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• Links among land use, consumer size dis-
tribution and decomposition were
assessed.

• Higher quantity of detritus increased the
overall abundance of detritivores.

• Higher quality of detritus favoured more
the largest detritivores.

• The proportion of the largest detritivores
explained decomposition.

• Intra- and interspecific responses shaped
the size distribution of detritivores.
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Land use change and nutrient pollution are two pervasive stressors that can modify carbon cycling, as they influence
the inputs and the transformation of detritus. Understanding their impact on stream foodwebs and on diversity is par-
ticularly pressing, as streams are largely fuelled by detrital material received from the adjacent riparian environment.
Here we assess how a switch from native deciduous forest to Eucalyptus plantations and nutrient enrichment alter the
size distribution of stream detritivore communities and decomposition rates of detritus. As expected, more detritus re-
sulted in higher size-independent, or overall, abundance (i.e. higher intercept of size spectra). This change in overall
abundance was mainly driven by a change of the relative contribution of large taxa (Amphipoda and Trichoptera),
which changed froman average relative abundance of 55.5 to 77.2%between the sites compared for resource quantity
differences in our study. In contrast, detritus quality modified the relative abundance of large vs small individuals (i.e.
size spectra slopes), with shallow slopes of size spectra (proportionately more large individuals) associated with sites
with nutrient-richer waters and steeper slopes (proportionately fewer large individuals) associated with sites draining
Eucalyptus plantations. Decomposition rates of alder leaves due tomacroinvertebrates increased from0.0003 to 0.0142
when relative contribution of large organisms increased (modelled slopes of size spectra: −1.00 and − 0.33, respec-
tively), highlighting the importance of large sized individuals for ecosystem functioning. Our study reveals that land
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use change and nutrient pollution can greatly impair the transfer of energy through the detrital or ‘brown’ foodweb by
means of intra- and inter-specific responses to quality and quantity of the detritus. These responses enable linking land
use change and nutrient pollution to ecosystem productivity and carbon cycling.
1. Introduction

Understanding the global carbon cycle is becoming paramount as it is
the foundation of climatic regulation and change (Cox et al., 2000).
Among the various states in which carbon is stored, detritus (i.e. dead or-
ganic matter) is the key energy source in many ecosystems (Cebrian,
2004). For instance, food webs in low order forested streams are predomi-
nately fuelled by inputs of detritus from the surrounding vegetation, and
the quantity of inputs they receive determine their productivity
(Cummins et al., 1973; Wallace et al., 1997). In these ecosystems,
detritivores are highly responsive to changes in the quality of detritus, as
they face the largest stoichiometric difference between the consumer and
its resource reported for any consumer-resource pair (Cross et al., 2005,
2003; Frost et al., 2006). Plant species release detritus that matches their
ecological strategy inmanaging nutrients and energy. Thus, some plant spe-
cies are able to grow fast and shed high quality detritus (e.g. Alnus),
whereas other plant species manage their nutrient stocks more carefully,
and thus, recover most of the nutrients invested on their leaves (e.g.
Quercus). These two species epitomize the main axis of what has been
coined “leaf economic spectrum” (Wright et al., 2004), which has a direct
effect on the quality of the detritus and, consequently, on its consumption
(Cornwell et al., 2008; de la Riva et al., 2019). As land use change is a com-
mon phenomenon worldwide (Foley et al., 2005), the quality and quantity
of detritus that enter ecosystems are beingmodified globally with effects on
communities and ecosystem functioning (Chauvet et al., 2016). Quality of
detritus is, nonetheless, changed once microorganisms and detritivores
start colonising and consuming it. In freshwater ecosystems microorgan-
isms acquire nutrients from the water column and enrich the detritus, mak-
ing it easier to be consumed by detritivores (Ferreira et al., 2014). The
degree by which detritus is enriched is related to the availability of nutri-
ents in the ecosystem (Pozo et al., 2011). Thus, both land use change and
nutrient availability in the water can affect the quality of the detritus,
with consequences on consumers.

The distribution of the abundance of organisms within body mass clas-
ses, known as the size spectrum, provides an integrated measure of diver-
sity and food web structure (Kerr and Dickie, 2001). Building size spectra
detaches from traditional taxonomical approaches as individuals are gath-
ered by body mass instead of by identity, but has demonstrated to be a suc-
cessful modelling approach to describe even the most complex ecosystems
encompassing many orders of magnitude of body size, such as the open
ocean (Hatton et al., 2021). Body size determines trophic links between
predators and prey (Brose et al., 2006), which creates the foundation of
size spectra (i.e. predators preying onmore abundant and smaller prey). Al-
though detritivores can show a large variation of body size (8 orders of
magnitude in Potapov et al., 2019), they can feed on resources much larger
than themselves and build communities that tend to be more weakly size-
structured than those fuelled by within-system primary production
(Blanchard et al., 2009; Dinmore and Jennings, 2004). A gathering body
of evidence demonstrates interactions between environmental stressors
and size spectra scaling, with size spectra slopes typically becoming steeper
following disturbances, reflecting a reduction of the relative abundance or
total withdrawal of the large organisms (Mor et al., 2022; Petchey and
Belgrano, 2010; Pomeranz et al., 2019; Robinson et al., 2017). This has
led to the use of size spectra as a quantitative measure of deviation of a nat-
ural community from a reference status as a result of environmental
stressors (Jennings and Blanchard, 2004; Mulder and Elser, 2009; Ott
et al., 2014). In streams, large and small detritivores can be constrained dif-
ferently by the quality of the resource, which can bias the size spectra of the
assemblage and thus its energy distribution. Small size consumers canmore
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easily have a high quality diet by selecting the high quality bits that are
enriched by microbia within the overall low quality detritus, whereas
large consumers are forced to feed on larger pieces that might not be totally
conditioned or have toxic parts that they cannot avoid (Canhoto and Graca,
1999).Moderate environmental nutrient enrichment can enhance the qual-
ity of detritus and be more beneficial to larger consumers, increasing their
relative abundance (Johnston and Sibly, 2020; Mulder and Elser, 2009; Ott
et al., 2014), and thus, leading to a shallower size spectrum slope. Alter-
ations in body size distributions and patterns of energy use are also associ-
ated with land use changes linked to changes in the quality of the detritus
(Ehnes et al., 2014; Martínez et al., 2016). However, although a body of lit-
erature is building up on the response of size spectra to environmental
stressors, the intraspecific or the interspecific mechanisms by which body
size distribution is shaped are still not fully understood.

