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Phenotypic variability is increasingly assessed through functional response
and effect traits, which provide a mechanistic framework for investigating
how an organism responds to varying ecological factors and how these
responses affect ecosystem functioning. Covariation between response and
effect traits has been poorly examined at the intraspecific level, thus hamper-
ing progress in understanding how phenotypic variability alters the role of
organisms in ecosystems. Using a multi-trait approach and a nine-month
longitudinal monitoring of individual red-swamp crayfish (Procambarus clarkii),
we demonstrated that most of the measured response and effect traits were
partially stable during the ontogeny of individuals. Suites of response and
effect traits were associated with a response syndrome and an effect syn-
drome, respectively, which were correlated to form a functional syndrome.
Using a bioenergetic model, we predicted that differences in the response
syndrome composition of hypothetical populations had important ecological
effects on a key ecosystem process (i.e. whole-lake litter decomposition) to a
level similar to those induced by doubling population size. Demonstrating
the existence of a functional syndrome is likely to improve our understanding
of the ecological impacts of phenotypic variation among individuals in wild
populations across levels of biological organization, and the linkage between
ecosystem and evolutionary ecology.

1. Introduction

While trait variability among individuals has been historically accounted for in
evolutionary sciences, it has merely been seen as noise around the average phe-
notype of a species by community and ecosystem ecologists [1-3]. Recent
advances have, however, suggested that not only organism phenotypes are
affected by their environment, but that they can reciprocally act on it [1,4],
coupling ecological and evolutionary processes in a dynamic relationship [5—
7]. In this context, the ecological consequences of interindividual variability
are increasingly recognized, and recent studies have demonstrated broad conse-
quences of phenotypic variability on key ecosystem processes such as primary
production and leaf litter decomposition [8-11]. To date, however, most studies
have focused on the ecosystem effects of a single phenotypic trait (e.g. mor-
phology, body mass) despite the fact that individuals can simultaneously vary
in multiple phenotypic traits [12]. Therefore, a multi-trait approach is needed
to provide an integrative understanding of the effects of individuals on
ecosystems.

From a functional perspective, phenotypic traits have been classified as
functional effect traits or functional response traits [13,14]. On the one hand,
functional effect traits determine how and to what extent an organism influ-
ences energy flow and matter transformation in an ecosystem [14]. For
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Figure 1. Conceptual representation of the functional syndrome. Association between response and effect traits (represented by the central arrow) is at the core of
the interactions between individual trait variability and ecosystem functioning that are linked through eco-evolutionary dynamics (represented by the grey arrows).
Examples of categories of response traits (through which individuals adapt to their environment) and of effect traits (by which individuals act on their ecosystem) are
provided under their respective syndrome. The superscripts refer to cited references. (Online version in colour.)

instance, nitrogen excretion rate is considered as an effect trait
because it induces changes in nutrient availability resulting in
altered algal growth, thus modifying primary productivity
[15]. On the other hand, functional response traits determine
how an organism responds to environmental conditions
[13,14]. For instance, the presence of predators may reduce
individual activity [16]; therefore, activity level is considered
as a response trait. Studies linking intraspecific trait variabil-
ity to ecosystem functioning have mostly focused on response
trait variations (e.g. sex ratio [17], morphology [18] or behav-
iour [19]). However, response traits and ecosystem processes
are not proximately related, and therefore such relationships
are conditional on covariations between response and effect
traits. For instance, phenotypic variations in guppies (Poecilia
reticuata) have been demonstrated to impact primary pro-
ductivity through a correlation between individual life
history and nitrogen excretion rate [8].

