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ABSTRACT

The size spectrum represents a powerful approach for quantifying the effects of environmental changes from individuals to com-
munities in aquatic ecosystems. However, our understanding of its temporal stability in freshwater ecosystems is still limited. In
the present study, we used a size spectrum approach to investigate the responses of 126 lake fish communities to changes in the
intensity of three common anthropogenic stressors (i.e., global warming, nutrient loading and biological invasions) in French
natural lakes and reservoirs over an average 5-year time period. Using a backward selection on a full model including all possible
effects of stressors on the size spectrum slope, we demonstrated that (i) increasing summer temperature shifted fish abundance
towards the largest size classes, resulting in a flatter size spectrum slope and (ii) nutrient loading and biological invasions were
associated with a shift towards smaller size classes in natural lakes, while the opposite effect was observed in reservoirs. In addi-
tion, these two stressors interacted in determining changes in the size structure of fish communities, complicating what the size
spectrum can reveal about changes in stressor intensity during monitoring programs. All predictors accounted for a limited part
of the observed changes in size spectra, and further investigations are needed to fully apprehend the interplay between natural
and human-induced drivers of the temporal changes in size spectra in contrasting environmental conditions.

1 | Introduction et al. 2017). Moreover, freshwater fish communities cover multi-

ple trophic levels, offering the potential to study not only the direct

Freshwater ecosystems are subject to multiple anthropogenic
stressors, such as global warming, eutrophication or non-native
species introductions (Vordsmarty et al. 2010; Dudgeon 2019).
Fish communities are particularly sensitive to these stressors and
are commonly used as indicators of the ecological status of inland
water bodies (Ritterbusch et al. 2022). Most fish species have a
long lifespan, typically several years (Lopez-Lépez and Sedefio-
Diaz 2015), making them a relevant choice for long-term moni-
toring of community dynamics (Cabral et al. 2022; Collingsworth

effects of anthropogenic stressors on species, but also the conse-
quences on trophic interactions in food webs (Sagouis et al. 2015;
Cazelles et al. 2019; Donazar-Aramendia et al. 2019). For exam-
ple, lower proportions of piscivorous fish are commonly observed
in eutrophic lakes (Poikane et al. 2017). Although trophic guilds
provide indirect measures of changes in trophic structures, they
can provide a relevant and operational framework for improving
our understanding of freshwater ecosystem functioning in re-
sponse to anthropogenic stressors (Pont et al. 2006).
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An alternative perspective is to consider the trophic structure
through the biomass pyramid (Trebilco et al. 2013). Freshwater
fish communities are strongly size-structured (Emmrich
et al. 2011, 2014; Mehner et al. 2016; Brucet et al. 2017). Body
size is a key ecological trait in communities because it deter-
mines how individuals interact with their biotic and abiotic
environment (Woodward et al. 2005; Hildrew, Raffaelli, and
Edmonds-Brown 2007). Fish ontogeny is commonly character-
ised by dietary shifts (Werner and Gilliam 1984) with, for in-
stance, piscivorous species being typically invertivorous during
their early life stages and becoming piscivorous when reaching
sufficient gap size (Mittelbach and Persson 1998). Consequently,
the trophic position generally increases with body size, with
predatory fish less abundant than their prey because of energy
loss at each trophic level (Trebilco et al. 2013). The rate of de-
crease in fish abundance as a function of body size (hereafter
‘size spectrum slope’) is related to the food web structure (such
as predator abundance) and therefore independent of the taxo-
nomic structure of communities (Emmrich et al. 2014; Mehner
et al. 2016).

