organic matter might even lead to negative implica-
tions on stream functioning through the development of hypoxic conditions during
blackwater events (flood events characterized by extremely high dissolved organic
carbon values in the water column) (Hladyz et al., 2011). Finally, an important aspect
of rewetting events is that the dominance of transport along the riverine continuum
suggests the necessity to conceptualize leaf litter processing in IRES at the larger
spatial scale of a river network instead of just at the reach scale.
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5.3.2 Leaf Litter Decomposition Across River Networks:
IRES as Dynamic Metaecosystems

Ecologists increasingly recognize river networks as metaecosystems, i.e., sets of
connected local “component” ecosystems that exchange organisms (species) and
resources (nutrients and organic matter) at a larger ‘regional’ landscape scale (Battin
et al., 2008; Loreau et al., 2003). The application of the metaecosystem concept
to the real world is still a challenging topic 17 years after its conceptual birth by
Loreau et al. (2003) and would certainly benefit from a more intense exchange
between theory and empirical research (Gounand et al., 2018). River networks are
especially challenging in this respect due to various reasons: Most importantly, the
spatial configuration of rivers assumes the form of a hierarchical dendritic network
(Rodriguez-Iturbe & Rinaldo, 1997), which differs greatly from the “islands-in-
a-matrix” configuration assumable for other metaecosystems. The river network”s
topology also imposes constraints on connectivity as some material exchange or
organism dispersal is bound to the river corridor, the water phase or even the flow
direction (Benda et al., 2004). Unidirectional flow of water imposes asymmetry for
exchange processes—for some more so (e.g., transport of solutes and microbes), for
some less so (e.g., migration of fish or insects with a flying stage). The dynamic
nature of IRES as a spatio-temporal mosaic of flowing, non-flowing, and dry habi-
tats makes them strong candidates to further develop the metaecosystem perspective
of river networks (Datry, Corti, et al., 2017). Indeed, this dynamic habitat mosaic
creates a set of local ecosystems that variably contribute to the transport, accumula-
tion, and processing (including preconditioning) of organic matter within individual
reaches but also across whole river networks (Datry et al., 2014; Larned et al., 2010).
The transport of organic matter is inhibited during non-flowing phases at several
spatial scales, between dynamically appearing lentic and semiaquatic habitats but
also from tributaries to the main stem. Even if isolated from the rest of the network,
remaining aquatic habitats are not metabolically inactive during the dry phase. The
resumption of water flow then reconnects dry and isolated aquatic habitats to the river
network and leaf litter is transported and eventually stored in recipient downstream
aquatic ecosystems, where it can (eventually again) be subjected to aquatic decom-
position. The successful application of the metaecosystem concept to river networks
comprising IRES requires careful consideration of the dynamics of connectivity
across several spatial scales as well as the dynamics within ‘local’ ecosystems.
Ultimately, at the river-network scale, downstream organic matter fluxes are
controlled by how local flow regimes merge to create river network-wide flow
patterns, which in turn, shape the quantity and biodegradability of organic matter
that is locally available in individual reaches of the network. The flow regime of an
IRES modulates its capacity to transport, retain and process organic matter (Jacobson
& Jacobson, 2013; Larned et al., 2010; Stanley et al., 1997). For instance, the long
dry phases of ephemeral streams and the return of flow in the form of flash flood
events promote the transport and mobilization of large amounts of organic matter
over its processing, which—when measured as bulk mass loss—is minimal during the
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dry phase (see Box 5.1). Consequently, the spatial distribution of flow intermittence
across the network can exert a great influence on organic matter fluxes at such large
spatial scale. For instance, the concentration of IRES in the upper or the lower part of
the fluvial networks can drastically affect the quantity and quality of organic matter
at the outlet of the network. When IRES are present primarily in the lower part of the
catchment, they receive lower amounts of organic matter that is already pre-processed
(i.e., aged organic matter of low biodegradability) from upstream perennial systems.
In contrast, when IRES are mainly distributed in the upper part of the network, down-
stream ecosystems can receive great amounts of non-processed particulate organic
matter (i.e., fresh organic matter of high biodegradability). In fact, the quantity and
quality of organic matter leaving the entire system at its most downstream point
relative to input in the form of terrestrial subsidies may serve as an integrative result
of a river network’s organic matter-processing capacity.

As explained above, the aquatic decomposition of leaf litter after flow resumption
is influenced by the environmental conditions during the previous drying period.
Considering the great environmental heterogeneity of the terrestrial-aquatic habitat
mosaic of IRES during the drying, the accumulation and preconditioning of leaf litter
under such diversity of conditions might promote its chemical diversification. This
could have important implications for later decomposition of mixed leaf litter that
emerges by pooling components with contrasting chemical composition from various
habitats. Decomposition of such mixed leaf litter in downstream recipient ecosystems
may be influenced by non-additive effects of leaf litter diversity (see Gessner et al.,
2010; Lopez-Rojo et al., 2018; Stoler et al., 2016). Positive effects may exist in the
form of priming of more recalcitrant, heavily pre-processed leaf material by more
labile, younger or elsewise specifically preconditioned leaves. Fungi are especially
capable of exploiting chemically diversified material (Gessner et al., 2010) if offered
in close proximity as, for example, a leaf pack immobilized on a flow-obstructing
structure or a leaf aggregation in a pool or reservoir. On the other hand, the action
of selective invertebrates may be hindered by less-attractive resources and create a
negative effect of leaf litter diversity.

Besides the movement of leaf litter across the river network, the dynamics of
its potential decomposers also need to be considered in a spatially explicit manner.
Metacommunity theory (Holyoak et al., 2005; Leibold et al., 2004) posits that local
community composition and diversity result from various processes ranging across
spatial scales, including classic deterministic niche definitions as well as neutral
processes related to dispersal (i.e., immigration and extinction dynamics) (Hubbell,
2001; MacArthur & Wilson, 2001). Importantly, in a fluvial network, dispersal
is constrained by the dendritic topology and can be uni-, bi- or multidirectional
depending on the mobility traits of particular taxa (Brown & Swan, 2010; Crabotet al.,
2019; Grant et al., 2007; Rodriguez-Iturbe et al., 2009). This results in distinct spatial
patterns of biodiversity (e.g., Carrara et al., 2012), which notably differ between
insects (Finn et al., 2011) and heterotroph bacteria (Besemer et al., 2013), two main
groups of consumers driving leaf litter decomposition. For fungi specifically, such
river network-wide patterns of biodiversity have not been investigated so far. And
more importantly, even though effects of intermittent flow on freshwater communities
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are well-known at the local scale, virtually nothing is known on how drying alters the
spatio-temporal organisation of biodiversity at the river network scale by dynamically
disrupting hydrological connectivity (Datry et al., 2016). Understanding how biodi-
versity is affected by changes in river network-wide connectivity is vital, however,
as leaf decomposition depends on the occurrence and functional diversity of decom-
posers. While in perennial reaches decomposers may suffer a shortage of resources
when upstream tributaries are disconnected, in intermittent reaches aquatic or terres-
trial decomposers need to first colonize their respective habitat before decomposing
eventually delivered leaf material. Considering chemical diversity of leaf material as
discussed above, the spatial patterns of such resource diversity may not align with
those of biodiversity, potentially creating situations of inefficient leaf decomposition
in local ecosystems caused by a mismatch between resource and consumer traits.
Such mismatch may also just mean non-existent consumer traits for a too diverse
resource pool, which could be considered as (functional) species undersaturation
(Mateo et al., 2017). Conversely, this also suggests potential for positive consumer
biodiversity effects on leaf decomposition by enabling complementary resource use
(Tylianakis et al., 2008).

In conclusion, due to the potential of flow intermittence to alter organic matter
fluxes as well as biodiversity in river networks, the perspective of IRES as metae-
cosystems should be developed in future models as well as empirical research.
Without this, the effect of flow intermittence on regional C fluxes at the network
scale will not be reliably estimated.

Box 5.1: Differences in organic matter dynamics between intermittent
rivers and ephemeral streams

The decomposition and dynamics of organic matter in IRES are strongly
controlled by the flow regime. Particularly, differences in the duration of the
flowing and non-flowing periods determine the main factors driving organic
matter decomposition in the different types of IRES. For instance, in intermit-
tent rivers with a short dry phase (weeks to a couple months) and very long
flowing periods, the decomposition of organic matter (mainly leaf litter) is
mainly carried out by aquatic decomposer communities. On the other hand,
in ephemeral streams where surface water flow only lasts for a few days after
rain events, organic matter (mainly woody debris, especially in arid streams)
accumulates on dry riverbeds for very long periods (months to years). Thus,
in ephemeral streams, organic matter decomposition is principally carried out
by abiotic processes such as photodegradation, and only by short pulses of
microbial activity following rewetting events (Jacobson et al., 1999).

These differences in flow regime and decomposition agents in turn control
the location, the dynamics and the lifespan of the organic matter as a trophic
resource in IRES networks (Jacobson & Jacobson, 2013; Jacobson et al., 1999).
In intermittent rivers, leaf litter may still be actively decomposed under wet
or even flowing conditions, so any eventual and limited mobility of leaf litter
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along the network translates to a short-term resource pulse of carbon/energy
for downstream systems. In contrast, the predominant terrestrial conditions of
ephemeral rivers promote very slow processing rates of accumulated organic
matter due to the limitation of biotic decomposition under conditions of water
limitation. As a consequence, in these streams, organic matter is mainly relo-
cated from upstream to downstream sites by recurrent spates and can represent
a long-term C resource along the network (Fig. 5.5).