Evolutionary biologists have shed light on various pat-
terns of covariations in life history and behavioural traits.
These correlations among phenotypic traits are termed
syndrome, including the life history and behavioural syndromes
[12,20]. The ‘pace of life syndrome’ hypothesis further states
that trait covariation extends over several phenotypic aspects
including the life history, behaviour and physiology of organ-
isms [21]. These syndromes are best understood as having
emerged from evolutionary processes and, therefore, lack rel-
evance to infer the relationship between response and effect
which are underlined in eco-evolutionary dynamics [6,7]. This
leads us to introduce the concept of ‘functional syndrome’
which we define as the association between correlated
suites of response and effect traits (i.e. between a ‘response
syndrome” and an ‘effect syndrome’, figure 1). The depen-
dence of effect traits upon response traits may arise from
metabolic and stoichiometric constraints (metabolic theory of
ecology [22] and ecological stoichiometry [23]). For instance,
fast-paced individuals with high metabolic and nutrient

requirements are expected to exert stronger top-down control
on their resources than slow-growing individuals. Nutrient
immobilization—contributing to growth rate—may result in
a slower rate of nutrient excretion of fast-paced individuals
than slow-paced individuals [23].

The aim of the present study was to test the existence of a
functional syndrome linking functional response and effect
traits and to use this association to predict the effects of
intraspecific variability on ecosystem functioning. Using the
red-swamp crayfish (Procambarus clarkii) as the model species,
we monitored individuals longitudinally (nine months) and
repeatedly quantified several response and effect traits. We
then applied a mass-balance bioenergetic model in a Bayesian
framework to predict the ecosystem consequences of hypo-
thetical populations varying in their phenotypic traits. First,
we tested the hypotheses that (i) response traits (boldness,
anxiety, chelae morphology and growth rate) were consistent
over time and correlated to form a response syndrome, and
that (ii) effect traits (voracity, predation rate, leaf consump-
tion rate, egestion rate and ammonium excretion rate) were
also consistent over time and correlated to form an effect syn-
drome. Second, we tested the hypothesis that the response
and effect syndromes were associated to form a functional
syndrome. Because traits were quantified across several onto-
genetic stages, we also tested the body mass independency of
these associations. Third, we simulated hypothetical popu-
lations differing in size and response syndrome composition
to predict ecosystem consequences (whole-lake litter decompo-
sition dynamics).

2. Material and methods

(a) Model species
Native to North and Central America, the red-swamp crayfish
has been introduced and established throughout Europe [24].
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Described as an opportunistic and omnivorous species, it is con-
sidered as an ecosystem engineer and its ecological impacts
include decreased macrophyte biomass through direct consump-
tion [24], increased water turbidity driven by burrowing
behaviour [25] and changes in the phenology of litter decompo-
sition [26]. Importantly, it has been demonstrated to display
anxiety-like behaviour [27].

(b) Animal rearing and experimental design

In June 2014, 240 juveniles (carapace length range: 20.95-35.14 mm)
were collected from a single population (Lake Lamartine,
southwestern France; 43°30'21.5” N, 1°20'32.7” E). To avoid any
behavioural bias caused by the sampling method [28], individ-
uals were captured using several active and passive methods in
all habitats of the lake. In the laboratory, we maintained crayfish
in 501 tanks and marked them individually using PIT (Passive
Integrated Transponder) tags (8 x 1.4 mm, FDX-B ‘skinny’ PIT
tag, Oregon RFID, USA), inserted at the base of the fifth pereio-
pod pair through an incision made with a sterile scalpel [29].
Sixty-four individuals were chosen for the experiment to
maximize interindividual variability based on boldness measure-
ments performed in July 2014. For selection, we classified
individuals into three categories (electronic supplementary
material) and randomly picked 20 individuals from each cat-
egory (and two extra individuals from the extreme categories).
We chose to maximize interindividual variability in order to
increase our statistical power to detect existing correlations
among traits. The experiment lasted 289 days (see electronic sup-
plementary material for rearing conditions) and a total of 55
individuals survived.