Changes in the size distribution of consumers should have predictable
impacts on rates of resource use. Individual consumer feeding rates corre-
spond to mass-dependent metabolic requirements (Brown et al., 2004;
Pawar et al., 2012). Scaling-up, the capacity of a community to process re-
sources depends on both its total biomass, but also on how biomass is dis-
tributed among small or large individuals (Peralta-Maraver et al., 2021)
as they show different metabolic demands. Consequently, size-corrected
abundance (i.e. size spectrum intercept) and community size structure
(i.e. size spectrum slope) should be important predictors of resource use
and consumption. Furthermore, detritus offers some physical challenges
for small individuals that are related to their difficulty to break through
the hard cuticle of detritus, and thus, they select the most nutritious parts
(Canhoto and Graca, 1999), but are not as efficient in processing detritus
as larger individuals that cut larger parts. Indeed, there is a growing body
of evidence to suggest that large individuals are the key players in detritus
consumption (Chauvet et al., 2016; Handa et al., 2014; Tonin et al., 2018).
With studies revealing a size specific response to land use change or to nu-
trient availability in the environment (Davis et al., 2010; Larrañaga et al.,
2009; Merckx et al., 2018), the effect of large individuals on ecosystem
functioning can be larger than a simple assemblage abundance, biomass
or metabolism change could anticipate.

Here we test whether changes in resource quantity and quality can pre-
dict changes in the size distribution of their consumers. We explore the
mechanism behind size distribution changes, separating intraspecific
changes in body size (changes in the size of individuals within species)
and interspecific changes in the relative abundance of the different taxa. Fi-
nally, we test whether decomposition rates are better predicted from con-
sumer size spectra parameters (slope and intercept) or, alternatively, from
the abundance, biomass or the metabolic capacity of the consumers. To
do so, we characterised detritivore size spectra for 20 low-order streams:
5 flowing through native deciduous forests, another 5 flowing through eu-
calypt plantations offering a poor detritus, another 5 flowing through
mixed land uses but with low levels of nutrients in the water and another
5 below small human settlements receiving moderate inputs of nutrients.
Eucalypt plantations have long be known for offering a low quality detritus
to streams below (Molinero and Pozo, 2004), while moderate nutrient ad-
dition into the water increases the nutrient concentration in detritus
(Cross et al., 2003).We expect four outcomes. Firstly, changes in the quality
of the detritus will modify the slope of the size spectra, with shallower
slopes expected when the quality of the detritus is higher as big individuals
will become relatively more abundant (Mulder and Elser, 2009; Ott et al.,
2014). Secondly, changes in quantity of detritus will not affect the relative
abundance of big vs. small individuals and, thus, will not change the size
spectra slope, but will shape the overall carrying capacity for detritivores
and modify the intercept of size spectra. Third, we expect the size spectra
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slopes to be shaped both by interspecific responses, i.e. relative abundance
of big and small taxa, and by intraspecific responses, i.e. body size changes
within the detritivore taxa. Lastly, we anticipate decomposition rates of or-
ganic matter to be better explained by the relative abundance of big taxa,
and thus, by the slope of the size spectra, than by the total number of
detritivores (i.e. intercept).

2. Material and methods

2.1. Experimental design

The 20 low order streams were located in the north of the Iberian Pen-
insula (mean lat-long: 43° 17′N–3° 17′W). All sites were located over sili-
ceous materials, and boulders, cobbles and pebbles were dominating the
substrate. Sites were grouped into one of the following four site types:
1) streamsflowing through native deciduous forests (hereafterNative) com-
prisingmainly black alder (Alnus glutinosaMill.), English oak (Quercus robur
L.) and common hazel (Corylus avellana L.); 2) sites draining eucalypt plan-
tations (Eucalypt) dominated by eucalypt (Eucalyptus globulus Labill.) with
some presence of alder and hazel; 3) sites located upstream of small settle-
ments with waters lacking human-derived nutrient inputs (Oligotrophic)
and 4) sites downstream of these human settlements with waters receiving
nutrient inputs from them, but with no sign of oxygen depletion
(Mesotrophic). Thus, these two last types of sites were geographically paired
within the same catchment; the rest of the sites were randomly located in
different catchment of the study area. Riparian vegetation of these two
last type of sites were comprised of narrow riparian forests with alder as
the main species. Although dissolved inorganic nitrogen concentration in
the former two type of sites were not as low as in the Oligotrophic sites,
the concentration of soluble reactive phosphorus was even lower
(Table S1).