The fish size spectrum is commonly used to monitor the ef-
fects of fisheries activities on marine fish communities (Shin
et al. 2005). In freshwater ecosystems, fish size has been also
reported to covary with multiple anthropogenic stressors and
represents a complementary biomonitoring approach (deBruyn,
Marcogliese, and Rasmussen 2002; Benejam et al. 2016; Marin
et al. 2023). For example, eutrophic lakes generally display
lower abundance of larger fish and steeper fish size spectrum
slopes (Chu et al. 2016; Arranz et al. 2021; Marin et al. 2023).
Conversely, non-native species are generally larger than native
fish species (Blanchet, Grenouillet, et al. 2010), and their high
abundance can induce flatter slopes (Kopf et al. 2018; Arranz
et al. 2021). Finally, natural drivers can also influence the fish
size spectrum, such as warmer climates, leading to steeper
slopes, and larger and more connected ecosystems are likely
to support larger individuals and to display more resistance to
anthropogenic stressors (Blanchet, Rey, et al. 2010; Emmrich
et al. 2011; Pusey et al. 2020). However, despite accumulat-
ing evidence linking the spatial patterns in fish size spectra
to biotic and abiotic environmental conditions, the temporal
dynamics of fish size spectra in response to anthropogenic
stressors have been overlooked. To our knowledge, only two
studies have investigated the temporal variation of the fish size
spectrum in response to environmental changes in freshwater
ecosystems. Murry and Farrell (2014) demonstrated that the
simple effect of change in temperature and nutrients had no
effect on the size spectrum slope, which could partly be ex-
plained by the interactive effect of other anthropogenic stress-
ors that disrupt the dynamics underlying the size spectrum as
observed in Arranz, Grenouillet, and Cucherousset (2023a).
Interestingly, these two studies were performed in lotic ecosys-
tems and over large time scales (i.e., 30years), which exceeds
the standard duration of typical biomonitoring surveys aimed
at quantifying the effectiveness of management measures (typ-
ically 5years). Consequently, it is crucial to not only provide an
assessment of the anthropogenic stressors that influence the
temporal variation in the size spectrum slope, but also to de-
termine whether it can respond to environmental changes over
shorter periods of time.

In the present study, we used a large biomonitoring dataset
to quantify the temporal changes in the fish size spectra in
126 French lakes exposed to different levels of anthropogenic
stressors. Our specific objectives were (i) to test fish size
spectrum responses to impacts related to changes in summer
water temperature, phosphorus concentrations and biomass of
non-native fish species and their interactive effects and (ii) to
address the role of lake connectivity and size on the response
of fish size spectra to these specific anthropogenic stressors.
More specifically, we expected steeper fish size spectrum
slopes with temperature and nutrient increases and flatter
slopes with increased relative biomass of non-native fish spe-
cies. We then expected that increasing connectivity and lake
size would result in greater stability in slope to changes in an-
thropogenic stressors.

2 | Materials and Methods
2.1 | Study Design and Fish Data

Fish sampling was conducted between 2005 and 2019 as part of
the European Water Framework Directive (Argillier et al. 2013).
Studied ecosystems initially included 40 natural lakes and 90 res-
ervoirs. Fish were sampled from June to October using benthic
multi-mesh gillnets set overnight and completed with pelagic
multi-mesh gillnets when the depth of the lake exceeded the
height of the pelagic nets (CEN 2005). Sampling effort (number
of nets, varying from 4 to 81) was determined according to the
lake area to obtain standardised catch per unit effort among lakes
(CEN 2005). The standardised protocol was updated in 2015 to
ensure temporal replication of sampling points throughout suc-
cessive campaigns within lakes (CEN 2015), but in our case,
none of the lakes had both first and second fish samplings after
2015, making the two samplings comparable across all lakes. In
all lakes, the average time interval between the two sampling
events was Syears (Figure S1). A total of 449,511 individuals were
measured individually or grouped in batches per species when
individuals were similar in body length. For these individuals
(34.9% of the total number of fish individuals, primarily juveniles
[7cm on average] from highly abundant species), we randomly
assigned body length between the maximum and the minimum
of the batch using a uniform law (Marin et al. 2023). Individual
body mass was then estimated using specific length-weight rela-
tionships calculated from the entire database.

2.2 | Environmental Conditions
2.2.1 | Hydro-Morphology

We first categorised the lakes into two main groups, natural lakes
and reservoirs, considering that the fish size spectrum might ex-
hibit varying responses to the same anthropogenic stressors in
these two ecosystems (Marin et al. 2023). Subsequently, natural
lakes and reservoirs were characterised by their size (ranging
from 10° to 10" m3) and the number of tributaries (ranging from
0 to 8 rivers and streams). Lake size and connectivity were log-
transformed to mitigate the influence of extreme values and im-
prove the normality assumption.
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2.2.2 | Anthropogenic Stressors