Fig.5.5 Onthe left, leaflitter accumulated on a dry riverbed of a forested intermittent stream.
On the right, leaf and woody debris accumulated on an ephemeral stream after a flash flood
event. (a) Hagenbach stream in Gostling an der Ybbs, Austria; (b) River Chicamo in Murcia,
Spain. Photo credits: Rubén del Campo and Rosa Gomez

5.4 Roadmap for Research and Applications

Although the number of ecological studies on IRES has grown exponentially during
the last decades (Leigh et al., 2016), there are still many knowledge gaps concerning
organic matter dynamics and decomposition in these ecosystems. So far, most
research in IRES has focused on the effect of the cessation of surface flow on decom-
poser communities and decomposition rates. But beyond changes in surface water
flow, the highly dynamic hydrology of IRES promotes other changes in environ-
mental conditions, which may strongly affect the processing of organic matter, yet
have remained unstudied so far. In particular, three main aspects of the processing
of organic matter in IRES still remain unclear and require further research: (a)
completing the analysis of the decomposition of leaf litter under the whole spectrum
of heterogeneous environmental conditions of IRES; (b) a further understanding of
the legacy effect of non-flowing phases on the processing of organic matter after
flow resumption; and (c) a mechanistic understanding of the effect of flow intermit-
tence on cycling of organic matter at the fluvial network scale, including as driven
by functionally relevant biodiversity patterns.
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These three topics are hierarchically connected and need to be further developed
to reach a proper understanding of organic matter processing in fluvial networks
comprising IRES. First, we need to further investigate understudied habitats of
IRES, for instance isolated pools or hyporheic zones (but see Arias-Real et al., 2019;
Burrows et al., 2017). Hyporheic environments, specifically under conditions of
subsurface flow, may act as a refuge for heterotrophic communities and thus maintain
the decomposition of buried leaf litter (Arias-Real et al., 2019; Burrows et al., 2017;
Gionchetta et al., 2019; Solagaistua et al., 2016). Also, a deeper study of the diversity
of microbial decomposer communities inhabiting terrestrial and aquatic habitats of
IRES is necessary for a complete understanding of organic matter processing in these
ecosystems.

The second gap consists of the unknown effect of non-flowing phases on the
subsequent decomposition of leaf litter after flow resumption. Leaf litter accumu-
lated during non-flowing states can undergo considerable changes in its chemical
composition and biodegradability—for later aquatic decomposition further down-
stream these may best be conceptualized as ‘preconditioning’ forming the basis for
legacy effects at much larger spatial scale (Table 5.2). So far, most of the studies
carried out in this regard have been purely experimental (mostly in laboratories), so
our understanding of how preconditioning affects subsequent decomposition after
rewetting in natural circumstances is still limited. Existing evidence suggests that
contrasting environmental conditions during non-flow periods could lead to a chem-
ical diversification of leaf litter chemistry, which in turn, could cause non-additive
effects on the decomposition of diversified leaf litter packs in downstream systems
after flow resumption (see Gessner et al., 2010; Lépez-Rojo et al., 2018; Stoler et al.,
2016). Future studies should address the potential role of non-flowing phases or
IRES as promoters of chemical diversity by studying and characterizing in situ the
chemical composition of organic matter accumulated across terrestrial and aquatic
habitats during non-flowing phases.

Finally, we still lack studies upscaling or modelling the effect of flow intermittence
on organic matter cycling at the larger spatial scale of fluvial networks. To equip these
models with a strong empirical basis, we need to invest into collecting data on (1) leaf
litter dynamics (local mass loss as well as reach scale and regional mass balances)
across whole river networks with IRES, and (2) decomposition rates of leaf litter
across hydrological phases of IRES including the implications of phase transitions.
The combination of such datasets could allow to build models simulating organic
matter fluxes in river networks with different levels of flow intermittence and predict
future changes associated with climate change.

IRES are a prominent element within landscapes globally and will become more
abundant in the near future due to on-going climate and global change. To improve
our understanding of how flow intermittence affects ecosystem processes, such as
leaf litter decomposition, is pivotal to generate a complete knowledge of the role of
fluvial networks on C cycling at large scales. Such knowledge will in turn be used
for a successful adaptation of management strategies to protect and conserve river
networks, their biodiversity, functional integrity and the ecosystem services they
provide.
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Ecosystems Compared to Streams
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Abstract The decomposition of dead organic matter is critical for carbon and
nutrient cycles across ecosystems from the bottom of oceans to mountain tops.
Despite similarities in the driving abiotic and biotic factors, and interconnected
flows of organic matter between streams and their surrounding riparian zones, litter
decomposition has often been studied separately in aquatic and terrestrial ecosys-
tems, with some notable exceptions. This collaborative research across systems has
identified some common patterns, which is necessary to move towards a broader
litter decomposition theory and to develop a global decomposition model. Here we
compare terrestrial litter decomposition with that occurring in aquatic systems, by
providing an overview of the terrestrial literature and highlighting commonalities
and differences with decomposition in streams. Specifically, we look at (i) the influ-
ence of climate, decomposer communities (microbes and invertebrates) and leaf litter
quality (chemical and morphological), (ii) the consequences of changing diversity (in
decomposer and litter communities), and (iii) the effects of global change (climate
warming, nitrogen deposition and biotic invasions) on litter decomposition. Lastly,
we identify recent approaches developed in terrestrial ecosystems that may help to
increase our understanding of the abiotic and biotic drivers, diversity effects and
global change effects on litter decomposition in aquatic ecosystems.
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6.1 Introduction

The decomposition of plant litter is one of the most important ecosystem processes in
the biosphere, as it is critical for carbon and nutrient cycles across systems, including
oceans, freshwater and terrestrial ecosystems. The litter produced by plants in terres-
trial ecosystems may eventually reach inland surface waters such as streams and
rivers, either by falling directly into the water bodies or by transport from the soil
surface through runoff or wind. As a result, streams and their surrounding riparian
zones are interconnected by flows of organic matter that represent a substantial contri-
bution to the global carbon cycle (Battin et al., 2009). Common abiotic and biotic
factors such as environmental conditions (climate, nutrient availability), litter quality
(chemical and morphological traits) and local decomposer communities (microbes
and detritivores) drive leaf litter decomposition in aquatic and terrestrial ecosys-
tems. Consequently, current global anthropogenic changes such as biodiversity loss,
warming, nitrogen enrichment and biotic invasions may impact litter decomposition
in a broadly similar fashion. Unfortunately, only a handful of studies have addressed
the decomposition of plant litter along the aquatic-terrestrial litter continuum. This
has prevented the establishment of commonalities across ecosystems, which is
important to formulate a theory on plant litter decomposition that is valid across
systems.

Despite similarities in the driving abiotic and biotic factors, and interconnected
flows of organic matter, litter decomposition has often been studied separately in
aquatic and terrestrial ecosystems with some notable exceptions. For instance, the
pioneering work of Merritt and Lawson (1992), Wagener et al. (1998), and Hutchens
and Wallace (2002) encouraged communication between aquatic and terrestrial ecol-
ogists towards a more comprehensive understanding of litter decomposition. The
European consortium “BioCycle”, inspired by the review of Gessner et al. (2010) on
diversity effects across systems, embraced this challenge and set up a collaborative
research project with ecologists working in both aquatic and terrestrial ecosystems.
They investigated litter decomposition in forest floors and nearby streams across five
major biomes, from the tropics to the subarctic (Handa et al., 2014). Furthermore,
follow-ups of this and other projects demonstrated that biotic and abiotic drivers
play similar roles in aquatic and terrestrial decomposition across contrasting spatial
(Garcia-Palacios et al., 2016) and temporal (Yue et al., 2018) scales. All this and other
recent research (Abelho & Descals, 2019) represent novel contributions towards the
development of a global decomposition model, and although much work remains to
be done, this chapter offers a first synthesis.

Here we review three major areas in litter decomposition research in terrestrial
ecosystems. First, we address the main biotic and abiotic drivers of litter decompo-
sition. Then, we assess how diversity in litter and decomposer communities affect
litter decomposition rates. Finally, we review the response of litter decomposition
to three global change drivers (climate warming, nitrogen enrichment and biotic
invasions). Along each section, we provide insights on how previous findings in
terrestrial ecosystems compare results from aquatic ecosystems. Our intention is not
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to review these topics in streams, which are covered in detail in other chapters of
this book, nor to review terrestrial decomposition extensively, but to focus on the
main commonalities and differences. We also identify recent approaches developed
in terrestrial ecosystems that may help to improve our understanding of the abiotic
and biotic drivers, diversity effects and global change effects on litter decomposition
in aquatic ecosystems.

6.2 Main Biotic and Abiotic Drivers of Litter
Decomposition in Terrestrial Ecosystems Compared
to Streams

6.2.1 The Role of Litter Quality and Climatic Conditions

The triangular relationship among environmental parameters, the quality of decom-
posing litter, and decomposer organisms as the major control factors over decompo-
sition is well established for terrestrial ecosystems (Berg & Laskowski, 2005; Swift
et al., 1979; Fig. 6.1). It does not differ fundamentally compared to aquatic envi-
ronments in general and to stream ecosystems in particular (Wagener et al., 1998).
How terrestrial ecologists weighed the relative importance of these three groups of
control factors, however, changed over the years and is still evolving. The classical
view, that persisted over many decades, was that climatic variables control decom-
position at large spatial scales among biomes and that within a specific climatic
zone, litter quality was the most important driving factor (Berg et al., 1993; Meente-
meyer, 1984; Fig. 6.1). This conceptual model was also referred to the Hierarchical
Model of Decomposition (Lavelle et al., 1993). The spatial hierarchy of climate and
litter quality control was then considered implicitly as a stratification of importance
with climate being the primary control, and litter quality, the secondary control.
This view was questioned in a broad synthesis of a large number of decomposi-
tion studies (Cornwell et al., 2008) showing that variability in decomposition due
to differences in litter quality was at least twice as high as that observed across
broad climatic gradients. In other words, the same litter type decomposing in highly
contrasting climatic conditions across continental gradients may vary less in mass
loss compared to contrasting litter types decomposing in the same location under
identical climatic conditions. These observations required revisiting the hierarchical
model of decomposition (Fig. 6.1).

