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ABSTRACT: Intraspecific variability is fundamental to ecology, yet we
still know remarkably little about what governs the strength of the as-
sociations between traits expressed by individuals and ecological dy-
namics. To explore this overlooked aspect of diversity, we asked
whether the strength of correlations between traits and a wide spec-
trum of ecological responses could differ (i) between intraspecific
levels (among vs. within populations), (ii) among ecological responses
across levels of biological organization (from ecological performance
to ecosystem functioning), and (iii) among trait types (morphology,
physiology, and behavior). We performed a meta-analysis synthesiz-
ing more than a thousand effect sizes from nearly 200 studies spanning
approximately a hundred animal species across a broad range of traits
and ecological responses. The average effect size was |r| = 0.26 (95%
confidence interval: 0.21-0.30). At the individual level, effect sizes were
larger for ecological performance (foraging, diet) than for fitness (re-
production) and tended to be larger for community responses (e.g.,
community composition of surrounding organisms). Physiology and
behavior showed larger effect sizes than morphology. Our meta-analysis
not only confirms that intraspecific trait variability is central to ecolog-
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ical dynamics but also highlights physiology and behavior as key traits
for unraveling the ecological consequences of individual variability.

Keywords: eco-evolutionary dynamics, functional traits, individual-
based ecology, phenotypic traits, trait-based ecology, intraspecific
trait variation (ITV).

Introduction

The question “what do species do in ecosystems?” was raised
three decades ago by J. H. Lawton (1994) and has since been
foundational to trait-based ecology. Traits, defined as attri-
butes measurable on individual organisms (Violle et al.
2007), describe how organisms interact with each other and
with their environment. Trait-based approaches brought
the promise to be complementary to taxonomic approaches
in that regard (Enquist et al. 2015). Traits can be expressed
in physical dimensions (e.g., mass, length, volume, energy,
time) that meaningfully reflect variation in the fit of organ-
isms to their environment (Arnold 1983; Violle et al. 2007).
As a result, inferences drawn from traits are often transfer-
able to other ecosystems and life forms (Funk et al. 2017).
General patterns include allometric scaling between body
size and metabolic rate (Kleiber 1932), the leaf economic
spectrum (Wright et al. 2004), and r-/K-selection life history
strategies (Pianka 1970). Furthermore, traits do not have bor-
ders: they are often inexpensive and easy to measure, fostering
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inclusion among researchers from different backgrounds,
and traits can describe functional diversity across taxonomic
groups, from individuals to ecosystems (Carmona et al. 2016).

Including Intraspecific Trait Variation
in Trait-Based Ecology

Early research in trait-based ecology led to a rethink of how
trait-based approaches could improve community ecology
(McGill et al. 2006; Petchey and Gaston 2006). However, an
important limitation of these early studies was their focus
on species’ mean trait values, essentially assuming that all con-
specifics share uniform trait values (Albert 2015). This as-
sumption might be convenient, but it is conspicuously
problematic, as intraspecific trait variation (i.e., variation in bi-
ological attributes among individuals and populations within
a species) is a tenet of concepts related to natural selection
(Darwin and Wallace 1858), niches (Elton 1927; Hutchinson
1957), and coexistence (Macarthur and Levins 1967). In fact,
intraspecific trait variation can be as large as trait differences
between species (Lecerf and Chauvet 2008; Siefert et al. 2015;
Rota et al. 2022), which presumably matters for species co-
existence (e.g., Hart et al. 2016), predator-prey interactions
(Toscano and Griffen 2014), and consumer-resource inter-
actions (Raffard et al. 2017; Rota et al. 2018). Intraspecific
trait variability is thus increasingly recognized as an impor-
tant facet of ecology (Bolnick et al. 2011; Violle et al. 2012),
provoking discussions on how it may affect food webs (e.g.,
behavior; Moran et al. 2017) and community assembly (e.g.,
metabolic traits; Brandl et al. 2022). Despite the scientific op-
portunities, trait-based studies including the intraspecific
component of diversity remains rare (~4%; Green et al.
2022). For individualizable organisms, ecological interactions
(competition, predation, etc.) are occurring among conspecific
and heterospecific individuals, whose traits are similar and
different to varying degrees. Therefore, a trait-based approach
at the individual level should improve our understanding
of such interactions and their emergent properties (Bolnick
et al. 2011), whereas neglecting trait variation among individ-
uals can bias inferences (Wong and Carmona 2021). For in-
stance, failing to consider individual trait variability can dis-
tort relationships between species richness and functional
diversity (Cianciaruso et al. 2009). Oppositely, acknowledg-
ing that species trait spaces (the range of phenotypes) evolve
in response to competition regimes contributes to a better
understanding of diversity-function relationships through
the lens of evolution (Barabas et al. 2022).

Why Assess the Strength of Relationships
between Intraspecific Trait Variation
and Ecological Dynamics?

Important insights have emerged from an increased em-
phasis on intraspecific variation. At local scales, intraspe-

cific and interspecific trait variation have similarly strong
effects on community assembly patterns (e.g., species rich-
ness and diversity) and ecosystem functioning (e.g., pro-
ductivity or nutrient cycling; Des Roches et al. 2018;
Raffard et al. 2019). Thereby, answering how much and
when the intraspecific level of variation matters has impor-
tant implications for conservation issues. Indeed, intraspe-
cific trait distributions are altered by human disturbances
(Alberti et al. 2017; Sanderson et al. 2023), including popu-
lation loss (Ceballos et al. 2017) and the erosion of genetic
diversity (Exposito-Alonso et al. 2022). Conservationists
can take advantage of this line of research in identifying
and monitoring particular facets of intraspecific diversity,
which have implications for ecological functions (Blanchet
et al. 2020) and the contributions of nature to people (Des
Roches et al. 2021).

Understanding the factors that shape variation in the
strength of relationships between intraspecific trait variabil-
ity and ecological dynamics will help to understand how
evolution, by affecting traits, can modulate ecological dy-
namics on similar timeframes (i.e., eco-evolutionary dy-
namics; Pelletier et al. 2009; Hendry 2017). So far, this re-
search has focused on the “evo” aspect of the framework,
by asking how trait types (e.g., life history vs. morphology)
typically differ in natural selection (Kingsolver et al. 2001,
2012; Kingsolver and Diamond 2011), heritability (Mous-
seau and Roff 1987), evolvability (Wheelwright et al. 2014),
and rates of change (Kinnison and Hendry 2001). As an
example, Mousseau and Roff (1987) found that narrow-
sense heritabilities were higher for morphological traits
than for physiological, behavioral, or life history traits,
whereas Kingsolver et al. (2001) found that selection in nat-
ural populations was stronger on morphological traits than
on life history or phenological traits. We will instead focus
here on the “eco” aspect, where particular trait types could
imply different strengths of relationships with ecological
processes, with an example being the special role that be-
havior could play on ecological dynamics (e.g., niche con-
struction; Laland et al. 1999; Laland 2004).

To date, studies have examined the ecological impacts
of populations that differ in key traits (e.g., gill raker mor-
phology in anadromous or landlocked fish populations;
Post et al. 2008), but we are far from a broad-scale picture
of how different factors (e.g., trait types, types of ecological
responses, ecological contexts, levels of biological organi-
zation) can modulate how individual variability in pheno-
typic traits affects ecological dynamics (Gibert et al. 2015).
For instance, the extent to which individual-level trait var-
iability exhibits similar effects on ecological processes as
the trait variability observed among populations remains
unclear. On the one hand, we could expect population-
level trait variability to show stronger relationships with
ecological dynamics than individual-level trait variability,



since evolutionary processes such as local adaptation are
expected to drive population-level divergence in average
trait values (Post et al. 2008). On the other hand, trait var-
iation among individuals within populations has shown
similar levels to trait variability among populations (e.g.,
Messier et al. 2010; Rota et al. 2024), perhaps as a result
of metapopulation dynamics contributing to gene flow
and spatial homogenization of biological attributes.