For each lake, global warming was quantified with changes
in air summer temperature (mean temperature from June
to August) between the two fish sampling events using tem-
perature data provided by Météo France at the national level
in a 8x8km grid. Specifically, temperature change was es-
timated by calculating the rate of change (expressed in per-
centage) in mean summer temperature measured for the two
fish sampling events divided by the time interval (2-10years).
Similarly, change in phosphorus concentration was estimated
by calculating the percentage of change in total phosphorus
concentrations measured for the two fish sampling events
and then dividing it by the time interval. Three water sam-
ples for each fish sampling event were collected (1 m under
the surface, middle depth of the water column and 1 m above
the bottom) in the center part of the lake and averaged. When
natural lakes or reservoirs were shallow (max depth <4m),
only sub-surface and near-bottom sampling were conducted.
Phosphorus data are available in the Naiades database (https://
naiades.eaufrance.fr). Finally, changes in the relative biomass
of non-native to total fish species in the community were de-
termined as the percentage of change in the proportion of non-
native to total fish biomass between the two fish sampling
events, standardised as other predictors above by the number
of years between the two fish sampling events. Species status
(native or non-native) was defined at the national scale follow-
ing Keith, Persat, and Allardi (2011).

2.3 | Changes in the Fish Size Spectrum

We estimated the slope of the fish size spectrum using the
maximum likelihood estimate (MLE) based on an underlying
Bounded Power Law distribution (PLB) of individual fish masses
(Edwards et al. 2017). The formula for estimating the negative
exponent b of the size spectrum was derived from the sizeSpectra
package (negLL.PLB in Edwards 2019, full code and functions
available in the Supporting Information). To minimise sampling
bias associated with the smallest size classes using standardised
multi-mesh gillnets, we only considered fish individuals with a
body size greater than 4g (Mehner et al. 2016). This resulted in
the exclusion of approximately half of individual lengths esti-
mated from batches (see Section 2.1 above). Change in the Fish
Size Spectrum (FSS) slope for each lake were then calculated
using the Equation (1):

FSS sloper, — FSS sloper,;
Time

(¢))

FSS slope change =

where T1 and T2 represent the first and second fish sampling
events, respectively, and Time represents the number of years
between these two events. To ensure the robustness of our es-
timations of changes in size structure, we also calculated the
slope of the size spectrum from the historical binned approach
using the Normalised Abundance Size Spectrum (NASS:
Sprules and Barth 2016). We categorised all body masses into
nine size classes following a geometric series of 2 (1st: 4-8g,
2nd: 8-16g, ..., 9th: 1024 g and more), ensuring equivalent spa-
tial and temporal representation of all size classes while avoid-
ing null occurrences (Marin et al. 2023). We then calculated

TABLE 1 | Effects of environmental drivers on changes in the fish
size spectrum slope.

Predictors Estimate F P
Summer temperature 0.002 4.093 0.046
change

Total phosphorus —0.001 1.207 0.274
change

Non-native biomass —0.900 2.994 0.086
change

Lake type —-0.017 2.386 0.125
Lake size <0.001 0.092 0.763
Lake connectivity —0.005 0.145 0.704
Total phosphorus 0.002 7.406 0.008
change x Lake type

Non-native biomass 1.080 7.006 0.009
change X Lake type

Non-native biomass —0.040 5.864 0.017
change X Total

phosphorus change

Note: Only drivers from the final model after backward selection are displayed.
Significant p<0.05 are displayed in bold. Marginal R?=0.188, conditional
R?=0.256. n=126.

the variation rate (or slope) in abundances across size classes
(log, of normalised abundance) (Emmrich et al. 2014; Arranz
et al. 2021; Marin et al. 2023). The normalisation of abundances
was achieved by dividing fish abundance per size class by the
width of each size class (Sprules and Barth 2016). We visually
inspected lakes where the two methods showed major discrep-
ancies (van Dorst et al. 2022), leading to the exclusion of four
lakes (1 natural lake and 3 reservoirs) from the subsequent
analyses (Figure S2). More importantly, we found qualitatively
similar results using the MLE method (Tables 1 and S1).