The importance of litter quality effects compared to climate control also depends
on how litter quality varies within and across climatic zones. Surprisingly, these
differences are not that well documented presently, because studies that exhaus-
tively report litter quality for all plant species of a given community along with their
abundances, and thus their relative contribution to the overall litter pool, are rare.
Community ecologists collecting good abundance data, commonly infer litter quality
from live plant traits, which can at best be a proxy for the actual litter quality. Leaf
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Fig. 6.1 The evolution of the conceptual model of litter decomposition over the past fifty years.
The graphical representation is inspired by the original drawing by Swift et al. (1979) who used
the regulation symbol (X) to superimpose the classical concept of the triangular control of the
transformation of fresh litter input into decomposition products (a). The three colors referring to
the three groups of factors have equal proportions because the Triangular Model did not initially
propose an explicit hierarchy between the physico-chemical environment (edaphic and climatic
factors), resource (litter) quality, and decomposer organisms. Over the following three decades
(1980s through 2000s), studies at regional and continental scales reinforced the perception that
climatic factors (essentially temperature and humidity) dominate litter quality control, and that
decomposer organisms are merely reflecting climate and litter quality regulation without inde-
pendent control, leading to the Hierarchical Model (b). The factor ranking incidentally implied a
spatial stratification from local to continental scales with increasing dominance of climate control
at increasing scales. The Hierarchical Model was revisited following studies that reported stronger
litter quality than climate control (Cornwell et al., 2008 as a key study), which is not shown here.
Instead, we propose the Dynamic Decomposition Model (¢) emphasizing the dynamic switch among
the three control factors during the decomposition process (e.g., Garcia-Palacios et al., 2016) regard-
less of the spatial scale considered. In other words, all three factors can be dominant at some point
during decomposition at the local as well as at the regional or continental scales. The Dynamic
Model also emphasizes that litter quality changes strongly over time as do the specific traits that
control decomposition. In addition, it appears inadequate to keep decomposer organisms in one
single box. The distinction between at least microbial communities and soil fauna, which interact
with each other, may significantly improve the understanding of decomposition and its controls

litter quality varies substantially from live foliage traits resulting from the important
chemical and structural changes during leaf senescence, for example, when nutri-
ents are resorbed (Aerts & Chapin, 2000) or when secondary metabolites undergo
dynamic changes (Paaso et al., 2017). Another difficulty is that the standard set
of live foliage traits commonly measured, and thus available for numerous plant
species (e.g., carbon and nitrogen concentration, specific leaf area, leaf dry matter
content), are not always relevant for litter decomposition. Less commonly measured
litter quality traits such as condensed tannins, concentrations of Mg, Ca, Mn, or non-
structural carbohydrates often predict decomposition better, depending on the type
of ecosystem and spatial scale considered (Guerrero-Ramirez et al., 2016; Hitten-
schwiler & Jgrgensen, 2010; Makkonen et al., 2012). On the other hand, soil ecol-
ogists or biogeochemists collecting good litter quality data typically focus on a few
contrasting litter types without referring to their relative abundance in the local plant
community, or alternatively, on community-level litter fall without distinguishing
individual species. This latter approach allows the evaluation of ecosystem-scale
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processes and provides a good assessment of community-level decomposition. On
the contrary, it permits only a limited understanding of the driving mechanisms,
especially if non-additive effects on decomposition of mixtures of litter from a range
of different plant species occur, which are not predictable from community weighed-
mean litter traits. We will come back to this important issue later when we discuss
the role of biodiversity in litter decomposition.

Overall, litter quality control of decomposition is similar in aquatic compared
to terrestrial ecosystems, especially in lower order forest streams with low
autochthonous primary production and sharing the same litter inputs as neighboring
terrestrial ecosystems. In one of the rare field experiments comparing terrestrial
to aquatic decomposition across a broad latitudinal gradient, Garcia-Palacios et al.
(2016) identified the same set of litter traits explaining litter mass loss in forest streams
and adjacent forest floors. There were some biome-specific differences, but overall,
Mg and Ca concentrations were the most important litter traits associated to variation
in litter decomposition across biomes in both types of ecosystems. Another, more
local study in an alpine environment found that the relative role of environmental
factors and litter quality were consistent in aquatic and terrestrial decomposition
even at different decomposition stages (Yue et al., 2018). Collectively, these studies
suggest that decomposition dynamics can be predicted from the same variables, irre-
spective of whether litter decomposes in a stream or on the soil surface. It is important
to note, however, that these comparative studies used spatially coupled pairs of low-
order streams and terrestrial sites sharing the same local environmental conditions.
It is less likely that a similar coherence in the relative importance of control factors
persists at larger spatial integration, with for example, varying local nitrogen depo-
sition, heterogeneous bedrock, and thus, distinct nutrient limitation, or predominant
oxygen control in higher order and more slowly-flowing streams.

Compared to biotic control factors, i.e., litter quality and decomposer organisms,
environmental control during the decomposition process seems more straightforward
to quantify. Technically this is certainly true, but practically, temperature, as well as
humidity, which in contrast to most aquatic ecosystems (with the exception of inter-
mittent streams) is an additional important environmental factor regulating decom-
poser activity in terrestrial ecosystems, may not have been characterized sufficiently
well in the past. This is because microclimatic variability was mostly neglected,
assuming that data from the nearest climate station can represent the climatic condi-
tions for a particular study site reasonably well. This may not be the case as some
studies suggest (Bradford et al., 2014, 2016; Joly et al., 2017). Indeed, temperature
and humidity may vary strongly at very small spatial scales of only a few meters or
even at the individual litterbag scale (Bradford et al., 2016), depending on micro-
topography, exposition, plant presence or animal activities, leading to variations
that can be as large as among climate stations at regional scales (Bradford et al.,
2014). The unaccounted variability in microclimate blurred the understanding of the
relative importance of climate control in terrestrial decomposition and the spatial
scale at which it operates. This is probably less problematic for aquatic decomposi-
tion. In these systems, water temperature and oxygen concentration, two important
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environmental factors controlling decomposer activity during aquatic decomposi-
tion, are standard measurements at the microsite scale because these data are not
readily available from climate stations, and oxygen can vary strongly at small spatial
scales. Therefore, the established relative contribution of environmental control over
decomposition appears more robust in aquatic than terrestrial ecosystems.

6.2.2 The Role of Decomposer Organisms

The approaches to study temperature and litter quality control over decomposition
are comparable in terrestrial and aquatic ecosystems, and share broadly the same
methodological and conceptual development. However, terrestrial and stream ecol-
ogists considered the role of decomposer organisms quite differently in the past
(Wagener et al., 1998). Detritivorous animals and their contribution to decompo-
sition initially received much more attention amongst stream ecologists (Graca,
2001; Wagener et al., 1998) than amongst terrestrial ecologists, who commonly
excluded detritivores by the use of litterbag mesh sizes smaller than the body sizes of
most detritivores, especially soil macrofauna (e.g., earthworms, millipedes, isopods,
etc.). In fact, terrestrial decomposition has been traditionally considered mostly as a
microbial-driven process (Wagener et al., 1998). Microbial decomposers were seen
mostly like an engine with its performance depending on available fuel (litter quality)
and suitable conditions (temperature and humidity), but not on the characteristics of
the ‘engine’ itself. Indeed microbial diversity and physiology was largely neglected,
because the tools to measure it did not suffice, and because of the long held paradigm
that the same microorganisms are everywhere. This classical view changed consid-
erably over the last 15 years with the development of molecular tools and exten-
sive biogeographical assessments of the occurrence and diversity of soil microbes.
Recent studies showed that soil microbial communities differ substantially in time
(over the course of litter decomposition; Herzog et al., 2019) and space (Baldrian,
2017). Spatial variation of a rather basic microbial parameter, such as biomass, can
be an important determinant of decomposition even at regional scales alongside
with climatic factors (Bradford et al., 2017), further questioning the dominant role
of climate control in the classical Hierarchical Decomposition Model (Fig. 6.1).
Additionally, soil fauna are increasingly considered in litter decomposition studies,
showing that they are major players beyond microbial communities also in terrestrial
decomposition (Garcia-Palacios et al., 2013; Hattenschwiler & Gasser, 2005; Wall
et al., 2008). Numerous studies manipulating the presence, abundance, or diversity
of soil fauna (e.g., Coulis et al., 2015; Handa et al., 2014; Heemsbergen et al., 2004)
clearly showed that they need to be taken into account as a control factor on their
own.

Collectively, the recent findings of how microorganisms and soil fauna contribute
to decomposition call for a revised role of decomposers in the control of terrestrial
litter decomposition and its integration in conceptual models (Fig. 6.1). Accounting
for decomposer organisms in decomposition studies is not an easy task, because of
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the tremendous number of different taxa, organized in highly complex food webs,
which depend on plant-derived litter as the main source of energy and matter. The
complexity of terrestrial decomposer communities in terms of diversity and the
number of trophic and non-trophic links appears to be higher, compared to that
of streams, but perhaps not of other aquatic ecosystems such as marine benthos.
Because of this complexity, but also because the composition and diversity of
decomposer communities can vary substantially among different plant communi-
ties, it is presently difficult to incorporate soil organisms in predictive mechanistic
decomposition models.

6.2.3 Temporal Dynamics of Biotic and Abiotic Drivers
of Litter Decomposition

The relative impact of environmental factors, litter quality, and decomposer commu-
nities may vary over time with proceeding decomposition. For example, Garcia-
Palacios et al. (2016) showed that control by litter microbial and nematode commu-
nities dominated during early decomposition stages, while soil moisture and legacy
effects of initial litter quality increased in importance during later stages of decom-
position. Such temporal shifts in control mechanisms are important to consider for a
better understanding of how environmental conditions, litter quality, and decomposer
communities affect decomposition interactively in a revised triangular relationship
(Fig. 6.1), yet studies addressing such temporal dynamics explicitly are still rare.
Changing control through time appear to be even less studied for stream ecosystems
(but see Yue et al., 2018), perhaps also because litter decomposition proceeds gener-
ally quicker compared to terrestrial ecosystems. The different time scales at which
freshly fallen leaf litter disappears in terrestrial and aquatic ecosystems is one of the
major differences affecting the interplay of different control factors and predictive
modeling of decomposition in terrestrial and aquatic systems. In certain biomes and
for certain litter types it may take more than ten years in terrestrial ecosystems (Parton
et al., 2007) compared to only a few weeks in stream ecosystems (Gessner et al.,
2010) until the leaf litter visually disappears. These large differences actually hide the
fact that smaller leaf particles resulting from detritivore activity (“fragmentation” or
“comminution”) are easily washed downstream with flowing water in streams, while
they remain longer in place under terrestrial conditions. This means that part of the
decomposition process is ‘delocalized’ in streams and decomposition in the strict
sense of mineralization of organic matter may in the end not differ as much between
terrestrial and aquatic ecosystems. This is difficult to measure correctly in either
system because dissolved organic compounds and particulate organic matter move
down the soil profile and down the streams.
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6.3 Diversity and Litter Decomposition in Terrestrial
Ecosystems Compared to Streams

6.3.1 Leaf Litter Diversity

The rapid rate of biodiversity loss worldwide has prompted research efforts in recent
decades directed towards understanding if and how biodiversity influences ecosystem
functioning (Eisenhauer et al., 2019; Hooper et al., 2012). Most often, diversity
metrics (e.g., species richness, functional diversity) are manipulated as the indepen-
dent variable, and ecosystem functions are measured to understand whether the whole
is greater than the sum of its parts (net diversity effect) and if so, whether mecha-
nisms could be identified driving such effects (Eisenhauer et al., 2019). While primary
productivity is the ecosystem function having received the most attention to date and
for which strong positive net diversity effects have been observed across ecosystems
(Tilman et al., 2014), litter decomposition has been studied too, recognized as an
ecosystem function of key importance for both terrestrial and aquatic ecosystems.
Manipulative biodiversity experiments on litter decomposition have been treated in
meta-analyses (Cardinale et al., 2011; Gartner & Cardon, 2004; Lecerf & Komi-
noski, 2010) and through large-scale collaborative experimental studies (Garcia-
Palacios et al., 2016; Handa et al., 2014). Evidence to date in terrestrial ecosystems
suggests that overall net diversity effects are weak (if present at all), in comparison
to plant productivity responses (Cardinale et al., 2011; Handa et al., 2014), but there
is increasing evidence (Lefcheck et al., 2015; Wagg et al., 2014) suggesting that
positive biodiversity effects increase when considering the ability of ecosystems to
maintain multiple functions simultaneously (i.e., multifunctionality). The number
of studies addressing the biodiversity-ecosystem multifunctionality relationship in
streams is scarce, but novel evidence suggest an important positive linkage similar
to that found in terrestrial ecosystems (L6pez-Rojo et al., 2019).