How the strength of relationships between traits and
ecological responses varies across increasing levels of bi-
ological organization, from individuals to ecosystems, is
still debated (Violle et al. 2007; Enquist et al. 2015;
Chacon-Labella et al. 2022). Some authors predict stron-
ger relationships for responses at low levels of biological
organization (i.e., the responses proximal to organisms,
such as food intake and growth rate) than at high levels
of organization (i.e., responses distal to the organisms or
involving more indirect links, such as community struc-
ture and ecosystem functioning; Bailey et al. 2009). Others
have suggested an opposite pattern, with strong rela-
tionships at community and ecosystem levels (Des Roches
et al. 2018; Raffard et al. 2019).

The Ecological Functionality of Traits

In ecology, we generally expect that the traits we study are
functional; that is, they link to ecological performance or fit-
ness (Arnold 1983; Violle et al. 2007). Yet the functionality of
traits remains a matter of debate, as it affects ecological un-
derstanding and the choice of traits used by ecologists
(Mlambo 2014; Lefcheck et al. 2015; Dawson et al. 2021).
In biological terms, all traits are functional because they link
to one or several biological functions, constituting functional
living entities (Sobral 2021); yet the definition of a functional
trait is discipline specific (e.g., see Dawson et al. 2021; Sobral
2021). Rather than discussing these definitions, we propose
to investigate here what drives variation in the strength of
relationships between traits and various ecological param-
eters. For example, a meta-analysis showed relatively small
absolute correlation strengths (i.e., absolute correlation coef-
ficients |r|) between animal behavior and fitness (Moiron
et al. 2020). Even so, behavioral traits can be functional for
other reasons. For example, individual variability in activity
levels is often strongly associated with energy intake, growth
rate (Biro and Stamps 2008), and the behavioral type of for-
aged prey (McGhee et al. 2013), which can alter community
and ecosystem processes (LaBarge et al. 2024; Szangolies et al.
2025). Understanding whether a trait consistently shows
strong associations with diverse ecological responses across
many taxa (what we define here as “ecological trait function-
ality”) can better inform ecologists, improve trait-based
inferences at the individual level, and guide future research
on this often-overlooked aspect of diversity.
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A particularly important functional trait is body size.
Body size is used in the majority of trait-based studies
(Green et al. 2022). It can span several orders of magni-
tude across and within taxa, and it explains many processes
with great predictive power (Peters 1993). Nevertheless,
for animal species exhibiting indeterminate growth, it
may not be always meaningful to explore associations
between body size and fitness among individuals of differ-
ent age classes (Thompson and Fincke 2002), since com-
paring life histories and fitness across ontogenetic stages
can be trivial (e.g., between individuals at the immature
and reproductive stages). Furthermore, functional diver-
sity is highly multidimensional (de Bello et al. 2021), and
it is unlikely that body size alone can explain all of the eco-
logical variation embedded among individuals. For exam-
ple, large differences exist in morphology (Post et al.
2008), physiology (Careau et al. 2014), and behavior
(Sih et al. 2004) between similarly sized and aged individ-
uals (Niemeld and Dingemanse 20184). However, we do
not know yet whether differences exist in the strength
of relationships that these types of traits can maintain
with fitness or other important ecological responses
(i.e., their ecological functionality). It is time to look be-
yond body size to improve our understanding of the eco-
logical implications of individual trait variation (Gordon
2011; Toscano et al. 2016; Moran et al. 2017; Brandl et al.
2022; Schleuning et al. 2023).

Morphology, physiology, and behavior are different
facets of a phenotype. Morphology reflects the abilities of
an individual to perform in its environment given biome-
chanical constraints (Van Valen 1965; Arnold 1983). We
can also tie indirect links between morphology and energet-
ics. For instance, the relative mass of metabolically active
organs is related to energy expenditures (Careau et al.
2008). Many studies have investigated the morphological
variation that occurs between individuals specializing in
different sets of resources (e.g., Bolnick et al. 2007), with
the idea that variability in the form of a key trophic appara-
tus, such as beak size in Darwin’s finches, conditions the
diet of individuals and thus their evolution (Van Valen 1965;
Boag and Grant 1981). Physiology expresses more direct
energetic currencies, such as metabolic rates (i.e., energy
loss), which link closely to ecological performance, includ-
ing feeding rate (i.e., energy intake) and growth rate (i.e.,
available energy not allocated to maintenance or reproduc-
tion; Biro and Stamps 2008; Careau and Garland 2012).
Through trophic and competitive interactions, physiologi-
cal traits may be involved in community assembly (Brandl
etal. 2022). In parallel, a large body of research suggests that
behavioral traits are particularly important in ecology
(Gordon 2011; Toscano et al. 2016). Individual variation
in behaviors such as activity and boldness can strongly
affect the outcomes of predator-prey interactions (McGhee
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Figure 1: A, Conceptual diagram showing how phenotypic trait variability (morphology, physiology, behavior) relates to various ecological re-
sponses in animals. Black arrows show links that are relevant to this meta-analysis, with real-world examples of relationships depicted in table 1,
where numbers in parentheses correspond to each link of black arrows shown in A. With black arrows shrinking and elongating, we represented
how complexities increase when a phenotypic trait links from proximal to distal responses (i.e., how much an individual eats to what it eats, to how



et al. 2013). Behaviors such as activity, aggressiveness, or
boldness can express syndromes (Sih et al. 2004) involving
energetic trade-offs (Careau et al. 2008). Behavioral syn-
dromes can include covariations with metabolic rates and
hormone expression, linking them to broader syndromes
such as the pace-of-life syndrome, which posits a continuum
from slow to fast life histories (Ricklefs and Wikelski 2002;
Réale et al. 2010; Wright et al. 2019). Therefore, we expect
that physiological and behavioral traits, as well as other en-
ergy and matter currencies (e.g., elemental stoichiometry;
Elser et al. 2000), exert strong links with ecological perfor-
mance, fitness, and hence ecological dynamics (Gordon
2011; Moran et al. 2017; Brandl et al. 2022). Despite avail-
able qualitative examples on how individual variation in the
traits of animals affects various ecological processes, no
clear pattern has emerged (fig. 1; table 1), and what drives
the strength of those relationships remains unanswered.

Questions and Hypotheses

We addressed the above topics through a meta-analysis of a
large diversity of traits, systems, and species in animals
(fig. 1A; table 1). Specifically, we explored the strength of
correlations between intraspecific trait values and a large ar-
ray of ecological responses (fig. 1B). To go beyond the al-
ready well-understood influence of body size, we compared
individuals that differed little in size or for which the poten-
tial dependence of traits on body size or ontogeny has been
accounted for statistically. After first testing whether the
overall strength of relationships departs from zero (HO),
we asked three additional questions.

QI/H1. Does the strength of relationships between traits
and ecological responses (hereafter, “effect sizes”) differ de-
pending on whether they were assessed within populations
(i,) versus among populations (i,)? We expected that i, < i,
because individuals should show stronger phenotypic di-
vergence among than within populations. An alternative
expectation was that i, ~ i, if, for instance, the populations
sampled to obtain individual-level estimates (i,) had large
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sizes or were a part of interconnected populations, making
them phenotypically representative of the entire meta-
population (i,; Messier et al. 2010; Rota et al. 2024).