2.4 | Data Analyses

First, the magnitude of anthropogenic stressors and size spec-
trum changes were quantified by comparing the changes in
each parameter to the null expectation of 0 change using the bi-
lateral Student test. Concerning slope variations, we conducted
a Mantel test to assess potential spatial autocorrelation to pre-
emptively address any need for an autocorrelation structure
in the model (Figure S3). Then, the effects of anthropogenic
stressors on slope changes were tested using linear mixed mod-
els using the LmerTest R-package (version 3.1-3; Kuznetsova,
Brockhoff, and Christensen 2017). Because surveys were con-
ducted between May and October and recruitment dynamics
may have an important effect on fish sampling (Miguet, Logez,
and Argillier 2021), we first used the seasonal trends of the
sampling events as a random factor with three possible com-
binations (same season, summer for the first sampling event
and autumn for the second and autumn for the first sampling
event and summer for the second). Second, the time interval (in
years) between the two sampling events was categorised into
three factors (short: 2-4years, medium: 5-7years and long:
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> 7years) as a random effect in our analyses to account for any
potential bias related to this variability in the sampling design.
Finally, we used the year of the first sampling event as a third
random effect, categorised in three time periods (2005-2007,
2008-2010 and >2010). We built a full model incorporating
single interactions between anthropogenic stressors and hydro-
morphological variables using the following Equation (2):

FSS slope change =Temp,pge X INVa gy ange

+ Tempchange X TPchange + Tempchange xLT
+Temp pange X LC +Tempgy,apge X LS

+Inva, xTP +1Inva X LT +Inva xLC @

change change change change

+INVagnge X LS+ TPpange X LT+ TP 00 X LC

+ TP pange X LS +Temppapge +Inva,

change

+TP, +LT+LC+LS+ (1] Season trend)

change

+(1| Time interval)+ (1| Year of the first sampling)

where Tempchange, InvaChalnge and TPChange represent the changes
in summer temperature, biomass of non-native species and total
phosphorus, respectively. LT, LC and LS denote lake type (natural
lake or reservoir), lake connectivity (log,, of tributary numbers)
and lake size (log,, of the total volume), respectively. There was
little evidence for multi-collinearity among all initial predictors,
with all variance inflation factors (VIF) below 4. We initially
performed a backward selection on interactive fixed terms, pri-
oritising the highest p-value, and stopped when the remaining
interactions were significant (p <0.05). We then conducted a ran-
dom effects selection based on variance criteria to avoid excessive
singularity in determining the conditional R* (Nakagawa and
Schielzeth 2013). Ultimately, only the year of the first sampling
factors was maintained (Table A2) and explained around one-
fourth of the size spectrum slopes trends variance in the final
model (marginal R>=0.188, conditional R>=0.256 including both
fixed and random effects).

3 | Results

Across all locations, summer air temperature increased by
4.3% per year (t=7.381, p<0.001), although several locations
displayed decreasing temperature (Figure 1a). Regarding total
phosphorus concentrations, many lakes experienced a decrease
over time (Figure 1b); however, these changes were too slight
to induce a significant overall mean change across all lakes
(t=0.708, p=0.486). Lastly, changes in biomass of non-native
fish species ranged between —10% and +10% per year, with a
significant overall decrease over the study period (Figure Ic,
t=-2.120, p=0.036).

The fish size spectrum slopes were all negative, ranging from
—2.489 to —0.714 and from —2.743 to —0.544 for the first and sec-
ond sampling event, respectively, and did not show geographical
patterns in their temporal changes (Figures 2a and S3). Slope
changes varied from —0.254 to +0.175 per year with an aver-
age variation that did not differ from zero (t=-0.861, p=0.391,
Figure 2b).

Regarding potential drivers of changes in fish size spectrum
slopes, we identified a significant effect of the three tested
stressors (Table 1). First, we observed a positive effect of in-
creasing mean summer temperature in both lakes and reser-
voirs (Table 1, Figure 3a). Second, we found a negative effect
of increasing biomass of non-native species and total phospho-
rus concentrations in natural lakes, while the opposite effect
was observed in reservoirs (Table 1, Figure 3b,c). Third, we
observed a significant interaction between these two stressors
(Table 1). Specifically, a concomitant increase in non-native
species biomass and total phosphorus concentration led to
steeper slopes, while an increase in non-native species bio-
mass when total phosphorus concentration decreased led to
flatter slopes (Figure 4). Finally, we did not observe any sig-
nificant effects of lake size and lake connectivity on slope
changes (Table 1).
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4 | Discussion