2.2. Detritivore assemblages

In each site, 5 benthic Surber samples (0.09 m2, sieved through 0.5 mm
mesh) were taken in randomly selected riffles in February–March 2003 and
processed straight away in the laboratory. Benthic coarse particulate or-
ganic matter (> 1 mm) of the 5 samples in each site was lumped together.
This bulk sample was then sorted into three categories: native leaves
(mainlyAlnus glutinosa,Quercus robur,Castanea sativa and Corylus avellana),
eucalypt leaves and other material. All material was dried (70 °C, 72 h),
weighed, combusted (500 °C, 8 h) and reweighed to estimate as ash free
dry mass. Taxa comprising the shredder feeding guild (coarse organic mat-
ter feeders following Tachet et al., 2002) were sorted, identified (typically
to genus level) and body length was measured in a stereomicroscope with
a calibrated ocular micrometre. Body mass was estimated from total body
length following size-scaling equations from the literature (Baumgartner
and Rothhaupt, 2003; Benke et al., 1999; Burgherr and Meyer, 1997;
Meyer, 1989), except for Echinogammarus sp. For this genus we constructed
our own equation (lnMass = ln(0.0136) + 2.5674·lnLength; n = 593;
r2 = 0.97, p < 0.0001). Although shredders comprise a specific feeding
group within the detritivores (there are also collector gatherers and
filterers), they are tightly linked to the dynamics of the coarse particulate
organic matter, which was the resource quantified in the present study.
Thus, for the sake of simplicity we refer to these taxa as detritivores hence-
forth.

2.3. Size spectra construction

We observed that the sieve used (0.5 mm)was not able to create a clean
break in body sizes as very small individuals were trapped by residues in
the samples with the consequent underrepresentation of the abundance of
the smallest body size categories (Fig. S1). To solve this sampling artefact,
we decided to establish an a posteriori lower body mass limit for the indi-
viduals being considered in our analysis (see also Estévez et al., 2020;
Maxwell and Jennings, 2006). From body dimension equations in literature
3

and the retentions observed in our meshes, we estimated that virtually all
individuals above 0.1 mg of body mass were retained and we chose that
value as the threshold (Martínez et al., 2016). Size spectra relationships
were derived by creating bins of equal size for the log10 transformed
range of body mass values and regressing log10 counts against the mid-
point of the log10 body mass in each bin (Edwards et al., 2020). The total
range of log10-transformed bodymasses for each sampling site was divided
into seven bins of equal width. This number of bins minimised the number
of empty bins and maximized the statistical power of the comparisons.
However, to assess the dependence of size spectra intercepts and slopes
on the number of size bins, we explored the relationship between size spec-
tra coefficients obtained for different number of bins (from 5 to 10 bins;
Fig. S2). Since whole-organism metabolic rates scale predictably with
body mass (Brown et al., 2004) the metabolic capacity of detritovore as-
semblages was estimated as the total of individual body masses scaled
with an exponent of 3/4 (Perkins et al., 2010).

2.4. Decomposition

Leaf bags containing alder (A. glutinosa (L.) Gaertn.) were deployed in
each of the 20 sites to estimate decomposition rates. Freshly fallen leaves
were collected at a single site, air-dried and stored. Incubations in two
mesh sizes were carried out to be able to separate decomposition by detri-
tivore consumption and by microbial activity. Microbial decomposition
was estimated in bags with a 0.5 mmmesh that prevented invertebrate ac-
cess to the litter; total decomposition was estimated in 10 mm mesh bags.
Six bags of eachmesh size were incubated in different riffles of each stream.
Six extra bags per mesh size were taken to the field, submerged in stream
water and brought back to the laboratory to estimate initial air-dry mass
to ash-free dry mass (AFDM) and manipulation conversion factors. In one
site of each type (4 sites in total) additional sets of bags were incubated
and retrieved periodically. This enabled us to estimate the time needed
for ~50% initial litter mass lost for each mesh size, and decide when to re-
trieve bags in all 20 sites. Thus, alder bags from all other streams were re-
trieved after 28 or 31 days. After being collected, bags were individually
enclosed in zip-lock bags and transported to the laboratory in coolers. Re-
maining alder was rinsed with tap water onto a 0.5 mm mesh to remove
sediments, but retain litter fragments. Collected material was dried
(105 °C, 24–48 h), weighed, combusted (550 °C, 4 h), and reweighed to de-
termine remaining AFDM. The material retrieved from the 4 sites, where
periodic sampling was performed, was ground into fine powder (1-mm
screen) and nutrient analyses (N and P) were carried out. Nitrogen was es-
timated with a Perkin Elmer series II CHNS/O elemental analyser (Perkin
Elmer, Norwalk, Connecticut). Phosphorus was determined spectropho-
tometrically after mixed acid digestion (molybdenum blue method; Allen
et al., 1974). Nutrient content was expressed as% leaf-litter drymass (DM).