Net diversity effects, when observed, can represent either selection or complemen-
tarity effects of species mixtures within assembled biodiversity experiments (Loreau
& Hector, 2001). Selection effects are an extension of the mass ratio hypothesis
(Grime, 1998), which suggests that the local dominance of a species with partic-
ular traits present within a community can be determinant to the ecosystem function
under study. Complementarity effects, on the other hand, point to species differences
or species interactions within a community that result in synergistic or antagonistic
effects on the measured ecosystem function (Loreau & Hector, 2001). Such comple-
mentarity effects reflect niche partitioning of species favouring specialized resource
use or interactions such as facilitation or inhibition that translate into diversity effects.
In their collaborative study across a latitudinal gradient, Handa et al. (2014) showed
that complementarity rather than selection mechanisms drove diversity effects in
both terrestrial and aquatic litter mixtures. For instance, litter mixtures combining
a N-rich litter and a non-recalcitrant rapidly decomposing litter led to a positive
net diversity effect in this cross-system study, likely due to translocation of nitrogen
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through fungal hyphae from N-rich to N-poor litter thus facilitating microbial decom-
position. In a recent aquatic microcosm study with a riparian forest litter mixture,
Lépez-Rojo et al. (2019) also found that complementarity effects were more preva-
lent in explaining observed net diversity effects, but selection effects also played a
role.

Quantifying selection and complementarity effects in litter mixtures requires the
measurement of litter mass loss at the species level, which is time-consuming and
potentially challenging if the stage of litter decay hinders species identification.
The use of community-level metrics and plant traits can partially solve this issue
by establishing indirect associations with selection and complementarity effects.
In this line, selection effects have been associated with the community-weighted
mean of functional traits that drive the decomposition process, while complemen-
tarity effects are typically associated with the functional dissimilarity of these traits
within a community (Garcia-Palacios et al., 2017). With litter quality as one of the
key drivers of decomposition, it is not surprising that idiosyncratic responses are
frequently observed, leading to the conclusion ‘community composition matters’.
However, most litter decomposition studies addressing the role of diversity in both
terrestrial and aquatic ecosystems have been performed without explicitly consid-
ering underlying mechanisms by separating individual species from litter mixtures.
While these studies comparing monocultures vs. increasing levels of litter diversity
are useful for assessing if the whole is (or is not) greater than the sum of its parts,
these assessments have limited our understanding of selection and complementarity
effects in both soils and streams.

6.3.2 Multi-trophic Diversity

Evidently, when considering decomposition dynamics, diversity exists not only at
the level of the plant communities that provide the majority of organic matter input,
but also at the level of the decomposers themselves (microbial and faunal commu-
nities). Decomposers interact in complex networks on the basis of decomposing
litter substrates and connected through multiple trophic and non-trophic interactions
(Wagg et al., 2019). While there is compelling evidence that multi-trophic biodi-
versity in general (Lefcheck et al., 2015), and soil biodiversity in particular (Wagg
et al., 2014), enhances multifunctionality across ecosystems, much remains to be
discovered about how varying decomposer diversity influences litter decomposition
as an ecosystem function.

Contrary to the community assembly approach when studying the effect of the
diversity of plants on litter decomposition, addressing the effects of varying decom-
poser diversity in both terrestrial and aquatic systems has, to date, more frequently
relied on exclusion experiments (Handa et al., 2014). This constraint has been partic-
ularly true for manipulating microbial diversity given the many inactive or dormant
microbes sampled in the environment and a high percentage of unculturable microbes
(Baldrian, 2017; Jansson & Hofmockel, 2018). In a recent terrestrial grassland study,
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Wagg et al. (2019) sieved soils through varying mesh sizes to simplify microbial
network complexity and demonstrated that reduced fungal-bacterial diversity slowed
down litter decomposition. An alternate approach to simplify microbial diversity
is through the dilution-to-extinction approach where, for example, Maron et al.
(2018) added soil inoculum from grassland microbial communities to sterile soil
in microcosms and demonstrated that decreasing diversity altered litter C cycling
by favouring the decomposition of non-recalcitrant carbon over recalcitrant carbon.
While the functional redundancy principle likely ensures functional stability below
a particular threshold of species loss (Miki et al., 2014), a tremendous diversity
of microbes contributes to litter decomposition and interact in a cross-kingdom
functional succession of communities (Herzog et al., 2019).

When considering decomposer community complexity that includes meso- (up
to I-mm body size) and macrofauna (up to 5-mm body size) in addition to microbes,
community exclusion litter microcosm experiments have been useful to demon-
strate that increasing decomposer community complexity accelerates litter carbon
and nitrogen cycling in both forests and freshwater stream ecosystems (Handa et al.,
2014). However, other studies have used community assembly approaches to manip-
ulate macrodetritivores in microcosms to assess litter decomposition. For example, in
a study combining dissimilar soil detrivores such as a millipede and snail, De Oliveira
et al. (2010) demonstrated both synergistic and antagonistic interactions depending
on the stage of litter decomposition of Mediterranean forest litter. Other terrestrial
studies have hinted at niche partitioning mechanisms reflected through functional
dissimilarity (Coulis et al., 2015; Fontana et al., 2019; Heemsbergen et al., 2004) or
strong litter preferences by detritivores that may account for diversity effects (Rouifed
etal.,2010; Vos etal., 2011). Similarly, the literature addressing the effects of detriti-
vores on litter decomposition in streams using exclusion procedures is also prominent
(Gessner et al., 2010). More detailed analysis using community-level properties are
less frequent, but Frainer et al. (2014) found that the functional diversity of detriti-
vore communities had contrasting effects on litter decomposition in boreal streams
across seasons and habitats.

In conclusion, the effects of leaf litter diversity on litter decomposition in terres-
trial ecosystems and streams are reasonably well identified, but we still have a
limited understanding of the biological mechanisms accounting for how plant diver-
sity influences organic matter decomposition in both systems. With regard to the
diversity of decomposer communities, emerging molecular tools and trait-based
approaches are helping us move beyond exclusion experiments towards a more
functional understanding of decomposer diversity in soil and stream detrital food
webs.
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6.4 Global Change and Litter Decomposition in Terrestrial
Ecosystems Compared to Streams

The effects of global anthropogenic change on ecosystem processes has been a
hot topic in the biogeochemical and ecological literature over the past 20 years,
and litter decomposition is not an exception. From the multiple drivers of global
change promoting planetary-scale shifts in the Earth system, here we focus on climate
warming, nitrogen enrichment and biotic invasions. The effects of these three global
change drivers on terrestrial litter decomposition have been synthesized in system-
atic reviews and quantitative meta-analyses, which are necessary to assess general
patterns across different ecosystem types. Furthermore, warming, nitrogen enrich-
ment and biotic invasions also influence the biotic and abiotic drivers of litter decom-
position in streams, allowing us to look for commonalities in aquatic vs. terrestrial
systems.

The interpretation of global change effects on terrestrial litter decomposition is not
straightforward, as these effects are the result of both direct and indirect mechanisms.
Specifically, climate warming and nitrogen enrichment influence litter decomposi-
tion though direct temperature effects on soil biological activity and direct nitrogen
effects on soil chemistry, respectively (Wardle, 2004). However, warming, nitrogen
enrichment and biotic invasions also play an indirect role mediated by shifts in
plant and soil communities (Manning et al., 2006; Castro-Diez et al., 2014). Impor-
tantly, the magnitude of such indirect effects may be larger than that of direct effects
mediated by changes in abiotic factors, strongly modifying the net effects of global
change on litter decomposition. In short, both direct and indirect mechanisms must
be considered.

6.4.1 Climate Warming

The fate of the soil carbon pool is a pressing issue under ongoing climate warming,
as even subtle losses may represent a substantial contribution to the buildup of the
atmospheric CO; pool, promoting a positive land carbon-climate feedback. Litter
decomposition is a pathway of soil carbon loss to the atmosphere, and accordingly
the number of studies addressing warming effects on litter decomposition increased
in recent years. Different methods were used to experimentally simulate climate
warming in terrestrial ecosystems, with open-top chambers, infrared lamps and soil
heating cables among the most common (Fig. 6.2). Two recent global meta-analyses
showed a slight positive effect of experimental warming on terrestrial litter decom-
position (Lu et al., 2013; Yue et al., 2015). Across 34 different articles, Lu et al.
(2013) reported a 6.8% increase, and from a slightly lower sample of 22 articles,
Yue et al. (2015) reported a 4.4% increase. In streams, a recent quantitative litera-
ture review found a significant positive effect of warming on litter decomposition
(Amani et al., 2019). However, as it is usually the case across different field studies,
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Fig. 6.2 Different methods
to experimentally simulate
climate warming in
terrestrial ecosystems.

a Open-top chambers
passively increasing
temperature using hexagonal
methacrylate sheets in
Bogong High Plains,
Australia (source https://jsc
amacresearch.wordpress.
com/, photo credit Henrik
Wahren). b Soil heating
cables in Hubbard Brook
Long-Term Ecological
Research, USA

(source https://hubbardbr
ook.org, photo credit:
Rebecca Sanders-DeMott).
¢ Infrared heaters in El
Yunque National Forest,
Puerto Rico (source https://
blogs.agu.org/, photo credit:
Stephanie Roe)

the overall positive warming effects on litter decomposition were strongly influ-
enced by methodological differences among studies. For instance, the magnitude
and direction of warming effects depended on the ecosystem type, study length,
temperature increase, and method used to simulate elevated temperatures. When
only direct effects of elevated temperatures on litter decomposition are considered,
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litter mass loss is typically higher in warming than in control plots, indicating higher
decomposer activity under more favorable microsite conditions.