In this study, we aimed to assess the effects of anthropogenic
stressors on temporal changes in fish size spectra in natural
lakes and reservoirs. Consistent with our first hypothesis, we
observed significant effects of anthropogenic stressors on the
fish size spectrum slope. However, changes in stressors ex-
plained a limited part of the temporal variation in the size spec-
trum (around 20%), and some of these responses differed from
those found in previous studies. For example, while we expected
a negative effect of warming on large body sized organisms, our
study revealed a positive effect of increased water temperature
on the slope, meaning that communities experiencing higher
summer temperature showed a concurrent increase in the pro-
portion of large fish. In addition, we demonstrated an interplay
of nutrient loading and biological invasions in the temporal
dynamics of the size spectrum. More specifically, increasing
non-native species had a positive effect on size spectrum slopes
when nutrient concentrations (total phosphorus) decreased.
Regarding our second hypothesis, lake size and connectivity
criteria did not significantly affect slope stability, but lake type
(natural lake or reservoir) played a crucial role in modulating
the responses of the slope to nutrient loading or biological inva-
sions by non-native species.

In alignment with recent findings (Arranz, Grenouillet, and
Cucherousset 2023a), our study highlights that the temporal

dynamics of community size distribution can yield variable,
even unexpected results when compared to spatial patterns.
These results can be explained by two mechanisms. First is
the limited temporal scale of our study coupled with a lack
of drastic changes in stressor intensity in the studied sites.
The low intensity of stressors can also result in opposite re-
sponses of community dynamic to predicted ones. This pattern
has been widely emphasised to describe biodiversity patterns
with the Intermediate Disturbance Hypothesis (IDH), which
suggests a peak in species diversity at intermediate-scale per-
turbations (Connell 1978). These ‘ecological surprises’ (sensu
Paine, Tegner, and Johnson 1998) can often be encountered
when biological structures are contingent on multiple trophic
levels such as size spectrum (Thompson, MacLennan, and
Vinebrooke 2018), as all organisms (or species) are interdepen-
dent and may not respond with the same strength or synchro-
nously in time (Meerhoff et al. 2012). Second is the absence
of strong changes in the size spectrum slopes. Although the
changes in slope obtained using the maximum likelihood
estimation may be slightly reduced compared to the binned
approaches historically used (Figure S2), our estimates of
changes ranged mainly between —0.1 and 0.1 per year, which
correspond to annual variations rather than long-term trends.
For example, Broadway et al. (2015) reported an average in-
crease in the slope of the fish size spectrum in the Wabash
River of 0.06 per year over 30years, with a standard error
around 0.30 due to high inter-annual variations. Similarly,
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Murry and Farrell (2014) found a standard error of 0.18 over
30years in the St. Lawrence River. Our results further suggest
that other changes in environmental conditions at the national
scale (including natural factors), which were not considered
here, have affected the stability of size spectra, as the mon-
itoring period (i.e., the year of the first sampling, treated as
a random effect) explained a non-negligible proportion of the
observed variation. Together, these observations suggest that
some of the temporal variation in the slope could have been
caused by natural fluctuations in biological processes and en-
vironmental conditions.

While the size spectrum slope may exhibit substantial inter-
annual variations, we were able to link some variations to ob-
served changes in environment conditions observed during
the study period, including global warming. Following the
Metabolic Theory of Ecology (MTE: Brown et al. 2004), we
would expect steeper slopes with increasing temperature, as
metabolic demands of larger individuals are exacerbated, and
energy is further dissipated at each trophic level. While numer-
ous studies support this hypothesis by reporting steeper slopes
in warm climates (Emmrich et al. 2014; Chu et al. 2016; Marin
et al. 2023), we observed flattening slopes with increasing tem-
perature. O'Gorman et al. (2017) proposed that predators could
compensate for their energy loss by increasing predation pres-
sure if temperature increases were within their thermal toler-
ance, leading to flatter slopes. Following this hypothesis, the
contrasting responses of the size spectrum slope to tempera-
ture between spatial and temporal patterns are therefore not
exclusive and may depend on the velocity of warming, as well
as the time scale, over which the response is observed. Indeed,
the long-term consequences of increased predation by pred-
ators may manifest as reduced abundance due to prey deple-
tion (Nagelkerken et al. 2020), resulting in steeper slopes, as
observed for spatial patterns in response to warmer climates.