2.5. Statistical analyses

All data needed to replicate the analyses shown in this paper can be
accessed in Larrañaga et al. (2022). Variation in the quality and the quan-
tity of the benthic organic matter in the 20 sites allowed us to test our hy-
potheses through three different comparisons among the four site types:
two comparisons regarding changes in the quality of the resource and a
third one regarding changes in quantity of the resource. The first compari-
son (called Land use throughout the paper), between native and eucalypt
sites, addressed the effects of the reduction of the quality of detritus on
the size spectra of detritivores. The validity of the comparison is supported
by the reduction in the relative contribution of native leaf litter to the ben-
thic resource stock (Table S1) and the differences in the upstream cover of
eucalypt plantations (Larrañaga et al., 2009). The second comparison
(called Nutrient status), between oligotrophic and mesotrophic sites, tested
the effect of the increase in quality of detritus. Whilst we did not measure
the quality of the benthic material directly, the faster enrichment in nutri-
ents of the incubated alder leaves in the mesotrophic sites, mainly in
terms of nitrogen, confirmed that nutrients were more readily available in
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these sites (Table S1; Table S2; Fig. S3). The third comparison (called Re-
source quantity), between native and oligotrophic sites, allowed us to test
the effect of the reduction in quantity, with negligible effects on the quality
of the resource, as sites in these two categories showed similar levels of nu-
trients in the water and mostly differed in the quantity of organic matter
(Table S1).

To test for differences in size spectra between these comparisons, we
used linear mixed effects (LME) models (package “lme4”, Bates et al.,
2015), modelling log10 abundance values as a function of log10 body mass
(log M), site type (Type) and the interaction between them, with Stream as
a random factor. Random effects only for the intercept, for the slope, and
for both terms (correlated and uncorrelated) were considered and models
were compared with AIC. In all cases, a random effects term including
only the intercept showed the lowest AIC, and thus, all the models shown
include only random intercepts. Assumptions for applying LME models
weremet in all cases. For the comparison between the oligotrophic andme-
sotrophic sites, catchment was included in the random structure (Stream
nested within Catchment) to account for the spatial correlation among the
different sites sampled. However, this random term was not selected in
the final models as it increased rather than reduced the AIC of the model,
compared to the model with only the Stream as a random term. Goodness
of fit for the three comparisons was given as R2 following the method by
Nakagawa and Schielzeth (2013) for linear mixed-effects models, in
which marginal R2 (variance explained by fixed factor) and conditional
R2 (variance explained by both fixed and random factors) are computed
(package “MuMIn”, Barton, 2023). We observed that linearity of the size
spectra varied a lot among the four site types. To test for the presence of
biases from linearity (i.e. secondary structures as in Kerr and Dickie,
2001), standard linear models were built for each site type, modelling
log10 abundance values as a function of log10 body mass (log M), stream
and the interaction between them. R2 values for each of the 4 models
were used to report linearity of size spectra of each site type.

Wewere interested to know if the changes in the size spectrawere based
on a change of the structure of the assemblage, i.e. a change of the relative
abundance of species of different size, or on intraspecific changes of body
size, with larger or smaller individuals within taxa depending on the re-
source quality and/or quantity. To do this, first the composition of the as-
semblage was compared across the 20 sites with a non-metric
multidimensional scaling (NMDS) using the average per site values for all
the taxa and based on the Bray-Curtis dissimilarity matrix (package
“vegan”, Oksanen et al., 2022). A PERMANOVA test was performed to as-
sess differences among site types (106 permutations). To further test for dif-
ferences in assemblage structure, the relative abundance of big taxa
(Amphipoda and Trichoptera) was calculated for each site and regressed
against the slope and the intercept of the size spectra in each site. These
two groups showed a larger average size and bigger individuals than the
rest of the groups, which can originate less steep size spectra, but they
also had individuals in the smallest size categories (Fig. S4), which can pre-
serve the slope of the size spectra and have an effect on the overall abun-
dance. Secondly, to investigate intraspecific responses that could affect
size spectra, we needed a taxa that had a wide range of body sizes, that
was abundant enough to get unbiased descriptors of their body size
Table 1
Estimates from linearmixed effectmodels for the intercept and slopes of detritivore size s
and, marginal (variance of the fixed effects) and conditional (variance of the fixed and r
sites are given for both comparisons they are used in, but the variation for the estimate

Intercept

Contrast Type Estimate 95 % CI

Native vs Eucalyptus Native 2.379 0.331
Eucalyptus 1.606 0.333

Oligotrophic vs Mesotrophic Oligotrophic 1.948 0.275
Mesotrophic 2.074 0.273

Native vs Oligotrophic Native 2.380 0.253
Oligotrophic 1.948 0.253

4

variables and that was present in a number of sites of our study. Following
these three criteria, we assessed the change in maximum body size of the
most widespread and abundant shredder (Echinogammarus berilloni),
which occurred in 18 out of 20 sites, and its relationship with the coeffi-
cients (slope and intercept) of the size spectra of the entire detritivore as-
semblage. The largest individuals of a big taxa like E. berilloni can
potentially determine size spectra slopes as they have a big leverage on
the regression. Nevertheless, the maximum body size is a variable that is
prone to bias due to outliers, and thus, we took three precautions when
extracting this value and relating it to the parameters of the size spectra.
First, we used the 90th percentile as the approach for maximum body size
to avoid including outlying large individuals in our analyses. Secondly,
we assumed that sample size should have a relationship with the accuracy
of the 90th percentile. To test this we calculated the 90th percentile and the
median, and related the difference between these two metrics with the
number of E. berilloni individuals in each site (Fig. S5). This relationship
showed that the difference between the 90th percentile and the median
was extremely reduced with little data (<16 individuals), i.e. the low num-
ber of individuals made estimating percentiles inaccurate, and thus, we
only considered sites with >16 individuals of E. berilloni (13 sites in total).
Thirdly, when building the linear models between the 90th percentile
and the coefficients of the size spectra, we performed ordinary least square
regressions, but we retested the relationship by weighing the datapoints by
the sample size (number of E. berilloni individuals) following again the as-
sumptions that increasing sample size would increase the precision of the
percentile, i.e. reduce the variance of the estimate, and that sample size
would be the inverse of the variance as commonly is accepted in
metaanalyses (Borenstein et al., 2009).