Q2/H2. How do effect sizes vary among ecological re-
sponses at different scales of biological organization? We
ranked ecological responses from a lower biological scale
(ii,)—that is, proximal responses to the focal individuals
(e.g., foraging performance, growth, diet, and fitness)—to
a higher biological scale (ii,)—that is, distal responses from
the focal individuals, including community assembly (e.g.,
community structure, diversity, biomass of heterospecifics;
further abbreviated as “community”) and ecosystem func-
tioning (e.g., nutrient cycling, rates of energy and matter
flow of basal resources; further abbreviated as “ecosystem”;
see fig. 1B). We expected that effect sizes would decrease
from proximal to distal responses (ii, > iiy; represented as
the width of gray arrows in fig. 1B). Our rationale was that
the strength of relationships between traits and responses
should dissipate as the number of intermediate relation-
ships increases (ie., with the sum of black arrows in fig. 1B;
see the algebraic rationale in Bailey et al. 2009). On the
contrary, effect sizes could be stronger for distal than
for proximal ecological responses (ii, < ii,) if the strength
of intermediate relationships shows additivity or multi-
plicativity through biological scales (Bailey et al. 2009) or
if direct, trait-mediated interactions prevail (link 6 in fig. 14;
Schmitz et al. 2004).

Q3/H3. How do effect sizes vary among trait types? Effect
sizes were divided into morphology (iii.; e.g., body shape, rel-
ative length of functional body parts), physiology (iii,; e.g.
metabolic rate, hormone levels, elemental stoichiometry),
and behavior (iii,; e.g., activity, boldness, sociability). We hy-
pothesized that behavioral and physiological traits would
show stronger correlations with ecological responses than
would morphology (i.e., iii,, < iii, ~ iii,). Behavior expres-
ses what an individual does, so we expected that behavioral
traits should be good proxies for interactions among organ-
isms and, thus, for their ecological differences. Physiology
expresses internal biological rates that are often linked to

much it grows, to its odds of survival, and, if alive, to its success in reproduction). In that sense, we think of the mechanisms underlying links 1-5 as
cumulating their complexity (i.e., link 5 involves more complexity than link 1). Link 1 may be the most straightforward (feeding rate could be
explained by energetic needs, search rate, and handling time). Fitness responses, however, in addition to integrating the complexities of links 1-
4, add those related to energy and time investment in mating and reproduction. Link 6 shows direct links from the phenotype to community
and ecosystem functioning (e.g., trait-mediated effects). Links 7-10 show how effects on ecological performance and fitness (differences in terms
of per capita utilization of resources, diet, etc.) can indirectly affect communities of surrounding species and ecosystem processes (fluxes of energy
and matter). Change in ecological conditions can induce phenotypic plasticity or microevolution, triggering feedbacks on the phenotype (link 11).
However, links 7-10 and 11 (gray arrows) have not been synthesized quantitatively here. Double vertical arrows depict covariations. B, The strength
of relationships between phenotypic traits and ecological responses is expected to change across levels of biological organization. Black arrows depict
intermediate relationships propagating phenotypic effects across biological levels of organization. Following hypothesis 2 (see main text), the
strength of relationships between phenotypic trait variation and ecological responses could decrease (width of gray arrows) with increasing levels
of biological organization (Bailey et al. 2009), from responses located on the focal animal itself (fop) to community and ecosystem levels (bottom). A
likely alternative is that phenotypic traits directly affect the communities of organisms (link 6 in A). All relationships depicted by gray arrows in B are
evaluated in this meta-analysis, except the one for population ().
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Table 1: Chosen examples of traits—to—ecological response relationships from studies constituting our dataset

Ecological Trait-to-function relationship
Level Trait(s) Trait type Species response(s) (hypothesized or observed) Reference
ind Tail shape Morphology  Hyla Survival when exposed to  Induced changes in the tail shape McCollum and
chrysoscelis predators (fitness) of tadpoles exposed to predators Van Buskirk 1996
(amphibian) (11) enhanced their survival,
affecting their abilities to escape (4)
ind Mandible shape Morphology  Gammarus Litter consumption The shape of mandibles did not Rota et al. 2018
fossarum rate (foraging alter the performance of the
(arthropod) performance) amphipods to consume leaf
litter (1)
ind Functional Morphology ~ Micropterus AC™" and AN'" Beyond large effects of ontogeny, no  Zhao et al. 2014
morphology salmoides (trophic niche) relationship between morpholog-
(fish) ical traits and trophic niches was
detected (2)
ind Benthic vs. Morphology  Gasterosteus Invertebrate community Benthic and limnetic morphotypes Des Roches et al.
limnetic aculeatus (fish) structure (community) are specialized in different prey, 2013
morphotypes inducing effects on community
structure (2, 8)
pop Gill raker Morphology  Alosa pseudo- Chlorophyll a Anadromous and landlocked Post et al. 2008
morphology harengus (fish) (ecosystem ecotypes feed on different
(anadromous vs. functioning) zooplankton species according
landlocked to their gill raker morphology,
ecotypes) thereby altering biomass of
phytoplankton (2, 8)
ind Corticosterone Physiology Thalassarche Number of chicks Elevated corticosterone levels (stress ~ Angelier et al. 2010
levels melanophrys (fitness) hormone) were associated with
(bird) lower reproductive output (5)
ind Mass-specific Physiology Desmognathus Feeding rate on Individuals with a higher mass- Gifford et al. 2014
standard meta- brimleyorum flies (foraging corrected metabolic rate
bolic rate (amphibian) performance) consumed prey at faster rates (1)
ind Elemental Physiology Procambarus 613C and 615N Elemental imbalances (C, N, P) Lang et al. 2021
stoichiometry clarkii and (trophic niche) between consumers and resources
(C,N, P) Faxonius drive the diet of consumers (2)
limosus
(arthropoda)
ind Mass-specific Physiology Phoxinus Pelagic production Higher energy expenditures altered ~ Raffard et al. 2021
standard phoxinus (community the community structure (1, 2,
metabolic rate (fish) and ecosystem 6, 7) and the pelagic production
functioning) of phytoplankton
col Boldness, activity ~ Behavior Apis mellifera Colony weight, survival Colonies that expressed active Wray et al. 2011
(arthropoda) after winter (fitness) and bold behavior accumulated
more reserves and grew faster,
increasing winter survival (1,3, 4)
ind Social dominance  Behavior Lepidodactylus Prey feeding rates Socially dominant geckos consumed ~ Short and Petren
lugubris (foraging more crickets than subordinate 2008
(squamate) performance) individuals (1)
ind Activity Behavior Esox lucius 615N (trophic position) Active pikes had higher trophic Nyqvist et al. 2018
(fish) positions (2)
ind Activity Behavior Phoxinus Algal biomass and Active minnows consumed potentially ~ Raffard et al. 2023
phoxinus litter decomposition more grazers but fewer detritivores
(fish) rate (community (1, 2), increasing algal production

and ecosystem
functioning)

and decomposition rate (6, 7, 8)

Note: Studies include measures made on individuals (“ind”), populations (“pop”), and colonies of social insects (“col”). Boldfaced numbers in parentheses

correspond to links shown in figure 1A.

energetics, behavior, and life history strategies and should
thus also show strong ecological effects. Morphology, by con-
trast, poses physical constraints on what an individual can do,
so it has been argued that behavior and physiology would
be closer to the ecologies of animals than would morphol-

ogy (Wainwright and Reilly 1994). This idea is also at the core
of organic selection theories (Baldwin 1897), which often sug-
gest that behavior, through nongenetic inheritance, Baldwin
effects, and/or niche construction, is a main driver of the evo-
lution of the organisms and other characters (physiology and



morphology) and of the eco-evolutionary feedbacks of those
changes (Laland et al. 1999; Hall 2001; Danchin et al. 2011).
We expected, however, that morphological differences might
be just as important as other trait types when individuals have
been diverging from hundreds to thousands of generations
and for which ecological differences are strong (e.g., ecological
radiation between limnetic and benthic ecomorphs within
a single lake population; Harmon et al. 2009).