In addition to global warming, human alterations to freshwater
systems also include the introduction of non-native species by
removing natural geographical barriers (Ricciardi 2007). While
non-native species compete with native species and often have
larger body sizes (Blanchet, Grenouillet, et al. 2010), we expected

their increase to result in flatter slopes. However, this hypothesis
was only partially verified, as an increase in the proportion of non-
native species induced flatter slopes only if there was a concom-
itant decrease in nutrient concentration (Figure 4). Conversely,
the simultaneous increase in non-native species and nutrients in-
duced steeper slopes. We can suggest different non-native species
assemblages in the two cases, and perhaps increasing nutrients
favoured the establishment of more tolerant non-native species
characterised by smaller size and fast reproductive strategies
(Chu et al. 2016; Arranz et al. 2021). Conversely, large non-native
species such as common carp (Cyprinus carpio) or European
catfish (Silurus glanis) are generalists for habitat and resources
and can be found in waters with low nutrient concentrations
(Vejtik et al. 2017; Toussaint et al. 2018). More importantly, high
abundance of these two species is known for flattening the size
spectrum slopes in freshwater communities (Arranz et al. 2021).
Although the interactive effects of temperature and invasion
on size-based interactions are well-documented in freshwater
ecosystems (Arranz, Grenouillet, and Cucherousset 2023b), our
results suggest that the effects of non-native species on commu-
nities may also depend on the changes in nutrient levels. In fact,
the addition of nutrients and the introduction of non-native spe-
cies can modulate bottom-up and top-down forces, respectively
(Sinclair and Arnott 2015). Given that bottom-up and top-down
forces can strongly interact to shape trophic structures (La Pierre
and Hanley 2015), we emphasise here the need for future studies
to consider the interactive effects of biological invasions and eu-
trophication to accurately predict their impacts on community
size structure.

Another important result is the necessity of considering the
differences between lakes and reservoirs when assessing the
response of fish communities to anthropogenic stressors. This
distinction has already been pointed out in the development
of biomonitoring programs, as different indices are used for
lakes and reservoirs in France (Miguet et al. 2018). Indeed,
lakes are generally less connected and shallower and have a
lower shoreline development index (less circular) compared to
reservoirs (Marin et al. 2023). However, our results indicate
that connectivity and size criteria are unlikely to drive the
differences in fish community responses between lakes and
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reservoirs. Despite accumulating evidence of environmental
factors influencing fish communities specifically in reservoirs
(Bem et al. 2021; Pennock et al. 2021; Besson et al. 2023),
the direct comparison of these potential differences between
lakes and reservoirs remains understudied. Numerous fac-
tors, such as age, water discharge, or fluctuations, have been
identified as potential determinants of the spatial distribution
and temporal variations in fish community structure (Logez
et al. 2016; dos Santos et al. 2017; Loures and Pompeu 2019).
Interestingly, a recent study in seven tropical reservoirs
showed that water discharge may partly explain the spatial
distribution of the fish size structure (Murry et al. 2024). The
authors also reported that the size structure response coin-
cided with other community characteristics (e.g., species rich-
ness and evenness or functional metrics such as abundance
of piscivorous individuals). Species colonisation or extinction
may strongly influence changes in the size structure, but this
can also be caused by demographic bursts of a single species
(Murry et al. 2024). In line with these observations, additional
analysis (Figure S4) revealed a correlation between species
evenness or individuals piscivorous individuals and temporal
changes in the size spectrum. Specifically, increasing spe-
cies evenness and relative piscivorous biomass coincide with
a flatter size spectrum slope. However, this relationship was
less pronounced in reservoirs. As reservoirs represent the ma-
jority of our studied locations, we can confidently assert that
including the stability of hydrological variables (e.g., water
flow and level fluctuations) would enhance our ability to pre-
dict temporal changes in the fish size spectrum. Considering
these factors when studying variations in size structure or
other functional properties of communities would enable us
to better adjust regulatory biomonitoring programs in these
complex ecosystems, particularly in the context of climate
change and future water use issues.

In conclusion, our study offers a short-term observation of
changes in the size spectrum following a time scale consistent
with mandatory biomonitoring surveys. We showed that an-
thropogenic stressors can induce changes in the size spectrum
during a limited period, but the trends observed over 5years can
be transient and must be carefully extrapolated. We encourage
future studies to develop the temporal analysis of community
metrics reflecting biological interactions such as size spectra to
improve our ability to predict how communities will adapt in a
changing world.
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