Addressing the combined direct and indirect warming effects on litter decompo-
sition is far more complicated, and only a handful of studies have explicitly done
so. For instance, Cornelissen et al. (2007) collected litter from 33 experimental
warming studies in cold ecosystems and studied litter decomposition in two thermally
contrasted sites in Sweden. This elegant experimental design allowed the authors to
disentangle direct climate effects from indirect litter quality changes resulting from
warming-induced changes in plant community composition. In fact, the site of litter
incubation explained 50% of variation in litter mass loss, which was 42% higher in
the warmer than colder site. Interestingly, warming promoted a shift in plant commu-
nity composition from grass- and sedge-dominated communities to shrub-dominated
communities. This plant community shift explained 30% of variation in litter mass
loss. Increasing shrub dominance with warming resulted in an average decrease of
litter mass loss of 40%. This result suggests that although climate warming seems
to alleviate the temperature limitation over litter decomposition in cold ecosystems,
the likely shrub expansion with warming in these high-latitude ecosystems may
counteract such direct warming effects. In addition to changes in plant community
composition, climate warming may also change decomposer communities, repre-
senting an additional indirect effect on litter decomposition (David & Handa, 2010).
In fact, Boyero et al. (2011) found a stimulation of microbial decomposition but
inhibition of detritivore-mediated decomposition with temperature in streams across
a latitudinal gradient in six continents.

6.4.2 Nitrogen Enrichment

Soil nitrogen (N) enrichment through atmospheric N deposition is one of the major
global change drivers affecting ecosystem functioning (Galloway et al., 2008). The
effects of N enrichment are easier to simulate experimentally than those of warming,
as simple inorganic N fertilization can efficiently mimic current N deposition rates.
Consequently, a plethora of experimental field studies has addressed the effects of N
enrichment on terrestrial litter decomposition. For instance, Knorr et al. (2005) and
Zhang et al. (2018) synthesized the effects of N enrichment on litter decomposition
using data from 24 and 55 articles, respectively. On average N enrichment had no
significant effect on litter decomposition. Importantly, the relationship between the
effect size of N enrichment and N application rate was negative, with stimulated litter
decomposition at low levels of N application but suppressed litter decomposition at
high levels. The same increasingly negative effects with higher N enrichment from
atmospheric deposition and agricultural run-off has been demonstrated for streams
with meta-analyses (Ferreiraet al., 2015) and large-spatial scale observational studies
(Woodward et al., 2012). High rates of N input to streams may have toxic effects for
invertebrates counteracting the stimulating effect on microbial decomposition.
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Nitrogen enrichment can influence litter decomposition rates via direct changes
in fundamental controls of litter C mineralization and N release/immobilization
patterns such as soil nutrient stoichiometry and pH, which commonly decreases
with N enrichment. However, N enrichment also affects litter decomposition indi-
rectly by altering the diversity and composition of plant and soil communities. The
response of plant communities to N enrichment usually includes decreased species
richness and compositional shifts towards resource acquisitive species (Isbell et al.,
2013), with cascading effects on litter quality. Soil microbial communities can also
mediate N enrichment effects on litter decomposition via reduced soil microbial
biomass (Treseder, 2008) and oxidase enzymatic activities involved in the degra-
dation of recalcitrant C compounds (Jian et al., 2016). Nevertheless, the relative
contribution of such indirect effects on net decomposition rates vary across studies,
with plant compositional shifts counteracting the direct effects of N enrichment on
soil chemistry (Pichon et al., 2019) or playing a minor role compared with direct
effects (Manning et al., 2006).

6.4.3 Biotic Invasions

The effects of biotic invasions on terrestrial litter decomposition rely mostly on indi-
rect impacts via changes in the plant and soil community, as this global change driver
does not commonly directly modify the environmental conditions of the invaded site.
Here we focus on the indirect effects via the plant community, as studies addressing
how non-native soil organisms alter litter decomposition rates are less numerous,
which limits our ability to elaborate general conclusions.

Several reviews and meta-analysis have synthesized the effects of non-native
plant invasions on litter decomposition, with contrasting results. The vote-counting
approach of Ehrenfeld (2003) and quantitative reviews of Liao et al. (2008) and
Castro-Diez et al. (2014) showed higher decomposition of non-native than native
leaf litter. Specifically, Liao et al. (2008) found a 117% increase in non-native litter
decomposition rates, which correlated well with the higher litter N and specific
leaf area in non-native compared to native litter and green leaves. These results
have contributed to the generalization that invasive plants decompose more quickly,
leading to more rapid cycling of nutrients and C release in invaded ecosystems.
However, neither the meta-analysis of Vila et al. (2011) nor the multi-species study
(78 deciduous forest species) of Jo et al. (2016) found significant differences in litter
decomposition rates between non-native and native species. As pointed out by Zuuk-
swert and Prescott (2016), the general perception that non-native litter decomposes
faster may arise from a bias in current studies focusing primarily on plant species
that are known to have a major influence on ecosystem functioning, such as N fixing
species like Myrica faya (Liao et al., 2008).

Most litter decomposition studies addressing the impacts of biotic invasions in
streams have focused on exotic trees. Recently, Ferreira et al. (2016) synthesized
the available literature addressing the effects of tree plantations and tree invasions in
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natural ecosystems. They found that litter decomposition was 26% lower in streams
flowing through Eucalyptus globulus plantations than in streams flowing through
native forests. However, the effects were not significant when non-native tree species
other than Eucalyptus globulus were included in the comparison.

In contrast with the two previous sections on decomposition drivers and diversity
effects, we are not aware of any study jointly addressing the influence of global
change in terrestrial and aquatic ecosystems. However, as warming, N enrichment and
biotic invasions also influence the biotic and abiotic drivers of litter decomposition in
streams, we may be able to infer consistent patterns across ecosystems by comparing
the results found in meta-analyses and large-spatial scale studies. Although climate
warming significantly increases litter decomposition in soils and streams, warming-
induced effects can change substantially after accounting for the indirect changes
via the plant and decomposer communities. The effects of N enrichment on litter
decomposition seem to vary as a function of the amount of N addition in both soil
and stream studies. This pattern may be the result of indirect effects via changes
in plant and decomposer communities, although the number of studies is still quite
limited for robust conclusions. With regard to biotic invasions, the effects of exotic
plants on soil and stream litter decomposition seem to be species-specific.

6.5 Suggested Approaches for Future Studies

6.5.1 Future Studies Looking at Biotic and Abiotic Drivers

It appears that the role of climate was overestimated in the past, because climatic
variables were not measured at a fine enough spatial resolution, and variables
related to decomposer communities were largely ignored, especially in terrestrial
studies (Bradford et al., 2016). Future studies would need to measure environmental
factors (climate variables, but also soil or water characteristics) at appropriate spatial
and temporal scales and should include a sufficiently large array of relevant litter
quality traits and a reasonably detailed characterization of decomposer communi-
ties for a better understanding of how the different factors interact in controlling
decomposition.

The understanding of the fate of decomposition products is another area of
research that has received insufficient attention to date. The vast majority of decom-
position studies have used and still use the litterbag approach or variants of it and
assess decomposition as litter mass loss from these bags. Much of this lost litter mate-
rial may actually not decompose (in the sense of mineralization) during the study,
but transported out of the bags in the form of particulate or dissolved organic matter.
Ignoring the fate of this organic matter is likely leading to erroneous assumptions in
how carbon and nutrients are cycled through the ecosystem. It will be important to
address the fate of “lost litter mass” more explicitly in future studies. This may be
even more critical for stream ecosystems where flowing water may transport a large
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amount of particulate and dissolved litter material over relatively large distances. It is
methodologically challenging even with the powerful approach of using isotopically
labelled litter material to follow the decomposition products, in particular in stream
ecosystems where they may not easily be recovered.

We believe that from the three groups of control factors, decomposer organisms
require stronger attention in future work determining how the different drivers inter-
actively affect decomposition, in particular in terrestrial ecosystems. It is now clear
that decomposers do not simply “translate” the effects of litter quality and environ-
mental conditions, but are an important driver on their own (Bradford et al., 2017;
Garcia-Palacios et al., 2016). Interactions between microbial communities and detri-
tivores are particularly poorly understood. The recent finding that the transformation
of fresh leaf litter material into fecal pellets by an abundant millipede species can
change carbon and nitrogen release during further microbial decomposition as well
as the relevant traits predicting decomposition (Joly et al., 2018) suggests that such
interactions can have strong impacts on decomposition. However, data are extremely
limiting, especially under field conditions.

The large majority of decomposition studies focused on leaf litter, neglecting other
plant tissues such as wood and roots that quantitatively contribute at least as much to
the overall litter produced by plants. Root decomposition studies are strikingly few
in the literature compared to leaf litter studies, although there are recent advances in
terrestrial ecosystems (Guerrero-Ramirez et al., 2016; Herzog et al., 2019; Jo et al.,
2016; Sun et al., 2018). There are some obvious reasons for this because roots are
more difficult to access and to collect, roots from different plant species are often
difficult to distinguish, and roots do not seem to readily fall into streams. A recent
study following leaf litter and first-order roots (these are the few millimeter long root
tips, which turnover two to three times per year) from several woody species over
six years reported substantially slower decomposition of first-order roots that was
controlled by completely different traits compared to leaf litter (Sun et al., 2018).
Thus, at the scale of the ecosystem, we may currently understand only part of the
decomposition process reasonably well, calling for more root studies in the future.
Even in aquatic systems, especially in low-order stream, root decomposition may
be considerable as roots from riparian vegetation can grow into the water body, but
appear to have received very little attention.