(c) Functional trait measurements

(i) Response traits

Boldness and anxiety-like behaviour were assessed six times
(see details in electronic supplementary material, table S1 and
figure S1) using corridors covered with 2cm of sand at the
bottom and filled with 37.5 I of dechlorinated tap water and 2 1
of water from tanks with conspecifics. The corridors (electronic
supplementary material, figure S2) contained two dark areas
separated by a light area. Each corridor (n =5) was separated
by opaque walls to avoid visual contact between individuals
and surrounded by curtains to obtain homogeneous light con-
ditions. Individuals were first acclimated for 20min in an
opaque container to reduce stress level induced by handling.
After being gently released in one of the dark areas for 10 min of
acclimation, the sliding door was opened and individuals were
filmed for 10 min. Video footage was subsequently analysed
using OBservER (Noldus Information Technology, Wageningen,
The Netherlands). Boldness was quantified as the time before
emergence from the acclimation area. We inversed the scores to
associate higher values with higher boldness [30]. Anxiety-like be-
haviour was assessed as the proportion of time spent in dark zones
after original emergence from the acclimation zone, representing a
stress avoidance behaviour [27]. The order and the corridor in
which individuals were assayed were randomly attributed at the
first trial and were fixed for all repetitions. All behavioural
assays were performed in the morning (08.00-12.00 h) to minimize
the potential effects of circadian rhythms. Individuals were starved
for 2 days prior to each behavioural assay.

Chelae are extremely important and costly organs for crayfish
[31] and chelae morphology was selected as a response trait
because they are used for individual defence against predators
and competition with conspecifics [32]. Although they require a
higher energy investment, large and arched chelae make individ-
uals stronger competitors and less vulnerable prey [33]. Chelae
morphology was quantified using two complementary
approaches: morphometric ratio and shape determination using

landmark coordinates. Individual right chela and body were pic-
tured and measurements (chela length CLL, carapace length CL,
chela width CW and palm length PL) were performed using
IMAGE]. Morphometric ratios that represent energy allocation to
the chelae (CLL/CL) and chelae relative width (CW/PL;
CW/CL) were then calculated [34]. We digitalized seven land-
marks (adapted from [33] using TrsDiG2 [35]) to evaluate chelae
shape. A principal component analysis (PCA; package ade4 on
R [36,37]) was performed on partial warp scores (TpsRelw) to
obtain a chelae shape score for each individual. A second PCA
was then performed on residuals of morphometric ratios with
sex (because of potential sexual dimorphism) and chelae shape
to obtain an integrative score of chelae morphology.

Growth rate is strongly dependent on individual food intake,
metabolism and assimilation efficiency of nutrients and was
quantified six times by weighing individuals (nearest 0.01 g) on
seven occasions (electronic supplementary material, figure S1).
Specific growth rate (SGR, % d™!) was calculated as

_ In(Wf) - In(W;)
_f X

SGR 100,

where Wi and W, were the final and initial body mass, respect-
ively, and T the time interval between two measurements,
expressed in days.

(ii) Effect traits

Predation rate is an important effect trait because it can impact
ecosystem functioning (e.g. trophic cascade). Predation was
quantified using individual containers filled with 2.51 of
dechlorinated tap water and 20 previously frozen chironomids
per container. Chironomids were selected because they are one
of the most abundant littoral invertebrates in the study area
and are commonly consumed by red-swamp crayfish outside
of its native range [38]. Commercially available frozen chirono-
mids were purchased at the start of the experiment to ensure
that all measurements of predation were performed using prey
similar in size and origin throughout the experiment. After
10 min of acclimation, individuals were allowed to access the
chironomids for 10 min. Individuals were then removed and
the number of remaining chironomids was counted. Predation
rate was quantified twice for each individual at the beginning
of the experiment (electronic supplementary material, figure
S1) when individuals were the youngest because juveniles have
a more carnivorous diet than subadults [39]. Hunger state was
controlled by starving individuals for 2 days before
experimentation.

Voracity (i.e. individual foraging activity [32] associated with
individual behaviour and physiology) was quantified nine times
for each individual, in the home tank at 09.00, three times per
week during three consecutive weeks (electronic supplementary
material, figure S1). Individuals were starved for 2 days before
each measurement. The voracity test consisted of introducing
four pellets of food in each tank and quantifying the number
of pellets consumed after 20 min. We cumulated the scores for
each week to obtain three measurements of voracity.