We tested H2 across all trait types, and similarly we
tested H3 across all response types; both hypotheses were
tested at the individual level, so that we benefited from the
maximal sample size (effect size estimates) to test each hy-
pothesis while accounting for the multilevel nature of the
data (see “Methods”). To facilitate comparison to our global
estimate of the strength of correlations between individual
trait variation and ecological responses beyond body size,
we compiled an ad hoc dataset on the strength of correlations
between body size varying among individuals and various
ecological responses (supplemental PDF, sec. 2). We ex-
pected that the effect sizes for body size would be much
larger than those for morphological, physiological, and
behavioral traits that varied independently of body size
or ontogeny (or whose dependence on size was accounted
for), given the strong scalings that body size maintains with
energetics, stoichiometry, and predator-prey interactions
(Brown et al. 2004; Brose et al. 2006; Vanni and McIntyre
2016), to cite only a few ecological domains where body
size matters (Peters 1993).

Methods
Search Strings and Selection Criteria

We searched for 30 keyword combinations in Web of Sci-
ence (“all databases”), Scopus, and Google Scholar (supple-
mental PDF, sec. 1; table S1; tables S1-S4 are available
online), through which we obtained a total of 6,904 studies.
After having manually sorted duplicates in Excel (n = 335),
we obtained 6,569 studies, of which 613 followed our scope
after having read titles and abstracts. Our scope was studies
at the intraspecific level, in animals, that investigated rela-
tionships between individual differences in traits and var-
ious ecological responses. Exclusion criteria at this stage
were studies focusing on groups other than animals, stud-
ies investigating questions other than traits-to-ecological
responses, or studies conducted at the interspecific level.
After a full-text examination of each of the 613 studies,
121 met our criteria. We considered empirical studies of
wild animals, or wild animals that had been reared in the
laboratory (in rare cases under captive conditions for a
few generations), with observations conducted in the field,
microcosms, or mesocosms. We also considered studies re-
porting correlation coefficients, or other statistics, for rela-
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tionships between a phenotypic trait measured among
several individuals (or averaged among populations or
colonies of eusocial animals) and a measured ecological re-
sponse. The trait types that we considered were morpholog-
ical, physiological, or behavioral, regardless of whether the
traits were categorical or continuous. We did not include
ecological responses reflecting population dynamics or
population persistence because these are long-term phe-
nomena for which relationships with trait variability are
often difficult to estimate empirically. We were interested
in studies focusing on the identity of phenotypes (i.e., one
phenotype vs. another), not diversity (i.e., statistics from
treatments that included mixtures of phenotypes were ex-
cluded). We did not define life history as a trait type, since
we categorized its components as ecological responses (e.g.,
growth, survival, and reproduction). Finally, we focused on
traits beyond body size (see our motivation in the intro-
duction) by selecting studies that considered similarly sized
and/or aged individuals or that accounted for the poten-
tial influence of body size or ontogeny on correlations. For
a detailed description of choices made by authors regard-
ing body size and ontogeny, see box S1 in the supplemen-
tal PDF and publicly available data. From the choices made
by authors, we gave a score for each study representing
our confidence that the relationship was independent from
body size variation. This confidence score regarding in-
dependence from body size (high score) or potential bias
regarding the presumed lack of independence from body
size and reported statistics (low scores) was tested as a
moderator.

We also scrutinized the references of these 121 articles
that we retained and added 49 additional studies meeting
our selection criteria. We further added 21 studies from our
personal libraries (fig. S1; figs. S1-S10 are available online).
Studies reporting undetailed statistics (e.g., only P values)
or those recently retracted were excluded from the final
dataset. However, we kept the effect sizes (r values) from
Bolnick and Paull (2009) even though they retracted their
article, since the error was an incorrect calculation of the P
values, which did not affect the validity of the r coefficients,
hypotheses, or methods.

Intraspecific Level, Trait Types, Ecological
Responses, and Covariates

Related to our first hypothesis (H1), we noted the intra-
specific level from which the relationships belonged (i.e.,
individuals, populations, or colonies of eusocial animals).
Note that while we may refer to the among-individual level,
most effect sizes at the individual level were actually en-
capsulating intra- and interindividual components of trait
variation and therefore are better understood as whole
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phenotypic correlations with ecological responses (Niemela
and Dingemanse 2018b).

Related to our second hypothesis (H2), we considered
the following seven types of ecological response: foraging
efficiency (resource consumption or feeding rates), trophic
niche (trophic niche position, trophic level, and degree of
specialization inferred from stable isotopes or diet), growth
(size-standardized growth rates over time based on body
length or body mass), survival (survival rates obtained
from capture-mark-release-recapture in the wild or from
controlled experiments), reproduction (mating, egg numbers,
clutch sizes, or sibling survival), community (abundances,
biomasses, diversity, and community composition of or-
ganisms of at least two species interacting with the focal
phenotypes), and ecosystem (standing stocks or dynam-
ics of basal resources, such as primary producers or detri-
tus, as well as energy and matter cycling, such as C and N
cycling).

In relation to our third hypothesis (H3), we categorized
traits into morphology, physiology, and behavior. However,
original traits were more diverse than those three categories.
Morphological traits included body shape, trophic apparatus
shape, linear morphometrics of specific features, locomotion
traits, coloration, body condition, relative size of reproductive
organs, relative size of brain, and morphotypes. Physiological
traits were assimilation, energy reserves, excretion, metabolic
traits, elemental stoichiometry, hormone levels, immunity, or
physiological syndromes. Behavioral traits, following their
methodological description in primary studies, were assigned
to one of the five axes of animal personality: aggressiveness,
exploration, boldness, sociability, and activity (see definitions
and methodological examples in table 3 of Réale et al. 2007),
to which we added another category of traits reflecting cogni-
tive abilities of animals (e.g., problem-solving). We decided
between activity and exploration using the definitions of
Réale et al. (2007). All behavioral traits fell naturally within
these categories. As moderator covariates (which we tested
individually on separate models), we considered the tro-
phiclevel (i.e., primary consumers feeding on basal resources
vs. predators feeding on other animals) and the ecosystem
type (i.e., aquatic vs. terrestrial). In assigning species with
aquatic-terrestrial life cycles to either one of those realms,
we relied on the stages investigated by the authors, for
example, aquatic for tadpoles and terrestrial for frogs. Fi-
nally, we considered the methodological approach (ie.,
field observations, mesocosm, or microcosms) and the year
of publication.

Calculation of Effect Sizes

We collected correlation coefficients (r) or other statistics
(e.g., F or t statistics) corresponding to each trait-to-
ecological response relationship. Original estimates were

transformed to correlation coefficients r and then to
Fisher’s correlation coefficients Zr, following established
procedures (Nakagawa and Cuthill 2007; see table S2).
Since we aimed to quantify the strength of correlations
between intraspecific trait values and ecological re-
sponses, the direction of relationships was not meaning-
ful. We therefore used absolute correlation coefficients
|Zr| in our analyses (see also Bailey et al. 2009). For each
effect size | Zr|, we computed a sampling variance (vi)
that we used in our models detailed below (Nakagawa
and Cuthill 2007; Nakagawa et al. 2022).

Statistical Analyses

We performed statistical analyses using R version 4.3.2 (R
Core Team 2023). We used hierarchical multilevel mod-
els that account for phylogeny (function rma.mv() in the
R package metafor; Viechtbauer 2010; see the package’s
website: https://www.metafor-project.org/doku.php/metafor).
These models take random effects accounting for between-
and within-study variance components as well as a matrix
of phylogenetic relatedness among species in the error
structure. Our models addressed the three usual sources
of nonindependence of meta-analyses in ecology and evo-
lution (Noble et al. 2017; see also a 2016 guide by S. Naka-
gawa and M. Lagisz here: https://environmentalcomputing
.net/statistics/meta-analysis/meta-analysis-3/). In addition,
we modeled a variance-covariance matrix V reflecting the
nonindependent structure of sampling variances (hereat-
ter denoted “vi”) in our dataset and obtained cluster-
robust estimates regarding selective reporting bias (see
Yang et al. 2024).