6.5.2 Future Studies Looking at Diversity Effects

One major challenge to improve our understanding of how both resource and
consumer diversity influences litter decomposition dynamics will be to integrate
our multi-trophic understanding of food web interactions into models so as to better
predict process rates across ecosystems. While some synthesis efforts have suggested
that top down effects of consumer diversity are stronger than bottom up effects of
resource detrital diversity (Srivastava et al., 2009), others have pointed towards strong
bottom up drivers, particularly nutrient limitation and stiochiometric constraints in
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freshwater food webs (Frainer et al., 2016). Given the challenges of resolving food
webs and the desire to develop tools that allow us to extrapolate network structure
towards predicting litter decomposition, one potential approach is trait matching
of consumer feeding traits to resource palatability traits (Brousseau et al., 2018).
Recent work assessing trait covariation of detrivores and their resources has pointed
to over one third spatial covariation of consumer and resource traits for collembolans
and leaf litter (Raymond-Léonard et al., 2019), as well as for litter-dwelling detri-
tivorous and predatory macroarthropods with their respective resources (Brousseau
et al., 2019). These results suggest certain predictive bottom-up structuring forces.
Linking trait-matching models that can successfully predict litter-feeding interac-
tions (Brousseau et al., 2018) with estimates of process rates like decomposition
represents a promising future research direction. Additionally, refining our under-
standing of microbial networks and the function of microbes will be a high priority
with metagenomic tools that indicate the functional potential of communities all
the way to metaphenomics, which combine this information with that of available
resources (Jansson & Hofmockel, 2018). Soil viruses have been largely understudied
but as demonstrated through microbial loops in aquatic systems can dramatically
change ecosystem process rates (Kuzyakov & Mason-Jones, 2018). Future studies
will clearly benefit from embracing all this complexity and seeking predictive tools
that integrate our understanding of these multi-trophic perspectives to predict litter
decomposition in the context of a changing planet.

6.5.3 Future Studies Looking at Global Change Effects

In the global change section of this chapter, we highlighted the importance of disen-
tangling the direct effects of climate warming and nitrogen enrichment on litter
decomposition from the indirect effects via changes in plant community composi-
tion. Here we propose two methods inspired in previous litter decomposition studies
performed in terrestrial ecosystems, one experimental and one analytical, which
may also help to tease apart these two important mechanisms in litter decomposition
studies performed in streams.

The first method is a mechanistic factorial experiment that has been used to test the
effects of warming (Allison et al., 2013; Cornelissen et al., 2007) and nitrogen enrich-
ment (Manning et al., 2006; Pichon et al., 2019) on terrestrial litter decomposition
(Fig. 6.3). The experimental design consists in the following factors: ‘plot environ-
ment’ (direct global change effect) and ‘litter origin’ (indirect effect via changes in
plant community). First, a global change field experiment with two levels (warming
or nitrogen enrichment vs. control) is conducted for a period long enough to allow
for plant community compositional shifts (i.e., 3—5 years in grasslands). This design
is replicated in a few experimental blocks. Then, naturally-senesced leaf litter is
collected from the global change and control plots, and used to establish a litter
reciprocal transplant. A similar approach may be followed in aquatic ecosystems,
using either experimental treatments in a single stream or multiple streams along
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Fig. 6.3 Experimental design to disentangle the direct effects of global change (climate warming)
on litter decomposition from those indirectly mediated by changes in plant community composition.
First, leaf litter is harvest from warming and control plots. Then, a reciprocal transplant litterbag
study is conducted to test the effects of ‘plot environment” (warming vs. control plot) and ‘litter
origin’ (warming vs. control litter). Several litterbags may be included in each block if sequential
sampling is required (in this example we envisioned three harvests)

contrasting environmental conditions. Additionally, Allison et al. (2013) consid-
ered a third treatment (‘microbe origin’) assessing indirect effect via changes in the
decomposer community. To do that, the authors gamma-sterilized all litterbags and
litter material, and reinoculated them with a microbial inoculum extracted from the
global change and control litter treatments. However, the validity of this approach is
more uncertain due to litter microbial colonization during incubation in the field.
The second method is an analytical procedure to disentangle the direct and indi-
rect effects of global change drivers in large-spatial scale observations. This approach
assumes that the environmental gradient selected mainly encapsulates the variation in
the variable of interest (i.e., temperature and nitrogen enrichment). Ideally, such envi-
ronmental information should be recorded at each site in sufficient detail, knowing
that environmental factors should be evaluated at an appropriate spatial resolution
(Bradford et al., 2014). Then, naturally-senesced leaf litter of the dominant plant
species is collected at each site, and used to fill site-specific litterbags containing
litter species in the same proportions found in the native litter layer. Leaf litter traits
such as nutrient concentration, morphology or stoichiometry may be used to quantify
variation in plant community composition across sites. At each site, soil samples are
also collected to measure physicochemical parameters as well as the abundance and
diversity of microbial and animal decomposers. Finally, all the abiotic and biotic
drivers of litter decomposition are linked in a conceptual path diagram similar to that
shown in Fig. 6.4a. This conceptual model is then analyzed using path analyses and
tested against field data. Garcia-Palacios et al. (2017) followed a similar approach
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Fig. 6.4 A priori conceptual
path diagram (a) depicting
pathways by which
environmental conditions
(Env1 and Env2 are the two
first axes of a PCA with
climatic variables and soil
physicochemistry), soil
microbial biomass (MB) and
soil microbial functional
diversity (FunDiv; assessed
with community-level
physiological profiles)
influence litter
decomposition (% of litter C
loss). Standardized direct,
indirect and total effects

(b) derived from the
structural equation model.
Redrawn from Journal of
Ecology (Garcia-Palacios
etal., 2017)
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when addressing the direct and indirect (mediated by the soil microbial community)
effects of climate and soil parameters on litter decomposition across 10 sites located
along aregional climatic gradient in southern France. Litterbags were harvested after
a year of field incubation, and the total, direct and indirect effects of environment
(climate and soil conditions) on litter carbon loss were calculated. The total effects
of Envl (accounting for MAP and MAT differences among sites) were small, as
the indirect effects via changes in the soil microbial community partially offset the
direct effects (Fig. 6.4b). This result supports the pattern found in Cornelissen et al.
(2007) when assessing warming-induced effects on litter decomposition via shrub
expansion in cold ecosystems. Studies at large spatial scales conducted in streams
(e.g., Boyero et al., 2011) are also well-suited to perform a similar analysis.
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6.6 Summary

In general, litter decomposition is faster in aquatic (stream) than in terrestrial ecosys-
tems, as a consequence of the higher loss of water-soluble compounds due to leaching
and flushing effects (Berg & McClaugherty, 2014), as well as due to abrasion by sedi-
ment transport and continuous organic matter and nutrient supplies from upstream
sources (Graga et al., 2015). Despite these importance differences, it seems that
the abiotic and biotic drivers, the diversity effects of plant litter and decomposer
communities, and the impacts of climate warming and nitrogen enrichment on litter
decomposition are surprisingly similar across terrestrial and aquatic ecosystems.
However, a number of important knowledge gaps still limit the development of a
cross-system decomposition model. For instance, the spatiotemporal variation at
which decomposition drivers operate, the biological mechanisms behind diversity
effects, and the indirect effects of climate warming and nitrogen enrichment on
litter decomposition via shifts in plant and decomposer communities. Addressing
these gaps in future studies that explicitly address litter decomposition across the
terrestrial-aquatic continuum (e.g., in forest ecosystems) will contribute to generate
a reliable predictive framework of litter decomposition at biome and global scale.
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Chapter 7 ®)
Biodiversity and Plant Litter oo
Decomposition in Streams

Christopher M. Swan

Abstract The main factors influencing litter decomposition in streams are substrate
quality, metazoan feeding, microbial activity and environmental context. However,
the biodiversity of both resources (litter) and consumers (mostly detritivorous inver-
tebrates) can also influence decomposition, with consequences for stream ecosystem
functioning. With regard to leaf litter diversity, in general, decomposition rates
increase with litter species richness, but this relationship shifts in response to the
environmental context, e.g., nutrient availability in the water column, water flow,
and differential shredder feeding rates. Increasing shredder diversity tends to result
in faster decomposition rates, due to facilitative and complementarity effects related
to intra- vs. interspecific interactions. Multitrophic diversity is studied the least, and
justifiably so given the complexities of proper experimental needs. However, avail-
able evidence suggests that loss of taxa at multiple trophic levels results in altered
rates decomposition compared to those expected from intact food webs.

7.1 Introduction

With up to 90% of global terrestrial plant production entering the dead organic
matter pool, decomposition of organic carbon (C) in stream sediments stands out as
central for ecosystem function in these ecosystems (Cebrian, 1999). This important
ecosystem process is the means by which forested stream food webs are supported
(Wallace et al., 1997). Streams can receive substantial inputs of terrestrially-derived
leaf litter (hereafter litter), which can support a significant portion of total system
secondary production (Wallace et al., 1997). For example, a litter exclusion study
carried out in the eastern U.S. over many years not only led to the loss of invertebrate
consumers, but also to the loss of higher trophic levels (Wallace et al., 1997). In a
tropical stream, Rosemond et al. (2001) showed that multiple trophic levels interacted
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with nutrient loading to drive rates of litter decomposition. Decomposition of litter in
rivers is the sum of a variety of biotic and abiotic factors (Webster & Benfield, 1986).
Decomposition describes the rate at which energy from litter inputs from adjacent
forests is liberated to higher trophic levels. This results in large and elaborate food
webs.

7.2 What Limits Rates of Decomposition?

Breakdown of leaf litter from large to small particles and mineralization to carbon
dioxide (CO,) is driven by a number of factors. This complex process involves
regional climate (which determines flow and temperature), foliar chemistry and
consumers, both microbial and metazoan (Webster & Benfield, 1986). Decompo-
sition rate varies with temperature, with higher rates associated with higher temper-
atures (Webster & Benfield, 1986). Areas depleted of oxygen can result in a slower
decomposition rate (Webster & Benfield, 1986). This is more common in bogs and
swamps where decomposition can cease overall (Webster & Benfield, 1986). Precip-
itation influences near-bed flow conditions where abrasion by mobile sediments can
accelerate decay rates (Paul & Meyer, 2001; Swan et al., 2008; Webster & Benfield,
1986). Litter of different species is differentially susceptible to these physical factors.

The foliar chemistry of organic material is important to the breakdown process.
Structural chemistries, such as lignin, hemicellulose, and cellulose, generally slow
breakdown rates (Ostrofsky, 1993, 1997; Webster & Benfield, 1986). Secondary
compounds, such as tannins, and structural compounds produced by plants to deter
herbivory, remain in the leaf litter after senescence (Ostrofsky, 1993). However,
alkaloids generally do not persist in litter after it has entered the stream due to their
increased solubility compared to tannins, lignins, cellulose, etc. (Webster & Benfield,
1986). In contrast, tannins and phenolics remain an active deterrence to digestion of
litter material by both macro- and microconsumers (Cummins & Klug, 1979). Leaf
nutrient content, particularly nitrogen (N) and phosphorus (P) levels, increase break-
downs rates of litter (Driebe & Whitham, 2000; Lummer et al., 2012; Webster &
Benfield, 1986). Ratios of C:nitrogen (N) and lignin:N are good predictors of break-
down rates (Melillo et al., 1982). Interspecific variation in structural, secondary and
nutrient chemistries is of importance for how biodiversity influences the breakdown
process (Lecerf et al., 2011).