For each of the 20 sites, an exponential decomposition rate (k, dd−1)
was calculated for each coarse and fine mesh bag as the slope of linear
regressions of ln-transformed fraction of remaining AFDM over the accu-
mulated mean daily temperature for the duration of the incubation (de-
gree-days, °C), with the intercept fixed at Ln(1). Then, using the values
for coarse and fine mesh bags decomposition by macroinvertebrates, i.e.
fragmentation, was calculated following Lecerf (2017) and is used in this
paper as the decomposition rate. For the sake of simplicity, original nega-
tive decomposition rates (material is being consumed) were transformed
to positive for all thefigures and statistical analyses. Comparisons of this de-
composition rate among the different site types were again performedwith
linearmixed effects (LME) analysis,modelling decomposition rate values as
a function of site type (Type), with Stream as random factor. Comparison of
different random structures by means of AIC supported the use of a model
with random intercept. The relationships among decomposition, total den-
sity, total biomass, metabolic capacity and size spectra parameters were
performed with linear models, with decomposition considered as the re-
sponse variable (y-axis) in all cases. In all models, behaviour of residuals
was inspected to confirm the assumptions for linear models were met and
log10 transformations applied when necessary. Cook's distance (D) (Cook,
1979) was used to estimate the leverage of each value in the models and
highly influential values (D > 1) were excluded for the final models, al-
though they are shown in the plots. All analyses were made in R (R Core
Team, 2019).
pectra in the three comparisons of the study. Standard deviation of the random term,
andom effects) R2 values are given. Note that estimates for Native and Oligotrophic
d parameters is negligible.

Slope

Estimate 95 % CI SD of random term R2
m R2

c

−0.674 0.105 0.372 0.621 0.896
−0.884 0.147
−0.616 0.168 0.291 0.422 0.681
−0.477 0.163
−0.672 0.115 0.275 0.637 0.836
−0.616 0.130



Fig. 1. Detritivore size spectra in streams from native deciduous forests and eucalypt plantations, and in oligotrophic and mesotrophic stream reaches. The first two
comparisons represent changes in detritus quality (a: eucalypt lower than native; b: mesotrophic higher than oligotrophic) and the third comparison shows a change in
detritus quantity (c: native higher than oligotrophic). Note that the oligotrophic and the native sites are present in two comparisons and data are slightly jittered from one
to the other due to the slightly different random parameters.
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3. Results

Linear mixed effects models for size spectra were able to explain over
80 % of the variation in the data in the Land use and Resource quantity
comparisons, but only explained 68.1% for the Nutrient status comparison,
mainly because of the reduction of the variance explained by fixed factors
(i.e. by the marginal R2; Table 1). Refitting linear models for each site
type with body size, stream and their interaction showed that these three
sources of variation were able to explain 92.0 % of the variation for the Na-
tive sites, although only 80.1 % for the eucalypt sites. Linear models
showed an even poorer fit for the oligotrophic and mesotrophic sites,
explaining only 70.7 % and 70.2 % of the variation, respectively.

Detritivores in Eucalypt sites were less abundant overall irrespective of
their body size (i.e. smaller intercept for the size spectra) than those from
native sites, but largest individuals declined more their abundance (i.e.
steeper slopes) (Fig. 1a, Table 2). The overall slope changed from −0.674
to −0.884, from native to eucalypt sites (Table 1). Eucalypt sites lacked
the largest individuals observed in native sites, as shown by a truncated
body size range compared to native sites, with the largest body mass bin
centre being 1.07 and 1.29, respectively (log10 values; 11.7 and 19.4mg, re-
spectively). Despite nutrient availability in the water and the enrichment
rate of alder by nitrogen were higher in the Mesotrophic than in the Oligo-
trophic sites (Table S1, Table S2), size spectra only displayed a non-
significant trend of increasing the relative abundance of the largest
detritivores (Fig. 1b, Table 1, Table 2). For the Resource quantity contrast
Table 2
Comparison of linear mixed effect models with different sources of variation for the
three comparisons of the study: streams with Native or Eucalypt riparian buffer,
streamswith Oligotrophic orMesotrophic waters, and, streamswith thick or thin ri-
parian forests (Native and Oligotrophic sites, respectively). Chi square and p-values
of likelihood ratio tests between themodel in the line and the one below it are given.

Contrast Driver Model AIC Df Chi sq P-value

Native vs Eucalyptus Resource log M * Type 29.317 6 4.972 0.0258
quality log

M + Type
32.289 5 8.311 0.0039

reduced log M 38.601 4
Oligotrophic vs
Mesotrophic

Resource log M * Type 64.829 6 1.373 0.2413
quality log

M + Type
63.202 5 0.516 0.4727

increased log M 62.718 4
Native vs Oligotrophic Resource log M * Type 33.989 6 0.409 0.5222

quantity log
M + Type

32.399 5 5.181 0.0228

reduced log M 35.579 4
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size spectrum slopes did not differ between native and oligotrophic sites al-
though the intercepts did, with higher overall abundances for native sites,
which exhibited a significantly larger stock of benthic OM (Fig. 1c, Table 2).