Leaf consumption and egestion rates were used as relevant
effect traits depicting crayfish impacts on detritus dynamics
and carbon cycle [40]. Consumption reduces stock of coarse par-
ticulate organic matter [26], while egestion of faeces enhances
nutrient recycling by microorganisms [41]. Consumption rate
(gd™") of abscised leaves of black poplar (Populus nigra) was
quantified three times (electronic supplementary material,
figure S1) for each individual. Prior to the experiment, leaves
were submerged for two weeks in a pond to allow microbial
conditioning, a process that improves leaf palatability to detriti-
vores [42]. Batches of air-dried leaves (4.0 g) were enclosed in
0.5 mm nylon mesh bags to prevent invertebrates in the pond
from accessing the leaves. At retrieval, the leaves were rinsed
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with demineralized water to remove fine sediments. Crayfish
were placed in a container filled with 2.51 of dechlorinated tap
water with an air stone for oxygenation. After 5 h of acclimation,
conditioned leaves were introduced and left for 72 h. The remain-
ing leaf material was then oven-dried at 70°C for 48 h and
subsequently weighed to the nearest 0.01 g. Five controls without
crayfish were used to quantify leaf mass loss due to microbial
decomposition and leaching; this mass loss was accounted for
when calculating crayfish consumption rate. Water from each
container was filtered through two sieves: 1 mm mesh size to
remove small leaf fragments and 50 um mesh size to collect the
faeces released by crayfish. The faecal matter was oven-dried at
60°C for 72 h and weighed to the nearest 0.01 mg. Egestion rate
was expressed in grams per day.

Nitrogen excretion rate was quantified by measuring
excretion of dissolved ammonium NHJ, which is a metabolic
waste produced during the breakdown of proteins and amino
acids [43]. Changes in NHj{ concentration can affect ecosystem
functioning through an increase in nutrient availability [44]
and primary production [45,46]. Excretion rate was quantified
three times for each individual (electronic supplementary
material, figure S1). All individuals were fed ad libitum the
day before and 2 h prior to the start of the excretion experiment
by adding three pellets to each tank. Individuals were then
placed in plastic bags containing 500 ml of spring bottled water
for 2h [47]. Individuals were finally removed and 100 ml of
water was filtered through a glass microfibre filter (Whatman,
GF/C, diameter = 25 mm) and samples were frozen at —20°C.
Excretion rate (NHZ, mg 1~ " h™') was determined using a high-
performance ionic chromatograph (Dionex DX-120).

(d) Statistical analysis and modelling

(i) Response trait syndrome
First, we assessed the level of individual repeatability of
each response trait and the correlations among them. Boldness,
growth rate, morphology and voracity were measured for a
total of 55 individuals. Because some individuals never left the
acclimation area, anxiety-like behaviour was measured on 50
individuals. Generalized linear mixed models (package Ime4
[48]) were used to test the repeatability of traits assuming
Gaussian errors. For all models, we fitted time as a fixed effect
and individuals as a random effect. Additional random effects
were included to control for potential sources of variation
owing to experimental design (corridor for boldness and
anxiety-like behaviour tests and shelf for growth rate). Repeat-
ability was quantified using the intraclass coefficient correlation
[49]. The significance of the repeatability (i.e. variance explained
by between individual differences) was tested using a likelihood
ratio test by comparing the model with individual as random
effect to an alternative model without this random effect.
Correlations among response traits were tested based on
averaged trait values calculated across temporal replicates. Bold-
ness, anxiety-like behaviour and growth rate were, however,
averaged for repetitions made in 2015 to compare response
traits measured at the same time as effect traits. We assessed
correlations among response traits using averaged values instead
of all repeats. This approach prevents comparing intra- and inter-
individual correlations, but, in the present study, not all traits
were measured at the same time and we primarily focused on
interindividual correlation. Correlations among response traits
were tested using Spearman’s rank correlations.