The dominant detritivores in streams are bacteria, fungi, and invertebrates often
referred to as “shredders” (Webster & Benfield, 1986). Shredders lack the enzymatic
capability to digest lignin, so initial litter decomposers of organic matter in streams
are the bacteria and fungi (Webster & Benfield, 1986). Their exoenzyme activity
results in softening of the litter, making microbes themselves and the softened litter
palatable to shredders (Webster & Benfield, 1986). Microbial immobilization of
dissolved nutrients by these microbes can increase breakdown via enhanced growth
and therefore their degradative ability, rendering the microbial-litter matrix more
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attractive to shredders (Rosemond et al., 2010). In oligotrophic streams, the contri-
butions by invertebrates to decomposition is estimated as high as 40%, with microbial
mineralization at 10% (Hieber & Gessner 2002). However, such estimates vary with
feeding efficiency of the invertebrates, temperature and other abiotic conditions that
can constrain the presence, abundance, and performance of detritivorous consumers
(Webster & Benfield 1986).

7.3 Litter Diversity Effects on Decomposition

Litter decomposition and subsequent nutrient cycling is used as a measure of
ecosystem functioning. Slow processing of the detritus and nutrient retention stabi-
lizes energy transferred to higher trophic levels (Wallace et al., 1997). Decomposition
is a suitable metric for evaluating ecosystem function, and litter diversity is known
to be important to food web structure, as well as patterns of energy and nutrient
dynamics (Jabiol et al., 2013), in addition to the influence it has on decomposi-
tion in streams (Gessner et al., 2010; Lecerf et al., 2007; Swan & Palmer 2004).
Although litter diversity effects on decomposition reveal a variety of outcomes (i.e.,
either no effect, inhibitory or stimulatory), mixing leaf species that are functionally
distinct leads to mass loss to occur at rates that are different from what is expected
of individual species in isolation (Swan et al., 2009) (Fig. 7.1).

A large number of studies have tested whether rates of decomposition decrease
when species are lost from litter (Gessner et al., 2010). The focus of these studies
varies by changing the diversity of litter. Intraspecific variation in litter chemical
composition is known to drive diversity effects on decomposition (Lecerf & Chauvet
2008). However, interspecific differences among plant species are typically greater,
with some species being rich in nutrients, whereas others are nutrient-poor and/or
contain high concentrations of lignin that resists degradation. Furthermore, secondary
compounds can be detrimental to both microbial and detritivorous consumers by
inhibiting digestion. Changes in the species composition and diversity of litter
supplied to streams therefore entail profound changes in the patterns and rates of
litter utilization and decomposition by both micro- and macroconsumers (Gessner
etal.,2010). At the consumer level, microbes and shredders derive different resources
from different types of litter via complementary resource use, when chemically diver-
gent litter species are available (Swan & Palmer 2006c). In that way, optimizing
nutrient acquisition from litter mixtures potentially alters overall decomposition rates
compared to individual constituent litter species (Swan & Palmer, 2006b).

In several cases, an increase in litter richness has been linked to both increases
and decreases in decomposition rate, which has been explained through a selection
effect (Swan et al., 2009). For example, in the presence of a refractory species, such
as an oak or sycamore, mixtures as a whole decomposed slower than expected. In
other cases, however, oak species that typically decompose slowly revealed faster
rates of litter decomposition when mixed with more labile species. When shedders
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Fig. 7.1 Assuming exponential decay of leaf litter, and two species of leaves (dark lines), the
expected decay of the mixture is represented by the dashed line. If the mixture decays faster than
expected, or litter species decay synergistically, decay is represented by the lower gray line. In
contrast, if the litter species decay slower than expected, or antagonistically, the result is the upper
gray line

are present, their preferences can keep mixtures decomposing slower than expected
(Swan, 2011). This is due to consumer avoidance of the refractory species (Swan
& Palmer 2006a). This leads to an overall slowing of decomposition when species
richness is high (Swan & Palmer, 2006a).

Another mechanism by which high species richness of litter can result in slower
decomposition is simply due to the relative toughness of refractory leaves compared
to labile leaves. For example, in an urban stream with high flow, the tougher species
ended up protecting or armoring the more labile species (Swan et al., 2008). This
is despite the fact that consumers still preferred the labile species in the mixture. In
this case, flow and abrasion were more important in regulating decomposition of the
mixture than were consumers (Paul & Meyer, 2001; Swan et al., 2008).

We only know of one study that considered evenness of litter mixtures on decom-
position. The majority of litter mixing studies hold the mass of each species in the
mixture constant. This is unrealistic since leaf litter species occur in different propor-
tions in the stream and shifts seasonally (Swan & Palmer, 2004). Swan et al. (2009)
tracked the relative inputs of litter to a small, headwater stream in Maryland, USA,
and created experimental litter mixtures that reflected the proportional biomass of
input to the stream. They compared these uneven mixtures to even mixtures together
in a standard litter decomposition study. They found strong species identity effects,
but effects of species richness were significantly higher only in mixtures with uneven,
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realistic combinations of litter species. This suggests that dominant species play a
large role in driving litter diversity effects on decomposition rates.

7.4 Consumer Effects on Mixed Litter Decomposition

Shredders can influence both the rate of decomposition as well as the stability (e.g.,
the opposite of variability in mass loss) in mass loss (Swan, 2011). This happens in a
number of ways. As stated, litter mixing translates into resource heterogeneity, which
can present consumers with complementary resources, which is hypothesized to
increase their feeding rate. This can be extended to resource attraction. Labile species
in a mixture might attract a higher number of shredders, increasing decomposition of
the entire mixture, including even the refractory species. Conversely, a more refrac-
tory species might deter shredder colonization, thereby reducing overall decompo-
sition rate. In that way, species number and composition of the leaf litter can drive
feeding and colonization dynamics (Ball et al., 2009). One different phenomenon
can occur when mixed litter offers shredders choices that may either increase or
decrease litter consumption at the mixture scale. Swan and Palmer (2006a) showed
that a leaf shredding isopod, Caecidotea communis, avoidance of refractory litter in
the presence of more labile species can actually reduce decomposition at the mixture
scale. The degree of resource choice likely varies among shredder taxa, potentially
keeping this effect from being pervasive (Gessner et al., 2010).

Given substantial variation in resource quality among senesced litter species,
decomposition rates are known to change with litter species loss, as both microbial
and invertebrate consumers respond to loss of litter diversity. However, the implica-
tions for such species loss on the stability of decomposition have been less studied.
In a field experiment, Swan (2011) manipulated litter diversity as single- and mixed-
species treatments in a full-factorial design with the presence/absence of the leaf-
shredding consumer, the caddisfly Pycnopsyche gentilis. It was hypothesized that in
the absence of the consumer, loss of litter species would result in higher variability
(i.e., lower stability) in decomposition rates, owing to the portfolio effect commonly
observed in plant communities. However, compensatory feeding by the consumer
should offset the effect of leaf litter species loss. In addition, there was higher vari-
ation in litter processing among single-species litter treatments compared to among
diverse mixtures. When P. gentilis had access, variation among single-species litter
treatments was significantly reduced (i.e., stability increased), and was statistically
indistinguishable from high diversity litter treatments. In small streams, how loss of
streamside forest species influences stability of instream organic matter processing
can be independent of important detritivorous consumers.
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7.5 Nutrient Transfer, Immobilization
and Litter Species Mixtures

Bacteria and fungi move nutrient from high- to low-quality litter species in mixtures,
thus alleviating nutrient limitation for consumers colonizing nutrient-poor litters
(Rosemond et al., 2001, 2010). However, fast and diffuse breakdown of litter may
export nutrients downstream rather than immediately to adjacent litter within leaf
packs (Gessner et al., 2010). Nutrient transfer between litter species of different
nutrient contents may therefore be dependent on environmental factors, such as
flow, as well as microbial processing rates. The result is higher nutrient content of
the litter-microbial matrix on slow-decomposing species, and subsequently higher
decomposition rate compared with the single species alone.

Bacteria and fungi colonize litter creating a litter-microbial matrix (Webster &
Benfield, 1986). These organisms can derive their resources from the litter substrate
or the water column (Rosemond et al., 2010; Webster & Benfield, 1986). As many
of the mechanisms by which there are emergent effects of litter mixing rely on the
degree of interspecific variation in litter quality, environmental context certainly plays
arole. For example, under eutrophic conditions where nutrients are high in the water
column, these microbes can immobilize nutrients creating a situation where the litter-
microbial matrix is of higher resource quality to macroconsumers than would be if
nutrients were low (Rosemond et al., 2010). In one of the few studies to explore this,
Rosemond et al. (2010) exposed mixtures of Liriodendron tulipifera, Acer rubrum
and Rhododendron maximum in all possible single, double, and triple combinations
to a stream experimentally enriched in N and P, and compared any emergent effect of
litter mixing to mixtures exposed to ambient, low nutrient conditions in an adjacent
stream. As predicted, while they found a non-additive (antagonistic) effect of litter
mixing on decomposition rates under reference conditions, this was not the case when
nutrient levels were elevated. Differential responses among single-species litters to
nutrient enrichment contributed to this result. Nutrient enrichment lowered the C:N
ratio and had the greatest effect on the lowest-quality litter species (R. maximum)
and the least effect on the highest-quality litter species (L. fulipifera), resulting in
lower interspecific variation in the C:N ratio. Detritivore abundance was correlated
with litter C:N ratio in the reference stream, potentially contributing to variation in
decomposition rates. In the nutrient-enriched stream, on the other hand, detritivore
abundance was higher for all litter species and was unrelated to C:N ratio. Thus, non-
additive effects of litter mixing were suppressed by elevated stream water nutrients,
which increased nutrient content of litter, reduced variation in C:N ratio among litter
species, and increased detritivore abundance.

The importance of inhibitory compounds varies among species (Ostrofsky, 1993,
1997; Webster & Benfield, 1986), and the distribution of these compounds in
mixed litter assemblages may explain how leaf litter diversity drives changes in
breakdown rates. Intraspecific differences in condensed tannins (e.g., carbon based
secondary compounds) can influence litter decomposition in aquatic ecosystems
(LeRoy et al., 2007), whereas N-based secondary compounds (e.g., alkaloids) are
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lost from litter during instream decomposition and therefore less influential (Ardén
& Pringle 2008). However, persistence, and even increases in relative concentrations
of secondary compounds (condensed tannins, lignin) may not explain the patterns of
decomposition observed among single- and mixed-species litter (Ball et al., 2009).