The composition of the detritivore assemblages showed a large overlap
among the different site types with only a slight separation between native
and eucalypt sites (Fig. 2), but the overall separation among the site types
was not significant (Permanova: PseudoF = 0.67, p = 0.742). Contrast-
ingly, the relative abundance of large detritivores (Amphipoda+ Trichop-
tera) ranged from 7 to 99 % of the total abundance and was positively
related to the overall abundance (i.e. intercept of the size spectra)
(F1,18 = 46.65, p < 0.001), but not to the slope (F1,18 = 0.44, p < 0.517;
Fig. 3). Neither for Amphipoda nor for Trichoptera was the relationship be-
tween average body mass (in log10) and abundance (log-transformed) sig-
nificant (Pearson correlation: Amphipoda: r=0.12, p=0.64; Trichoptera:
r = −0.36, p = 0.14). On the other hand, the most abundant big taxa of
our assemblages, the amphipod E. berilloni (relative density of 72.3 %, rela-
tive biomass of 65.3 % for individuals larger than 0.1 mg) occurred in 18
out of the 20 sites, missing from one of the eucalypt sites and one of the me-
sotrophic sites. Its maximum body size, estimated by the 90th percentile of
the body mass, was able to significantly explain the variation of the size
spectra slope (F1,10 = 8.40, p = 0.016), but not of the intercept (F1,11 =
2.34, p = 0.154; Fig. 3). A reanalysis with values weighted by the sample
Fig. 2. Non-metric multidimensional scaling of the detritivore assemblages of the
20 stream sites. Ellipses display the 95th confidence interval of the standard error
of the centroid. Permanova analyses revealed no statistical difference among the 4
different groups (see text).



Fig. 3. Relationships between the relative abundance of big taxa (Amphipoda and
Trichoptera) (a and c) and 90th percentile of the body mass of Echinogammarus
berilloni (b and d) with the intercept and the slope of detritivore size spectra. The
arrow indicates an outlying site, which was excluded from the regression due to
its extremely high leverage (Cook's distance >1). Beware that only 13 sites
showed enough E. berilloni individuals to be able to compute the 90th percentile.
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size for each site (i.e. number of E. berilloni individuals) also supported the
significant relationship with the slope (F1,10 = 20.73, p = 0.001).

Decomposition rate was lowest in streams from eucalypt plantations
compared to the other site types (Fig. 4, Fig. S6). Considering the 20
streams together, litter decomposition rate was positively related to the
slope of detritivore size spectra (F1,17 = 15.08, p = 0.001), but not to the
intercept (F1,18 = 1.91, p = 0.184; Fig. 4). Total density or metabolic ca-
pacity were not significantly related to litter decomposition (Dens:
F1,18 = 0.13, p=0.721; MC: F1,18 = 2.74, p=0.115), but biomass nearly
was (Biom: F1,18 = 4.35, p = 0.051). A significant relationship was ob-
served between the total biomass and the slope of the size spectra
(F1,18 = 7.91, p = 0.012).

4. Discussion

In this study we observed that drops in detritus quality (due to eucalypt
plantations or to low water nutrient levels) were reducing the relative
Fig. 4. Relationship between the intercept (a) and slope (b) of detritivore size spectra, a
the regression due to its extremely high leverage (Cook's distance >1).
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abundance of large detritivores, i.e. steeper size spectra, whereas a drop
in quantity (due to the lower forest cover) originated an overall reduction
of the abundance irrespective of the body size, i.e. lower intercept.Whereas
changes of the intercept were related to the relative abundance of large
detritivores, changes of the slope were related to their maximum body
size. Decomposition rates were related to the relative abundance of large
detritivores, i.e. size spectra slope, and not to the abundance, metabolic ca-
pacity or the biomass of the assemblage. Although relationships between
consumers and their resources are abundant in the literature, we have
been able to isolate the effect of quantity from the effect of quality of the re-
sources in this study.

1) Consumer-resource stoichiometric imbalance disrupts size spectra
slope.

Here we show that the effects of changes in quality of detritus on food
web structure differ from those originated by changes in quantity. A size
spectrum slope of −3/4 within trophic levels is a pervasive phenomenon
in nature (Damuth, 1981; Nee et al., 1991; Perkins et al., 2019; White
et al., 2007), but departures of that slope have also been observed in
many studies (Ehnes et al., 2014; Perkins et al., 2018; Reuman et al.,
2009). Our study shows that variations in detritus quality changed the
slope of the size spectra as observed in other studies dealing with stoichio-
metric constraints on food webs (Ehnes et al., 2014; Martínez et al., 2016;
Mulder and Elser, 2009). Specifically, reduction of the detritus quality
linked to eucalypt plantations (demonstrated previously by Molinero and
Pozo, 2004) increased the slope of the detritivores size spectra, whereas
water nutrient enrichment (and the consequent increase of the quality of
benthic detritus, Cross et al., 2003) was related to a significantly shallower
slope than−3/4 (although slopes were not significantly different, and only
tended to be shallower in the nutrient rich sites). Both of these observations
are linked to detritus-detritivore stoichiometric imbalances, which become
more severe with a eucalypt plantations offering a low quality leaf litter and
alleviate with moderate nutrient enrichment reducing the stoichiometric
gap between resources and consumers. From our study we cannot categor-
ically say that eucalypt plantations are able to more strongly shift the size
distribution of the detritivores than water nutrient enrichment. The inten-
sity of both perturbations can vary with more or less eucalypt in the basin
and the riparian forest, and, higher or lower nutrient availability in the
water. In our particular case, resource quality changes associated to euca-
lypt have been stronger when shaping size spectra of detritivores. On the
other hand, when comparing systems with detritus of similar quality, but
differing in quantity, we observed a change in the intercept and not in the
slope, which corresponds to an increase on detritivore secondary productiv-
ity without altering the size spectrum slope. Our results highlight the signif-
icance of detritus quantity for predicting productivity of detritus dependant
nd litter decomposition. The arrow points an outlying site which was excluded from
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ecosystems, but also reinforces the idea of the quality of detritus as the
driver for the relative abundance of large organisms.