(ii) Effect trait syndrome

Because of moulting, consumption and egestion rates were
measured on 52 individuals, excretion rate on 53 and predation
rate on 55. The repeatability of effect traits was tested as

previously described (shelves used as additional random term).
Effect traits were then averaged across temporal replicates and
correlations among effect traits were tested using Spearman’s
ranks correlations.

(iii) Relationship between response and effect traits

We used partial least-squares path modelling (PLS-PM, plspm
package [50]) to summarize the trait covariance structure and
to compute latent (i.e. proxy) variables representing response and
effect syndromes. This technique is a robust form of structural
equation modelling that relies on fewer assumptions than does
covariance-based structural equation modelling [50,51]. PLS-PM
is suitable for examining relationships between blocks of asso-
ciated traits because latent variables are formed as linear
combinations of traits without imposing any restrictions on
within-block covariances. We constructed a simple path model
wherein effect traits were conditioned upon response traits and
individual body mass (averaged over three measurements) was
specified as a mediator of this relationship. Body mass is known
to be correlated with both effect and response traits; therefore,
some variations in effect traits may be due to differences in cray-
fish body mass. Standardized path coefficients were used to
evaluate the strength of relationships tested in the model. We cal-
culated the product of the path coefficients along the mediation
pathway to assess the strength of the mass-dependent relation-
ship between response and effect traits. The construction of
response and effect syndromes was examined using correlations
between traits and the latent variables they form (i.e. loadings).
We removed the traits with the lowest contribution to the
latent variables (i.e. boldness and predation) to obtain stable
and accurate parameter estimates [50]. Significance was assessed
using 95% percentile confidence intervals (Cls) calculated on 200
bootstrap samples. PLS-PM was performed on a subset of 47
individuals for which no missing trait values occurred.

(iv) Modelling consequences on ecosystem functioning

A mass-balance bioenergetic model (electronic supplementary
material, table 52) was used to assess the ecosystem impact of
the link between the response and effect traits. Variations among
individuals in their consumption rates can act on litter decompo-
sition, a key ecosystem function of freshwater ecosystems [40].
As consumption is linked to individual growth rate, population
biomass is also associated with response traits. The bioenergetic
model was based on individual consumption and was modified
to include the link between the response trait syndrome and
consumption rate. To do so, we first evaluated the effect of
the response syndrome (the latent variable extracted from the
PLS-PM) on leaf consumption rate based on experimental
data using a linear regression in a Bayesian framework. We
then used these outputs (i.e. estimated regression parameters)
and projected values of response traits syndrome and daily
temperature (electronic supplementary material, table S2) to
simulate growth rate, consumption rate and population biomass
over a year using an individual bioenergetic model (see
electronic supplementary material).

Simulations were performed on a sequence of 11 hypo-
thetical populations composed of individuals with different
syndrome values sampled along the observed distribution. We
also added one control population composed of individuals
with fully random syndrome values. Each population was mod-
elled with 11 densities ranging from 1000 to 2000 individuals
(simulating a biological invasion process). To estimate the effects
of the simulated populations on decomposition rate and popu-
lation biomass, the environmental factors were sourced from
a realistic ecosystem (daily temperature and litter input). The
decomposition rate was estimated over 1 year as k= —In(X)/t
[52], where X is the proportion of litter remaining after
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Figure 2. Representation of the PLS-PM model assessing relationships between response syndrome, body mass and effect syndrome (goodness-of-fit of the overall
model = 0.42). The width of arrows connecting boxes is proportional to the mean value of standardized path coefficient (displayed on the arrows). The dashed
arrow represents the mass-dependent relationship between the response syndrome and effect syndrome. Its strength was calculated as the product of the path
coefficient from the response syndrome to body mass and the path coefficient from body mass to the effect syndrome (i.e. 0.15). Loadings associated with response
and effect traits indicate how they contribute to the response and effect syndromes (i.e. latent variables), respectively. Values reported in square brackets represent
95% percentile Cls calculated on 200 hootstrap samples and significant path coefficients and loadings are displayed in bold. Boldness (response trait) and predation
(effect trait) were removed from the model due to their weak correlation with their respective latent variable.

consumption by the crayfish and f the time elapsed in years. To
assess whether different population induced differences in final
biomass, we quantified the difference between biased response
trait syndrome and control populations. All statistical analyses
were performed using R software [36] unless specified otherwise.