We computed phylogenetic relatedness among species
following Moran et al. (2021). We extracted phylogenetic
and taxonomic information from the Open Tree of Life
(https://tree.opentreeoflife.org/; Hinchliff et al. 2015). We
then resolved any polytomies by randomization in the
R package rotl (Michonneau et al. 2016). Branch lengths
were estimated using Grafen’s method (Grafen 1989) in
the R package ape (Paradis and Schliep 2019), and we
added a residual error term that accounts for the computed
phylogenetic correlation matrix in our meta-analytic mod-
els. We accounted for within-study nonindependence by
adding a within-study random effect term (nested within
studyID), attributing an identifier to all effect sizes (see
Noble et al. 2017; Yang et al. 2024). Selective reporting bias
and other sources of nonindependence inherent to the
structure of the data were accounted for by modeling an
appropriate sampling variance-covariance matrix V and
by following a two-step cluster-robust estimation proce-
dure (Yang et al. 2024). We computed V with the function
vealc() of the package metafor, accounting for the basal
level of our observations (effect sizelD), the cluster of


https://www.metafor-project.org/doku.php/metafor
https://environmentalcomputing.net/statistics/meta-analysis/meta-analysis-3/
https://environmentalcomputing.net/statistics/meta-analysis/meta-analysis-3/
https://tree.opentreeoflife.org/

the model (studyID), and a subgrouping variable with re-
spect to trait-to-response combinations (n = 468; sub-
group argument), setting covariation among subgroups
as p = 0.6. This accounted for the fact that effect sizes
share means and errors within those combinations while
acknowledging the multilevel structure of the data. For
each model (see fixed effect structures below), we reran
the output from the function rma.mv() to get a cluster-
robust estimation of effect size estimates and their variance
using the function robust() of the package metafor (i.e.,
two-step procedure described in fig. 7 of Yang et al. 2024).

Sampling variance vi and mean-centered year of publi-
cation are indicators of small study effects and publica-
tion time-lag bias, respectively (Nakagawa et al. 2022).
We evaluated and accounted for these two sources of bias
by adding these terms as covariates in our models, so ef-
fect size estimates are given for vi = 0 and for the average
year in our dataset, which was 2012.6 (Nakagawa et al.
2022). Using the same error and random effects model
structure as mentioned above, we first estimated the grand
mean effect size with an intercept-only model to test
whether effect sizes depart from zero (H0). We then set
the intraspecific level as a fixed effect (H1). Here we tested
whether effect sizes at the individual level were lower than
those at the population level, where we merged popula-
tions and colonies of eusocial animals to reduce the imbal-
ance of effect sizes at the individual (n = 952) and popu-
lation (n = 59) levels. We then tested our hypotheses
regarding differences among trait types and ecological re-
sponse types (H2 and H3) on the individual-level dataset,
with n = 952 effect sizes (94% of the dataset), since our
main focus was on the individual level. We also tested
H2 and H3 using the entire dataset to see whether adding
estimates at the population level would change our con-
clusions formed at the individual level (see table S3). For
the second hypothesis (H2), we used a model including
ecological response as a fixed effect and trait type as a ran-
dom effect. We then tested H3 by adding trait type as a
fixed effect and ecological response as a random effect.
For all hypotheses, we considered statistical significance
among groups with comparison tests using the glht()
function of the package multcomp (Hothorn et al. 2008) ac-
counting for the multilevel structure of the dataset, with
an « threshold of 5%. For H2, we had no main a priori as-
sumption about the direction of differences among ecolog-
ical responses (we hypothesized either a decrease or an in-
crease across increasing levels of biological organization),
so we performed two-tailed Tukey multicomparisons for
H2.

Our hypothesis for H1 was that the effect sizes at the
population level would be larger than those assessed at
the individual level. For H3, we hypothesized that both
physiological and behavioral traits would exert stronger
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correlations with ecological responses than would mor-
phological traits. Therefore, for H1 and H3, we tested
one-tailed planned contrasts (populations > individual
level for H1 and physiology/behavior > morphology for
H3, respectively, using alternative = “greater” in glht()).
We also tested two-tailed planned contrasts for H1 and
H3. We computed pseudo-R* values as the proportional
reduction of the sum of the variance components be-
tween a null model without the fixed effect of interest (in-
traspecific level for H1, response type for H2, and trait
type for H3) and a model with the relevant fixed effect,
on models refitted using maximum likelihood estimation
(Viechtbauer 2010). We then tested the whole signifi-
cance of each of these three fixed effects by comparing
each pair of model (with or without the fixed effect) using
a likelihood ratio test (LRT; Viechtbauer 2010).

Converting correlation coefficients Zr to their absolute
values |Zr| can cause |Zr| to be biased upward, since
when Zr is close to zero any estimation error will increase
| Zr| (Morrissey 2016). Furthermore, since |Zr| > 0, we
cannot directly test its departure from zero (HO). To cor-
rect our effect size estimates for these two issues, we gen-
erated null effect sizes | Zr|,u (Raffard et al. 2019). For
each effect size in our dataset, we randomly simulated a
distribution of 1,000 ¢ statistics based on sample sizes N
of each effect size under the null hypothesis of no corre-
lation. We then converted these ¢ statistics into | Zr]|
values and averaged them for each effect size. Using the
same model structure as for each of the models we used
(from models HO to H3), we estimated |Zr|,u effect
sizes. We obtained unbiased |Zr| estimates and their
95% confidence intervals (CIs) by subtracting the esti-
mated | Zr|,u from the modeled estimates of |Zr|. We
back-transformed | Zr | unpiasea t0 | 7| unbiasea €ffect sizes to
report a popular statistic of association strength in ecology.

As explained above, we accounted for selective report-
ing bias with a cluster-robust estimation. We also assessed
publication bias with a funnel plot on the residuals of
| Zr| from the intercept-only model including the whole
dataset (HO0). We computed total heterogeneity and tested
its significance with a Q test on this same model, as we
computed heterogeneity between and within studies as
well as phylogenetic heterogeneity (I?) using Viechtbauer’s
method (Viechtbauer 2010; see R code associated with the
article).

We visualized raw effect size distributions and model
estimates with orchard plots (package orchaRd; Nakagawa
et al. 2023) but modified the function so that the lower pre-
diction and 95% CIs were bounded to zero, as by definition
absolute effect sizes cannot extend below zero. Our align-
ment with the PRISMA guidelines for reporting meta-
analysis in ecology and evolution (O’Dea et al. 2021) is
shown in the supplemental PDF (sec. 1, table S4).
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Results

Our dataset comprised 1,011 effect sizes from 187 studies,
covering 126 animal species across seven major taxonomic
groups (fig. 2A) and a wide range of ecological contexts
(fig. 2B). Morphology, physiology, and behavior were
represented by 352, 205, and 454 effect sizes, respectively.
Effect sizes expressed ecological relationships at the indi-
vidual level (94%), at the population level (4%), or among
colonies of eusocial animals (2%).

Heterogeneity and Covariates

The total heterogeneity in our intercept-only model was
high (88%; Qur=100s = 6,256.7; P < .0001). Phylogeny
accounted for a surprisingly large amount of the total het-
erogeneity in effect sizes (15%). Most of the heterogeneity
was within studies (44%) rather than among studies
(28%). We did not observe any effect of our covariates,
and accordingly distributions of effect sizes were indistin-
guishable between systems (aquatic vs. terrestrial; z =
0.84, P = .402), trophic levels (consumers vs. predators;
z = 1.04, P = .298), and methods (field observations,
mesocosms, and microcosms; z < 1.01, P > .312; figs. S2—
$4). It is noteworthy that the two levels—colonies of social
animals and populations—that we merged to test for dif-
ferences between intraspecific levels (among population
vs. within populations) shared overlapping effect sizes on
average (fig. S5).