7.6 Structural Heterogeneity in Litter Mixtures

Besides contributing to variability in terms of chemical composition, physical
complexity within litter mixtures translates into diverse microhabitats compared to
monocultures (Hector et al., 2000). The importance of invertebrates to increasing
litter breakdown is well documented (Hieber & Gessner, 2002; Wallace & Webster
1996) and, furthermore, how litter diversity effects breakdown rates can be facilitated
by invertebrate activity (Swan & Palmer, 2006c). In addition, it has been shown that
trophic interactions beyond that of consumer-resource are important to the decom-
position process (Jabiol et al., 2013). Top-down responses to bottom-up leaf litter
diversity, such as interactions between invertebrates and the microbial community,
might be a mechanism that explains the litter-diversity effect on breakdown rate. In
addition, structural heterogeneity in leaf litter assemblages confer higher leaf surface
area, which could elicit higher abundances of decomposer populations that could then
translate into faster litter processing rates (Hansen & Coleman 1998).

7.7 Litter Mixing Effects on Shredders

But what are the effects of litter diversity on consumer communities? Kominoski
et al. (2009) examined effects of litter quality and species mixing on microbial
community diversity and associated litter processing in a forested headwater stream.
Single- and mixed-species litter from dominant tree species (Liriodendron tulip-
ifera, Acer rubrum, Quercus prinus, Rhododendron maximum) were incubated for
50 days in a southern Appalachian headwater stream. Although mass loss of indi-
vidual species was generally unaffected by mixing, microbial respiration was greater
on A. rubrum and Q. prinus litter incubated with R. maximum compared to either
species alone. High resource heterogeneity, which here was manipulated experimen-
tally to achieve litter mixing of low- and higher-quality litter species, resulted in shifts
in microbial community diversity on individual litter species. The results suggested
that changes in tree species composition in riparian forests, and subsequent changes
in litter resource heterogeneity, could alter stream microbial community diversity and
function. Fernandes et al. (2015) in a microcosm experiment with leaves of alder,
oak and eucalyptus that had been previously colonized by microbes in a mixed forest
stream looked to test how loss of litter diversity and time affected leaf consumption
by invertebrate shredders, the elemental composition of shredder tissues, and the
quality of fine particulate organic matter (FPOM) egested by the shredders. They
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found that the number and identity of litter species affected consumption and FPOM
production by shredders, which both increased with higher litter species diversity.
C and N composition of invertebrate tissues changed with the litter identity. FPOM
quality, taken as C:N ratio, was positively related to litter quality. Litter consumption
by the animals decreased linearly with the increase in C:N ratio differences between
litter and invertebrate tissues. Hence, their results revealed that changes in litter diver-
sity affect the activity of shredders, via leaf consumption and production of FPOM,
and the quality of food resources, via elemental composition of the shredders. There
is therefore the potential for significant effects of litter mixing on consumers, both
microbial and invertebrate, in stream ecosystems.

7.8 Decomposer Diversity Effects on Decomposition

7.8.1 Shredder Diversity

The diversity of shredders can have significant effects on litter decomposition. Many
studies have shown that diversity of these organisms can lead to shifts in decompo-
sition rate beyond what would be expected than when exploring decomposition by a
single species detritivore (Gessner et al., 2010; Jonsson & Malmgqvist, 2000). Such
non-additive effects can occur when there is strong competition, facilitation, or niche
complementarity (Gessner et al., 2010). The mode of feeding, size, feeding rate, and
phenology are all among the suite of traits hypothesized to influence the nature of
emergent biodiversity effects of shredders on litter decomposition (Gessner et al.,
2010).

Most studies looking at how species richness of detritivores is related to litter
decomposition were carried out in the laboratory. Jonsson et al. (2002) looked at
a suite of shredder species in the same guild (Plecoptera). They found significant
differences in feeding rate between species when alone, and significant increase in
loss rate as richness increased. The authors proposed that facilitation and release from
intra-specific interference were the two most likely mechanisms at work. In a follow-
up study, they tested this “interference hypothesis” by manipulating both species
richness and density of three Plecopteran taxa (Jonsson & Malmqvist, 2000). They
showed that one species showed no effect, one a positive, marginally insignificant,
effect, and a third species showed a significant, positive effect of decreasing density.
Thus, their interference hypothesis partly explained the results from their previous
study. In the same study, the researchers tested their “facilitation” hypothesis by
sequentially introducing and removing two species. If this hypothesis were true,
facilitation would be expressed in higher process rates than when replacing with
individuals of the same species. They found that decomposition rate did increase
when one species was introduced after the other species, while the opposite sequence
did not show any increase, confirming of their previous results. They concluded that
both intra-specific interference and inter-specific facilitation may explain the positive
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effect of species richness observed in their system, and that species loss may be
expected to have negative consequences on ecosystem functioning if any species is
lost.

In tropical streams, Boyero et al. (2007) uncovered interesting patterns of interspe-
cific interactions. They manipulated richness, evenness and identity of four shredder
species—three caddisflies and one mayfly—in microcosms and followed rates of
litter decomposition. Species richness, evenness and species identity all affected leaf
decomposition rates. Decomposition tended to increase with higher richness, but
only for the three caddisflies, likely through a release of intraspecific interference.
Species identity was more important than richness, suggesting that some species in
this shredder guild are not redundant. Consequently, losing a particular species could
have important consequences for litter decomposition, compared to losing species
richness per se.

One interesting example showing how increasing diversity can lead to a decrease
in decomposition rate was shown by Creed et al. (2009). They show that if much litter
decomposition is performed by one species (i.e., a functionally dominant species)
and this species is also a competitive dominant that excludes other taxa from a habitat,
then it is possible to obtain a negative relationship between richness and litter decom-
position. Results of their study of litter decomposition in a small stream suggested that
the caddisfly Pycnopsyche gentilis, a common Trichopteran in the Piedmont region
of the US, detritivorous insect in North American headwater streams, was both a
functional and competitive dominant. A second experiment compared the effect of
P. gentilis on litter decomposition to that of other detritivore taxa by enclosing them
with leaf litter packs in a section of headwater stream in which they were uncommon,
or a transplant study. Final leaf pack mass was significantly lower in the P. gentilis
enclosure treatment. Litter exposed to a greater diversity of detritivores displayed
little reduction in mass. Taken together, the results of these studies demonstrated
that P. gentilis was a functionally dominant detritivore. A third experiment manipu-
lated the density of P. gentilis and showed that this taxon was also a competitively
dominant species. Leaf packs and large P. gentilis were placed in enclosures that
were permeable to the majority of other detritivores but not P. gentilis. Litter mass
lost increased with increasing P. gentilis density. However, leaf packs exposed to P.
gentilis contained fewer detritivore taxa, which suggested that P. gentilis was also a
competitive dominant. There was a negative relationship between three measures of
diversity and litter decomposition in the P. gentilis density experiment. Thus, exper-
iments conducted in natural communities that incorporate important species interac-
tions, such as competition, may produce diversity-decomposition relationships other
than the positive ones that are commonly reported.

Large-scale surveys of streams with differing levels of shredder species rich-
ness largely support the experimental results. Jonsson et al. (2001) looked at 23
boreal streams of varying sizes and found that, in addition to important environ-
mental factors, shredder species richness was most strongly correlated with litter
decomposition. Dangles et al. (2011) found similar results in 24 high altitude
Neotropical streams; even after accounting for environmental factors like water
flow, shredder richness and abundance had significant impacts on decomposition
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rates. This result was supported by a complementary field experiment manipu-
lating shredder richness. The result was transgressive overyielding, i.e., that diverse
communities decomposed litter at rates greater than any of the species in isolation,
suggesting that complementary resource use or facilitation among species was the
underlying mechanism.

While many of the tests of species loss have focused on hypotheses about niche
complementarity and facilitation, subsequent conclusions of how disturbance—local
or regional—can deplete species, with consequences for litter decomposition rates.
There has been some work in this regard. Jonsson et al. (2002), in field microcosms,
removed shredder species in the sequences in which they are predicted to disappear,
in response to two common types of anthropogenic disturbances: acidification and
organic pollution, and followed litter decomposition rates. Species identity signif-
icantly affected decomposition rates, while species richness as a whole was non-
significant. Mckie and Malmgqyvist (2009) investigated effects of biodiversity and
two abiotic perturbations on three related indices of ecosystem functioning: litter
decomposition, detritivore processing efficiency and detritivore growth. In naturally
acidic, nutrient poor streams, these variables were measured under two disturbance
regimes: liming and nutrient enrichment, raising pH and nutrient levels, respectively.
In contrast to expectations, leaf decomposition actually increased under the two
disturbance regimes, likely due to a reduction in interspecific trait complementarity
which were alleviated under the stress of the disturbance regimes. Moreover, species
richness was associated with a decrease in decomposition, while shredder density
increased decomposition rates. Lastly, Dangles and Malmqvist (2004) surveyed
streams with different levels of species richness, identity and evenness. They found
that shredder community composition influenced the diversity—decomposition rela-
tionship, with decomposition being much higher for a given species richness at
sites with high species dominance than at sites where dominance was low. This
was exacerbated by the identity of the dominant species. The dominance effects
on decomposition varied seasonally and the number of species required for main-
taining decomposition increased with increasing evenness. These results suggest
that under a disturbance regime, loss of particular shredder taxa, or of the dominant
shredder species, could be detrimental to litter loss rates if these taxa are differen-
tially susceptible to disturbance. Overall, these field studies highlight the importance
of environmental context for biodiversity—ecosystem functioning relationships.

7.8.2 Microbial Diversity

Fungi are the main group of microbial decomposers on litter. In fact, their exoen-
zyme activity softens leaves, making them more palatable to shredders (Webster &
Benfield, 1986). There has been some work on how species loss of fungi can influ-
ence litter decomposition rates. Duarte et al. (2008) conducted a microcosm experi-
ment with monocultures and all possible combinations of four aquatic hyphomycete
species, Articulospora tetracladia, Flagellospora curta, Geniculospora grandis
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and Heliscus submerses. They focused on litter decomposition, fungal production
and reproductive effort. They found that both species richness and identity signifi-
cantly affected fungal biomass and conidial production, but only species identity had
a significant effect on decomposition. In mixed cultures, all measures of fungal func-
tions were greater than expected from the weighted performances of participating
species in monoculture. The three examined aspects of fungal activity tended to
increase with species richness, suggesting a complementar