3. Results

Overall, we observed various levels of trait variability among
individuals. For instance, the mean boldness varied from 44 s
(432 s.d.) to 473 s (+87 s.d.) across the 55 individuals. The
mean anxiety-like behaviour ranged from 0.43 (£+0.05 s.d.)
to 0.74 (+£0.14 s.d.). Growth rate was also variable among
individuals, ranging from 0.14 (+0.34 s.d.) to 0.63 (+0.47
s.d.) % d . Effect traits varied among individuals. Predation
rate varied from 4.0 (£5.5 s.d.) to 17.5 (£3.5 s.d.) chirono-
mids eaten in 10 min, leaf consumption rate ranged from
0.00 (£0.00 s.d.) to 0.31 (+0.01 s.d.) g dt, voracity ranged
from 0.1 (£0.3 s.d.) to 40 (+0.0 s.d.) pellets eaten in
20 min, egestion rate ranged from 0.002 (+0.001 s.d.) to
0.18 (£0.033s.d.) g d™! and excretion rate from 0.05 (+0.02
s.d.) to 0.18 (+0.06 s.d.) mg1 "h™ "

(a) Response and effect syndromes
Boldness and anxiety-like behaviour were significantly
repeatable over nine months (electronic supplementary mat-
erial, table S3; generalized linear mixed model, boldness:
ICC =0.31, )(2 =4949, p<0.001, anxiety-like behaviour:
ICC =0.14, XZ =9.67, p = 0.002). However, growth rate was
not repeatable (ICC =0.00, y* =0.00, p=1). The morpho-
logical axis (first PCA axis: 51% of total variance explained)
was explained by the energy allocation to chelae compared
with the body (loading component: 0.51), chelae width
(0.42 and 0.58) and chelae shape (—0.46); that is individuals
with higher morphological scores had, proportionally to
their body, larger, longer and more arched chelae. Mor-
phology was significantly and positively correlated with
boldness (p=0.25, p = 0.043), while boldness and anxiety-
like behaviour were negatively correlated (p= —0.30, p=
0.034). Other correlations were non-significant (electronic sup-
plementary material, table S54).

Predation, leaf consumption and voracity were significantly
repeatable over time (electronic supplementary material, table

S3; ICC=0.34, x*=6.86, p=10.009, ICC =024, x*=38.11,
p=0.004 and ICC = 0.78, x* = 114.24, p < 0.001, respectively).
Egestion rate was repeatable (ICC = 0.37, x* = 19.01, p < 0.001)
while ammonium excretion rate was not significantly repea-
table (ICC = 0.00, )(2 =0.00, p=1). Consumption, egestion
and excretion rates were all correlated among each other
(consumption—egestion: p=0.94, p < 0.001, consumption—
excretion: p = 0.38, p = 0.006 and egestion—excretion: p = 0.40,
p=0.003; electronic supplementary material, table S5).
Voracity was correlated with the rates of leaf consumption,
egestion and excretion (p = 0.65, p < 0.001, p=0.64, p < 0.001
and p=029, p=0.031, respectively). Predation rate was not
correlated with any other effect traits (electronic supplementary
material, table S5).

(b) Functional syndrome

The latent variable corresponding to the response syndrome
was positively associated with growth rate and chelae mor-
phology and negatively with anxiety-like behaviour (figure 2).
The second latent variable correlated with voracity, leaf con-
sumption, egestion and, to a lesser extent, excretion rates to
form an effect syndrome (figure 2). The response syndrome
and body mass were positively linked (path coefficient =
0.67, 95% percentile CIs = (0.45; 0.82), R? = 0.46). The effect
syndrome was directly and positively associated with the
response syndrome (path coefficient = 0.40, CI= (0.02;
0.80)) but not with body mass (path coefficient = 0.22, CI =
(—0.22; 0.58), R?> = 0.37). This led to an indirect association
of response syndrome on effect syndrome with a strength
that was not significant and lower than the direct effect
(path coefficient = 0.15, CI = (—0.10; 0.48)).