Publication Bias

The funnel plot of residuals from the intercept-only model
was roughly symmetric, with the majority of points falling
within the pseudo confidence region at 95% (fig. S6), sug-
gesting only minor publication bias. We did not observe
temporal bias (t = —1.64, P = .1021), but as we worked
with absolute effect sizes, the effect of the sampling variance
(vi) was strongly positive (+ = 5.25, P <.0001). We did
not find any association between the body size indepen-
dence confidence score assigned to estimate the degree of
independence from body size (high scores) or, conversely,
the potential influence of body size (low scores) on the
| Zr| effect sizes reported here (t = 1.06, P = .291; fig. S7).

Estimated Effect Sizes and Results
regarding Hypotheses

The global effect size (HO) depicting the strength of
relationships between traits varying among individuals
or populations and ecological responses was different
from zero (|#|umpiasea = 0.26), as its 95% Cls excluded zero
(0.21-0.30; table 2).

The intraspecific-level fixed effect (H1) significantly
improved the fit of our model (pseudo-R* = 0.40, LRT =
15.13, P = .0005). Effect sizes estimated among popula-
tions were approximately two times larger than those at
the individual level (fig. S8), and, corresponding with our
main hypothesis, this difference was significant (table 2).
However, H1 was only marginally supported by a two-
tailed comparison (z = 1.80, P = .0725).

The type of ecological response (H2) was a significant
predictor of the effect sizes (pseudo-R* = 0.50, LRT =
20.76, P = .0041). Heterogeneity patterns in the individual-
level dataset for the model related to H2 were compa-
rable to our intercept-only model fitted on the global
dataset (total I*: 87.9%; study I*: 20.9%; within-study I*:
43.3%; phylogeny I°: 23.1%), but the random effect of trait
type (morphology, physiology, and behavior) accounted
only for a small part of the total heterogeneity (0.56%).
We observed an intermediate pattern regarding our
predictions for H2. The effect sizes for reproduction were
smaller by a third than those for foraging performance
and trophic niche (fig. 3; table 2). Effect sizes for community
variables were 50% larger than for reproduction, but this
comparison was only marginally significant (fig. 3; table 2).
The same analysis carried out on the whole dataset led to
qualitatively similar results, but with community responses
showing significantly larger effect sizes than reproduction
(table S3).

The type of phenotypic trait (H3) was a significant
driver of the strength of relationships among the traits
of individuals and ecological responses (pseudo-R* =
0.44, LRT = 12.05, P = .0072). Heterogeneity for the
model for H3 (total I*: 86.9%; study I*: 23.9%; within-
study I*: 47.1%; phylogeny I°*: 15.2%; response types I
0.70%) was comparable to heterogeneity in previous
models (HO-H2). In agreement with our third hypothesis
(H3), both physiological and behavioral traits showed ef-
fect sizes approximately 20% larger than morphological
ones (fig. 4; table 2). Testing the same planned contrasts
but without any assumption of directionality showed
that effect sizes for physiology were significantly larger
than those for morphology (two-tailed test: z = 2.17,
P = .0301), whereas effect sizes for behavior were only
marginally larger than those for morphology (two-tailed
test: z = 1.88; P = .0602). Our test of H3 on the whole
dataset (i.e., including both individual and among-
population observations) showed that behavioral trait var-
iation within species maintained stronger links to various
ecological responses than morphological trait variation,
but this was not the case for physiological trait variation
(table S3).

Immunity (n = 3), hormone levels (n = 11), morpho-
types (n = 75), and activity (n = 133) were the four trait
categories maintaining the strongest relationships (fig. 5).
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Figure 2: A, Phylogenetic tree of species in our dataset, with species names and taxonomic groups as well as silhouettes of some taxa within
each group. B, Pie charts of main factors in our meta-analysis, with respective sample size of |Zr| effect sizes.
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Table 2: Mean effect sizes and 95% confidence intervals (in parentheses) for the intercept-only model (global estimate; HO) and the
model for intraspecific levels (among and within populations; H1) for the entire dataset (pt. A) as well as estimates given for response

types (H2) and trait types (H3; pt. B)

Model, parameters | Zr| |7 | Z7 | | Z7 | unbiased | 7| unbiased z P
Part A:
Intercept only:
Global estimate 32(26-37)  31(26-35)  .05(.05-.06) .26 (21-31) .26 (.21-.30)
Intraspecific levels:
Within populations ()
(individuals) 31(25-37) .30 (25-.35) .06 (.05-.06) .25 (20-.30) .25 (20-29) ...
Among populations (") .53 (.28-.78) .49 (.27-.65) .04 (.03-.05) .49 (.25-.73) .45 (.24-.62) 1.80 .0362
Part B:
Trait types:
Morphology (1) 28 (22-34) 27 (22-33) .05 (.05-.06) .23 (.18-.28) .22 (.18-27) ...
Physiology (*) 34 (28-41) .33 (27-39) .06 (.04-.07) .29 (24-.34) .28 (23-33) 2.17  .0150
Behavior (%) 33 (27-39) .32 (26-.37) .06 (.05-.07) .27 (22-.32) .26 (22-31) 1.88 .0301
Response types:
Foraging () .38 (.28-.49) .37 (.28-.45) .07 (.06-.08) .32 (.23-.40) .31 (.23-.38) 237 .0178
Trophic niche (") 37 (27-48) .36 (26-.44) .06 (.05-.07) .32 (22-.41) .31 (22-.39) 2.15 .0317
Growth 34 (25-.43) 33 (24-41) .06 (05-.07) 28 (20-.36) .28 (20-.35) 171  .0872
Survival 29 (20-.37) .28 (20-.35) .05 (.04-.06) .24 ((16-.31) .23 (.16-.30) 94 3495
Reproduction () 24 (17-32) 24 (16-31) .05 (.04-06) .19 (.12-26) .19 (.12-25) ...
Community 39 (24-55) .37 (23-.50) .08 (07-.10) .31 (.17-45) .30 (.17-43) 1.83 .0671
Ecosystem .34 (.20-.48) .33 (20-45) .08 (.07-.09) .26 (.14-39) .26 (.14-.37) 71 4805

Note: Estimates given for response types (H2) and trait types (H3) are based on a subset of the data, including only effect sizes at the individual level (n = 952;
94% of the dataset). Estimated effect sizes are given as |Zr| and |r|, along with their unbiased estimates (|Zr| — |Zr|,u and |r| — |r|,u). Confidence intervals at
95% are given in parentheses. For each model, a dagger () indicates the category with the lowest estimated effect size, and the categories shown in boldface and with an
asterisk (") are those with significantly higher estimates compared with those with a dagger. Pairwise comparison statistics (z and P values) are given accordingly
(two-tailed tests for response-type differences in H2, one-tailed tests for intraspecific-level differences in H1 and for trait-type differences in H3).

Categories with large effect sizes estimated with sufficient
sample sizes were then metabolism (n = 89), stoichiome-
try (n = 52), boldness (n = 91), and exploration (n = 92;
fig. 5). We refrained from statistical comparisons here, as this
post hoc ranking was instead aimed at a qualitative assess-
ment of the functionality of traits in our dataset (fig. 5).