2) Intra- and interspecific changes defined size spectra slope and intercept,
respectively.

The changes of size spectra slope and intercept happened without large
taxonomic compositional changes. Although eucalypt and native sites
showed the largest compositional discrepancies, detritivore composition
did not differ strongly among the four site type studied. Our study suggests
that variations in the slope and the intercept of size spectra are likely to be
related to two different mechanisms, but both include large detritivores as
central players. Firstly, intraspecific changes in maximum body mass of
large detritivore taxa were tilting the relationship between body mass and
abundance, and thus, changing the slope of size spectra. The Growth Rate
Hypothesis (Elser et al., 2003, 2000) might help explain our observations
as the higher nutrient availability could either originate a faster individual
growth or at least make it easier for larger individuals to find resources,
which both can contribute to the changes of the size spectra we observe
in our study. Other field studies corroborate changes in body size of
detritivores due larger detritus quantity (Estévez et al., 2020) and quality
(Danger et al., 2013; Evans-White and Halvorson, 2017). Nevertheless,
growth stimulus had to be biased towards big size taxa to observe changes
in the slope size spectra, as an overall increase of the size of all body mass
categories would have conserved the slope. The second mechanism that
can help explain the changes of size spectra parameters is the variation of
the relative abundance of big taxa in contrast to smaller taxa, which were
linked to the changes of the intercept. For this interspecific response to
have an effect on the intercept, but not on the slope, the taxa changing
abundances had to add or remove individuals across the body size catego-
ries, which it was the case for the two groups considered, Amphipoda and
Trichoptera. When becoming abundant, these two taxa had no significant
effect on the average body mass, what explains the lack of effect on the
slope of size spectra. Thus, from our data, it seems larger detritivores are
more responsive to detritus than smaller ones and attain larger bodymasses
(intraspecific response) when resource quality rises and increase their nu-
merical dominance (interspecific response) when quantity is higher.

3) Fluctuating environments and size spectra.

If this intra- and interspecific forces are constantly responding to the de-
tritus quantity and quality, their fluctuations should create biases from
equilibrium that should manifest as departures from linearity of size spec-
tra. A linear relationship is the most common model to build size spectra
(Edwards et al., 2020) and it was a successful approach in our study. Never-
theless, the goodness of fit varied markedly among the four site types stud-
ied. It was highest for native forests, with only 8 % of the variation left for
residuals when considering body size, stream and their interaction in the
model. For eucalypt sites the amount left unexplained by themodel jumped
to 20%, whereas for oligotrophic andmesotrophic sites it reached to nearly
30 %. This lack of linearity, has often been associated to dynamics among
trophic levels (Arranz et al., 2019; Chang et al., 2014; Perkins et al.,
2021; Rossberg et al., 2019). In our study we only have information
about detritivores and we miss data on fish to discard their involvement
on creating departures from linearity of size spectra. Nevertheless, we sug-
gest that the temporal instability of detritus and nutrient supply can also ex-
plain the lack of linearity of size spectra. Fluctuations of the supply rate and
quality of resources will modulate the edge that individuals of certain body
sizes get and thus, departures from linearity are likely to appear. In our
study, the residuals seemed to show that native sites were the most stable
streams, with eucalypt sites less stable and the oligotrophic and mesotro-
phic sites the least stable from the lot. Although streams below deciduous
forests receive the bulk of organic matter in autumn, natural watercourses
have retaining structures that buffer the seasonality of the inputs to extend
the availability of organic matter along the year (Diez et al., 2000; Wohl
et al., 2012). These retentive structures are highly reduced in plantations
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(Diez et al., 2001) and together with the much smaller inputs of high qual-
ity leaf litter, such as alder (Pozo et al., 1997), can make availability and
quality of detritus to show much larger seasonal fluctuations, with periods
with an extremely low overall resource quality (Basaguren et al., 2022;
Martínez et al., 2016). Instability of the detrital conditions can also apply
to the oligotrophic and mesotrophic sites in our work. They display a
lower stock of organic matter, which can already make consumer's body
and population growth in these sites to be less stable, as small oscillations
on the stock can originate large relative modifications in terms of resource
opportunities to individuals of different size. On the other hand, nutrients
in the water are naturally, or artificially, highly fluctuating (Bowes et al.,
2018; Jarvie et al., 1998), which can cause changes in the quality of the re-
source. Moreover, nutrients inputs can create a faster resource use
(Greenwood et al., 2007), which create the risk of depleting its availability
in certain periods of the year. Thus, both land use change andmoderate nu-
trient enrichment can create oscillations in the quality and quantity of detri-
tus, and, can therefore, be included in the same mechanism responsible for
departures from linearity to appear in detritivore size spectra. Interestingly,
our study also suggests that departures from linearity can be used to assess
the level of naturalness of headwater forested streams, as the most pre-
served site types in our study showed the most linear size spectra.