(c) Consequences of trait variability on ecosystem
functioning

The model predicted that differences in response trait syn-
drome values induced a change in final population biomass
when compared with a control population with individuals
with random trait values (figure 3a). Specifically, population
biomass was higher for a population with high response trait
syndrome than for the control population, while it was lower
for a population with low response trait syndrome (figure 3a).
The model also predicted a higher decomposition rate for
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Figure 3. (a) Difference in crayfish biomass between populations composed of individuals with different response syndromes and a control population (random trait
values). Circles represent the medians of the posterior predictive distribution, the thin error bars represent 95% posterior predictive distribution and the bold error
bars represent 50% posterior predictive distribution. (b) Three-dimensional representation of the relationship between response syndrome, population size (number
of individuals) and decomposition rate (k) based on medians of the posterior predictive distribution.

hypothetical populations with higher response trait values,
independent of population density (figure 3b). The decompo-
sition rate after 1 year was twice as high for populations with
high syndrome values compared with populations with low
values (figure 3b). Doubling population size (i.e. from 1000
to 2000 individuals) led to the same effect on decomposi-
tion rate than changing from lowest to highest syndrome
values. For instance, the decomposition rate for a popula-
tion composed of 2000 individuals with a low response
trait syndrome value was similar to that of a population
of 1000 individuals with a high response trait syndrome
(k=0.094yr!, 95% predictive interval (PI)= (0.058; 0.142)
and k= 0.153 yrfl, PI = (0.087; 0.295), respectively).

4. Discussion

Providing a mechanistic and integrative framework to under-
stand how variations in phenotypic traits affect ecosystem
functioning is crucial. Using a multi-trait approach that expli-
citly integrated functional response and effect traits, we first
demonstrated the existence of a response syndrome based
on the covariation among a suite of response traits (mor-
phology, growth rate and anxiety-like behaviour). We then
found that effect traits (voracity, leaf consumption, egestion
and excretion rates) formed an effect syndrome, which was
associated with the response syndrome, revealing the exist-
ence of a more general, integrative and mass-independent
functional syndrome linking response to effect syndromes.
We finally predicted that differences in response syndrome
composition of hypothetical populations led to differences
in ecosystem functioning.

Our results demonstrated that the ecological effects of
intraspecific variability at higher levels of biological organiz-
ation were rooted in the covariations between response
and effect traits. Therefore, the functional syndrome may
represent an underappreciated link between genetic and
environmental factors acting on individuals [53] and the con-
sequences of individuals on their environment [13]. This
confirms the essential role of functional traits in eco-evol-
utionary dynamics [23], where variations in response traits
are the basis for organisms to evolve when facing

environmental variability and where the subsequent covaria-
tion with effect traits can influence environmental conditions
(figure 1). Consequently, the functional syndrome should
provide novel insights into eco-evolutionary studies and
could therefore represent a new linkage between ecosystem
and evolutionary ecology [5]. To test for the existence of a
functional syndrome and fully embrace the importance of
phenotypic variability for ecosystems, we suggest using a
multi-trait and multi-step approach. First, we recommend
measuring several phenotypic traits on each individual and
explicitly discriminating response and effect trait when
designing individual phenotypic studies. Second, associ-
ations among response traits (response syndrome) and
effects traits (effect syndrome) should be tested indepen-
dently. Third, linkage between the two aforementioned
syndromes should be tested. While the repeatability of
traits involved can inform on the stability of impacts of intras-
pecific trait variability on ecosystem functioning, we suggest
that functional syndromes may result from correlations
among traits arising from both intra- and interindividual co-
variations of traits [54,55] and might therefore not require the
repeatability of all traits involved in the syndrome. The func-
tional syndrome may further vary with the environmental
contexts, due to selective pressures and plastic changes,
even if its structure in a given context is still crucial for eco-
system functioning. Quantifying the temporal consistency
and environmental dependency of the functional syndrome
should provide an integrative understanding of the ecosystem
response to phenotypic variability.