Discussion

We analyzed four decades of studies in ecology and evolu-
tion to advance our understanding of the ecology of indi-
vidual animals (LaBarge et al. 2024; Jeltsch et al. 2025;
Szangolies et al. 2025). In providing the first broad-scale
estimates of trait functionality, we emphasize that trait var-
iability among similarly sized individuals matters to ecology,
but also that the type of ecological response and the type of
trait (morphology, physiology, and behavior) are significant
drivers of the strength of trait-to-ecology relationships.

Global Strength of Correlations between Intraspecific
Trait Variation and Ecological Responses

Our global effect size (|1|upiasea = 0.26;95% CI: 0.21-0.30;
table 2) is small to moderate in absolute terms (Nakagawa

and Cuthill 2007). However, it falls in the very upper
range of effect sizes reported in ecology and evolution
(~95% of |r| values are between 0.14 and 0.26; Moller
and Jennions 2002). This remains true even when focus-
ing solely on estimates at the individual level (|7]umpiaea =
0.25; 95% CI: 0.20-0.29; table 2). Surprisingly, our ad hoc
analysis of the strength of correlations between individual
body size and a wide range of ecological responses pro-
vided a close estimate (|r| = 0.28; 95% CI: 0.19-0.37;
for a more detailed analysis, see the supplemental PDF,
sec. 2, figs. S9 and S10). This comparison reinforces our
statement that individual-level ecologies are multidimen-
sional and that body size alone cannot reflect all this
diversity. None of the covariates we tested were signifi-
cant, suggesting that our results generalize over years of
publication, aquatic and terrestrial realms, consumers
and predators, and methodological approaches. However,
the phylogenetic signals we detected (15%-23%) suggest
differences across the animal kingdom in how strongly in-
traspecific trait variability links to ecological responses, a
pattern that deserves further investigation.

Effect sizes at the level of populations and colonies of
eusocial animals were large (|7|upisea = 0.45; 95% CI:
0.24-0.62; table 2), nearly two times larger than at
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Figure 3: Orchard plot of model estimates of | Zr| effects sizes of phenotypic correlations independent from/controlling for body size, es-
timated for each ecological response at the individual level (n = 952 effect sizes). The size of each point is proportional to the precision of
the effect size (1/SE). Thick and thin error bars give 95% confidence and prediction intervals, respectively. Sample sizes (k) and number of
studies (in parentheses) are given for each category of ecological responses. Model estimates are reported in table 2.

the individual level (fig. S8). This contrast supports our hy-
pothesis H1 that populations that diverged phenotypi-
cally would show strong links between traits and ecological
responses. In a world where genetic and phenotypic di-
versity is changing rapidly (Exposito-Alonso et al. 2022;
Sanderson et al. 2023), maintaining high population-level
phenotypic diversity matters for the conservation and
management of ecosystems (Blanchet et al. 2020; Des
Roches et al. 2021).

Strength of Correlations between Individual Trait
Variation and Ecological Responses Differs
across Biological Levels

Owing to the potential accumulation of intermediate
relationships between the traits of an individual and distal
responses (see Bailey et al. 2009), we expected (H2) that
the overall strength of relationships would decrease from
proximal responses (low biological level), such as food in-

take or growth rate, to distal responses at higher levels of
biological organization (e.g., communities and ecosys-
tems). We instead observed a mixed pattern, with moder-
ately high correlations for both ecological performance
and community responses, whereas fitness (survival and
reproduction) displayed the smallest effect sizes. Repro-
ductive outcomes are complex, as they are influenced by
intrinsic (e.g., genetic) and extrinsic processes, such as
changing environments and random events occurring over
the reproductive life of an animal (Merild and Sheldon
2000), which can reduce the effect sizes we reported for re-
production. Large effect sizes for community responses
could arise because of greater complexity in nature than un-
der controlled conditions (Hendry 2019). Most of the studies
investigating fitness took place in nature (~62%), whereas
most studies investigating community and ecosystem re-
sponses were conducted in mesocosms (~87%). However,
we did not find a difference among field, mesocosm, and
microcosm effect sizes. Although further investigation is
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Figure 4: Orchard plot of model estimates of | Zr| effect sizes of phenotypic correlations independent from/controlling for body size, es-
timated for each trait type category at the individual level (n = 952 effect sizes). The size of each point is proportional to the precision of the
effect size (1/SE). Thick and thin error bars give 95% confidence and prediction intervals, respectively. Sample sizes (k) and the number of
studies (in parentheses) are given for each trait type category. Model estimates are reported in table 2. Categories are shown in blue, yellow,
and orange for morphological, physiological, and behavioral traits, respectively.

needed in natural settings, we are left with the result that
correlations between individual trait variability and com-
munity dynamics can be strong (Des Roches et al. 2018;
Raffard et al. 2019), even when they are maintained by
phenotypic differences among similarly sized individuals.
Interestingly, our analysis of an ad hoc dataset of selected
meta-analysis and empirical studies reporting relationships
between body size variation and various ecological re-
sponses showed a similar pattern, namely, that the smallest
effect sizes were for fitness, whereas foraging and commu-
nity/ecosystem responses exhibited larger effect sizes (sup-
plemental PDF, sec. 2, figs. S9 and S10).

The estimates for fitness proxies reported here (table 2)
are of a similar nature to linear estimates of directional se-
lection (Hendry 2017). Indeed, the strength of correla-
tions we estimated between traits and reproduction
(|7 |unbiasea = 0.19) matches previous estimates of direc-
tional selection (]3| = 0.16; Kingsolver et al. 2001, 2012).
One reason for the relatively small effect sizes observed
for fitness could be that adaptation already selected traits
near their optimum, reducing the number of phenotypes

that deviate far from optimum. As such, estimated selec-
tion is no longer strong because “selection erases its traces”
(Haller and Hendry 2014). Another mechanism can be
fluctuating selection, which averages out selection signals
over time (Wright et al. 2019). The links between trait
variability and community assembly, however, may not
reflect adaptations per se and are probably not under se-
lection to reduce such effects, which may explain why ef-
fect sizes for community responses tended to be larger
than those for reproduction.

A third argument comes from behavioral ecology. La-
bile traits such as behavior and physiology harbor a revers-
ible or contextual trait variance component (which is less
the case for structural, morphological traits), reflecting var-
iation in the expression of a trait for a given individual
across situations and time (i.e., intraindividual trait vari-
ability), along with an among-individual trait variation
component, which corresponds to the consistent compo-
nent of trait expression for a given individual across time
or contexts (Sih et al. 2004; Réale et al. 2007). A poor parti-
tioning of trait variance among these two components can



Sub-trait categories (post hoc)

Behavior and Physiology Outpace Form 000

Precision (11SE) O 10 O 20 () 30

Immunity 1 =—0— kK =31(T)
Reproductive organ relative size - : k=1(1)
Hormone level { O k =11 (3)
Morphotype { b ———O—— k =75 (16)
Activity | (o=~ o oa k=133 (33)
Assimilation{ O k =4 (2)
Metabolism A k =89 (26)
Stoichiometry - k =52 (2)
Body condition - k=9 (7)
Boldness 1 y k =91 (44)
Exploration - k =92 (31)
Cognition 1 k=2 (2)
Relative brain size A k=4(1)
Excretion - k =20 (3)
Trophic apparatus shape - k =60 (15)
Sociability - k =30 (10)
Body shape - k =60 (18)
Locomotion A k =5 (2)
Physiological syndrome A k=17 (1)
Aggressiveness - ® k =57 (28)
Specific morphometric trait - k =92 (10)
Coloration k =33 (9)

2 3

|Zr|

Figure 5: Orchard plot of model estimates of | Zr| effect sizes of phenotypic correlations independent from/controlling for body size, es-
timated for each subtrait category at the individual level (n = 952 effect sizes), ranked from the highest (top) to the lowest (bottom)
estimates. The size of the bubbles is proportional to the precision of the effect sizes (1/SE). Thick and thin error bars give 95% confidence
and prediction intervals, respectively. Sample sizes (k) and the number of studies (in parentheses) are given for each subtrait category. Cat-
egories are shown in blue, yellow, and orange for morphological, physiological, and behavioral traits, respectively.

dampen relationships (Niemeld and Dingemanse 2018b).
In reexamining our estimates of fitness correlates (386 ef-
fect sizes from 90 studies assessing survival and reproduc-
tion), we find that physiology and, to a lesser extent, behav-
ior exceed morphological traits in terms of correlation
strengths with fitness (one-tailed planned contrasts: z =
2.12, P = .0171 for physiology, z = 1.39, P = .0829 for
behavior), thereby providing only limited support for this
rationale.