4) Decomposition is controlled by the relative abundance of big consumers.

Both eucalypt plantations and nutrient enrichment have been reported
to inhibit and stimulate decomposition, respectively (Ferreira et al., 2016,
2014), but in our case decomposition of alder, particularly the part that is
carried out bymacroinvertebrates, was significantly slowed downwhen in-
cubated in streams surrounded by eucalypt plantations, whereas nutrient
enrichment only showed a non-significant increase of the rates. The stron-
ger functional consequences of eucalypt plantations compared to nutrient
enrichment cannot be generalized as the effect of both stressors highly de-
pends on their intensity (cover of eucalypt plantation or amount of nutri-
ents added). When modelling organic matter decomposition, previous
studies have successfully used abundance or biomass of detritivores as ex-
planatory variables (Martínez et al., 2013; Pozo et al., 2011). In our
study, abundance did not explain processing rates of organic matter in the
field and although biomass was a stronger, but still not significant, predic-
tor of processing rates, the slope of size spectra was a much better descrip-
tor. Bear in mind that the slope of the size spectra is a proxy for the relative
abundance of large individuals. Thus, this result highlights the relevance of
larger organisms on organic matter consumption, which is in line with pre-
vious studies (Handa et al., 2014; Tonin et al., 2018; Woodward et al.,
2012). Larger detritivores are able to more easily fragment detritus,
which can increase the abundance of other feeding groups, such as filterers,
as they feed on the processed organic matter (Lecerf and Richardson,
2011). As energetic demands scale with body mass, it is expected that met-
abolic capacity is a better predictor of resource use than the slope of the size
spectra. In this regard, total metabolic capacity of the studied assemblage
has also been successfully used to model decomposition in microscosm ex-
periments (Perkins et al., 2010). Nevertheless, detritivores can consume
small amounts of other resources beside coarse detritus, such as fine detri-
tus, biofilm and other animals, but the larger they become the more their
preference for coarse detritus (Basaguren et al., 2002). Amphipods tend
to become predators as they grow (Rewicz et al., 2014), but for the amphi-
pod in our study, Echinogammarus berilloni, there is no sign that other mate-
rials beside coarse organic matter become relevant (Piscart et al., 2011).
With the higher preference for coarse detritus by big detritivoreswe can an-
ticipate intraguild competition between detritivores of different sizes feed-
ing on coarse detritus. Being body size a determinant factor for
competition, we would expect big individuals to exploit more successfully
their preferred resource, coarse detritus, which would displace the smaller
individuals to the consumption of smaller bits or other materials. This
smaller bits can be washed away from the leaf litter bags anyway, so the
feeding activity of the smallest individuals can go partly undetected when
using leaf litter bags to estimate decomposition. Thus, we expect the
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functional consequence of the metabolism of the larger detritivores to be
reflected on our decomposition rates, but the consequence of the metabolism
of the smaller detritivores to be partly neglected. This argumentation is in line
with the observed better fit of decomposition with the slope of the size spec-
tra, which is basically a surrogate of the relative abundance of large vs small
individuals, than with the metabolic capacity or the abundance of the entire
assemblage. In field studies, size spectra obtained from very detailed commu-
nities, including prokaryotes, protists. Meiofauna and macroinvertebrates,
has successfully predicted decomposition rates of artificial substrates
(Peralta-Maraver et al., 2021). In that study multiple trophic levels were in-
cluded and trophic transfer efficiency was key to determine the slope of size
spectra. That study reiterates the verywell-known relevance of organicmatter
for ecosystem productivity (see Wallace et al., 1997), but links it with the
transfer of energy among trophic levels. Our study is, as far as we are
aware, the first one that predicts decomposition from the body size distribu-
tion of detritivores, which only depends on the allocation of energy on indi-
viduals of different sizes in the same feeding guild. This approach can set a
precedent when linking resource consumption, organic matter in this case,
with consumers, detritivores in this case, going beyond the more standard
procedure of using abundance or biomass values. A possible line that can be
developed from here is the use of large bodied macroinvertebrates (e.g.
those collected with a 1 mm or 2 mm mesh; see Gruenert et al., 2007) to es-
timate ecosystem functioning rates. With molecular techniques gaining
ground, combining them with more classical morphological identifications
of the largest individuals couldmore cost-effectively address both biodiversity
and ecosystem functioning issues in the future.

5. Conclusion

We have demonstrated that the quantity and quality of the detritus can
control the allocation of energy into detritivores modulating their size distri-
bution. Quantity of detritus relates positively to the size corrected abundance,
or the carrying capacity, and the quality of detritus (reduced by eucalypt plan-
tations or increased by water nutrient enrichment) with the slope the size
spectra, or the efficiency of allocation of energy to big size detritivores. We
have also shown that the relative contribution of big animals to the assem-
blage, or the slope of the size spectra, can control decomposition rates of de-
tritus, improving the predictive power of abundance, biomass or assemblage
metabolic capacity. Thus, body size distribution, which is backed by meta-
bolic theory in ecology, hinges between environmental drivers that modify
the quantity and quality of available detritus, and the rate at which that detri-
tus is processed by the consumers. Studying body size distribution, or at least
abundance of the biggest individuals, is then paramount to understand energy
transfer in ecosystems facing environmental change.
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