Our response syndrome suggested that some individuals
grew more, had higher energy investment in costly organs
such as chelae and were less anxious. This syndrome was
correlated with trophic traits such as voracity and leaf con-
sumption, and with non-trophic traits such as the rates of
nitrogen excretion and egestion. This is not surprising because
growth rate and energy investment in chelae are probably
linked to ‘trophic traits” such as leaf consumption rate and
to ‘physiologic traits” such as egestion rate. Importantly, we
found that the functional syndrome was partially body
mass-independent. Several intrinsic linkages (e.g. hormonal
or physiological) exist between individual traits [56]. The
covariation between response and effect traits could, for
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instance, be driven by metabolism [57,58]. Indeed, metab-
olism can vary among individuals with similar body mass
[59] and this variation can in turn impact effect traits.
Response trait syndrome was also associated with egestion
and excretion rates which are closely related to metabolic
activity [43]. Therefore, integrating metabolism (e.g. standard
metabolic rate) in the functional syndrome might provide
new mechanistic insights into the linkages among functional
traits. Almost all traits involved in the functional syndrome
were significantly repeatable at a level near the 0.34 average
value reported in the literature for behavioural traits [60].
Conversely to previous observations [61], we found that
growth rate was not repeatable. Growth patterns are strongly
affected by the timing of moulting in crayfish, which was not
recorded in the present study. However, as individuals got
older, moulting became more asynchronous and less fre-
quent. As growth rate was measured at intervals that were
independent of moulting, it probably explains the absence
of repeatability in growth rate. Individuals displayed consist-
ent behavioural and physiological states, which may explain
the temporal consistency of effect traits because of their inter-
connections. Importantly, we confirmed that effect traits
could be repeatable over a relatively long period of crayfish
lifetime (here 71 days, e.g. [61]), indicating that the effects
of phenotypic variability on ecosystem functioning could be
stable throughout individual life.

Our multi-trait approach suggested that response traits
variability could impact several key ecosystem processes
through correlation with effect traits (e.g. excretion rate affect-
cycling  [45],
consumption and egestion rates acting on decomposition

ing primary productivity and nutrient

rate and detritus dynamics [40]). In addition, our modelling
approach predicted impacts on litter stock dynamics and
population biomass depending upon the composition in
response traits of hypothetical populations. These impacts
were similar to those induced by large changes in population
size. This is particularly relevant in the context of biological
invasions because invasive populations can display strongly
phenotypically biased populations [62]. In addition, many
natural (e.g. temperature [63]) and human-induced (e.g. bio-
logical invasions [64], pollution [65]) changes have been
reported to alter the phenotypic structure of wild popu-
lations. Our knowledge on the distribution of phenotypic
biases observed in the wild along gradients of environmental

conditions is limited, and quantifying how functional syn-
dromes vary across populations is clearly needed to
quantify the ecosystem consequences of intraspecific variabil-
ity. Nevertheless, changes in litter decomposition dynamics
could ultimately have strong direct and indirect implications
on invertebrates community [66], elemental cycling (release
of dissolved organic and inorganic carbon [67]), food web
dynamics and the phenology of ecosystem functioning [26].

In conclusion, our findings support the claim that, in
community and ecosystem ecology, conspecific individuals
should not be considered as functionally identical [1,2].
Because trait variability among individuals was structured
and stable, we suggested the existence of a functional syn-
drome that we defined as the covariation between
functional response traits and functional effect traits. Interest-
ing perspectives would be to test the variability of this
syndrome among populations. Indeed, as correlations
among traits are context-dependent [68,69], determining
how the local conditions (e.g. density, prey abundance or
abiotic factors) modulate the functional syndrome is
needed. It would also be of interest to assess how it is affected
by species characteristics as this may modulate specific eco-
evolutionary dynamics.
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