Many relationships in ecology are nonlinear (Bolnick
et al. 2011). For instance, owing to Jensen’s inequality,
the accumulation of concave-up intermediate relation-
ships can magnify the effects of trait variability at high
levels of biological organization (see Bailey et al. 2009).
In addition, large effects can occur through direct effects
on community and ecosystem responses (i.e., trait-
mediated effects; Schmitz et al. 2004; see fig. la). This
mechanism may be particularly relevant when focal animals
are keystone (Paine 1980), engineers (Romero et al. 2015),
or prone to niche construction (Laland et al. 1999). A
great example comes from the Greater Voyageurs Eco-

system (surrounding the Voyageurs National Park). A
small subset of wolves within a pack specialized in hunting
twice as many beavers as others (Bump et al. 2022), raising
the question of whether behavioral differences underlie
this hunting specialization by keystone individuals that dis-
proportionately reshapes wetlands (Gable et al. 2020).

Do Trait Types Show Different Strengths of
Relationships with Ecological Responses?

We hypothesized that differences in physiology and be-
havior among individuals would generate stronger eco-
logical relationships than would differences in morphol-
ogy (H3). Consequently, physiology and behavior showed
effects sizes 20% larger than those for morphology. These
differences, albeit modest on average (as marked by highly
variable effect sizes within each trait class), still support the
idea that traits reflecting energetic currencies and “what
individuals do” underlie ecological performance, fitness,
and interactions among individuals and therefore drive
community and ecosystem processes (Szangolies et al.
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2025)—even as much as does body size variation among
individuals (supplemental PDF, sec. 2). For example, func-
tional responses of predator crabs (Panopeus herbstii) on
mussel prey (Brachidontes exustus) are mediated by con-
sistent variation in activity levels among individuals (Tos-
cano and Griffen 2014), whose effects may cascade at the
ecosystem level since filter-feeding mussels are ecosystem
engineers. Similarly, physiological traits showed large ef-
fect sizes across ecological responses (figs. 4, 5), and, as
our post hoc analysis in support of the discussion showed
above, this difference seems particularly true in the case of
fitness. A good example is that variation in corticosterone
levels predicts long-term reproductive performance among
wandering albatross individuals (Diomedea exulans; Ange-
lier et al. 2010). Metabolic, immune, hormonal, and stoi-
chiometric traits all have mechanistic links with fitness,
community, and ecosystem responses (Elser et al. 2000;
Ricklefs and Wikelski 2002; Brandl et al. 2022) and should
be an increasing focus in the trait-based ecology of animals.

Understanding why, fundamentally, different pheno-
typic dimensions of an individual may vary in their cor-
relation strengths with ecology is challenging. One may
see morphology as a potential for the ecological effects of
a phenotype, whereas physiology and behavior might be
closer to realized effects (Wainwright and Reilly 1994).
Our results agree with this view, although the average dif-
ferences of effect sizes among those trait types were rather
small and variation was extremely high within trait classes
(figs. 4, 5; table 2). However, our detailed analysis of trait
categories showed, perhaps not surprisingly, that morpho-
logical traits with the largest effect sizes had clear functional
interpretation. Morphotypes are dimorphic ecotypes that
may have diverged hundreds to thousands of generations
ago (Harmon et al. 2009). Body condition is a proxy for
physiological status (energy reserve). However, other traits
with specific functional relevance, such as specific linear
morphometric traits (e.g., relative tarsus length), exhibited
lower effect sizes. Perhaps the safest interpretation here is
that different types of morphological traits could show very
different strengths of effects on ecology, with some being
very large and others very small, yet morphology as a trait
class showed low effect sizes on average.

Concluding Remarks

Our results at the individual level emphasizing physiol-
ogy and behavior are somewhat contrasting with the strong
reliance on morphology (and body size) in trait-based
ecology (Dawson et al. 2021). The popularity of morphol-
ogy may lie in its prominent role in the early development
of the niche variation hypothesis (Van Valen 1965)—or
simply because morphological traits are easy to measure.
Another reason for its popularity could be its low intra-

individual variation and high heritability compared with
physiology and behavior (Mousseau and Roff 1987). Al-
though morphology shows weaker ecological associations
in our analyses, one could argue that its greater repeat-
ability and heritability relative to physiology and behavior
may promote stronger eco-evolutionary dynamics. How-
ever, the lability of physiology and behavior does not im-
ply that this variation is random, and the perceived low
heritability of behavior does not necessarily indicate low
additive genetic variance or evolvability (for detailed ex-
planations, see Houle 1992; Hansen et al. 2011). In fact,
physiology and behavior often show moderate to high re-
peatability among individuals (Bell et al. 2009) and, in
some cases, large additive genetic variance and herita-
bilities (Dochtermann et al. 2014). Moreover, intraindiv-
idual variation in behavior can be structured along a gra-
dient from predictable to unpredictable individuals (Stamps
et al. 2012), yet the ecological implications of this are largely
unknown. To assess the propensity of a broad range of
traits to be involved in eco-evolutionary dynamics, it would
be promising to compare their ecological functionality
(as we report here) to evolutionary parameters such as
evolvability (Hansen et al. 2011). Another avenue of in-
terest would be to better understand the phenotypic de-
terminants of niche construction and nongenetic (includ-
ing ecological) inheritance (Laland et al. 1999; Danchin
et al. 2011). These joint estimates could then be used to
parameterize eco-evolutionary models that assess how
shifts in trait distributions or the emergence of behavioral
innovations affect the evolution of characters, ecological
dynamics, and their feedbacks (Govaert et al. 2019). Con-
sidering future eco-evolutionary syntheses compiling in-
formation on a wide array of trait types, we could imagine
testing the prevalence of trade-offs across traits—for in-
stance, traits showing large evolvability but weak ecological
effects or, conversely, traits with both high evolvability and
strong ecological effects. Such future syntheses can advance
us toward a unified understanding of the ecological and
evolutionary processes associated with different types of bi-
ological attributes.

To unravel the consequences of individual trait varia-
tion in animals, we encourage ecologists to pay greater at-
tention to physiology and behavior in nature, especially
when investigating their effects on community and eco-
system levels. A step forward would be to better acknowl-
edge the implications of trait types and syndromes, their
ecological trade-offs, and their consequences for ecosys-
tem processes. Future studies will gain improved predic-
tive abilities by simultaneously addressing all the entangled
facets of a phenotype (Arnold 1983; Violle et al. 2007). Such
an approach to the ecological consequences of individual
trait (co)variations will complement the synthesis we pro-
vide here by improving the integration of biological scales



with evolutionary and ecological processes, as well as en-
hancing our ability to predict the effects of human-driven
changes on rapidly evolving ecosystems (Blanchet et al.
2020; Des Roches et al. 2021).
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This work synthesizes hundreds of natural histories on the ecological consequences of individual trait variation in animals. Ours began
with the head plunged into a forested stream, contemplating the astonishing differences in morphology and behavior in the larvae of

Cordulegaster boltonii dragonflies. Photo credit: Thibaut Rota.
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