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Abstract

Trait-based models of ecological communities and ecosystem functioning often

fail to account for intraspecific variation in functional traits, assuming that

intraspecific variability is negligible compared with interspecific variability.

However, this assumption remains poorly tested across vertebrate animals

where past studies routinely describe species according to mean trait values

without explicit consideration of individual trait variability. We assessed nine

functional traits for 4254 individuals belonging to 15 freshwater fish species

from 11 families in northern Australia, including body elongation, body shape,

caudal peduncle throttle, eye size, eye position, gape shape, gape size, mouth

position, and pectoral fin length. We quantified the extent and geography of

intraspecific trait variability and its relationship with riverine hydrologic

regimes using a structured sampling design. Using a combination of single-

and multi-trait analyses, we demonstrate that intraspecific trait variability can

contribute up to 70% of the total trait variability depending on the attribute

considered and averaged 31% across all traits. The magnitude of intraspecific

trait variability also varied across the hydrological permanency gradient. Fish

assemblages in intermittent streams subjected to frequent environmental dis-

turbance had high intraspecific trait variability, most likely due to strong abi-

otic filters limiting interspecific divergence. Conversely, assemblages in

perennial rivers with less harsh environmental filters but with a larger pool of

species expressed lower intraspecific trait variability: This is most likely due to

stronger resource competition (biotic filter), which promotes specialization of

resource use and, consequently, interspecific divergence. Our study provides

the first evidence of intraspecific trait variability driven by a disturbance gradi-

ent for an animal group and points to the need for additional research into the

functional importance of intraspecific variability in animal ecology. A better

understanding of the patterns, drivers, and implications of intraspecific trait
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variability will help guide mechanistic-based predictions of the effects of envi-

ronmental changes on community assemblage and ecosystem processes.

KEYWORD S
assembly rules, environmental filter, functional traits, limiting similarity, riverine fishes,
trait convergence

INTRODUCTION

Functional ecology provides growing opportunities to
enhance our understanding of ecological patterns and
processes operating in nature (Gross et al., 2017; McGill
et al., 2006). Traits are a central component in this
endeavor, where “functional traits” relate to an organ-
ism’s performance (growth rate, survival, and reproduc-
tion) and contribution to ecological processes. Although
taxonomic studies typically describe changes in commu-
nity composition, investigations of functional traits aim
to reveal the mechanisms underpinning these changes
and predict their consequences at the ecosystem level
(Moore & Olden, 2017; Shipley, 2010). The premise is
that trait-based investigations may transcend the notion
of species, making inferences gained more generalizable
than taxonomic studies by providing a common currency
to compare similar communities from different regions
or environments with few species in common (McGill
et al., 2006).

Functional ecology is replete with studies defining spe-
cies traits as the average or modal value among individuals
from single or multiple populations. Such studies assume
that intraspecific variability is negligible compared with
interspecific variability (McGill et al., 2006; Weiher, 2011)
and disregard trait variation expressed by individuals
within a population. However, recent experimental work
indicates that intraspecific trait variability is both non-
negligible and fundamental to understanding ecological
and evolutionary dynamics (Bolnick et al., 2011; Des
Roches et al., 2018; Raffard et al., 2019; Violle et al., 2012).
Natural populations consist of phenotypically diverse indi-
viduals that exhibit variation in their demographic parame-
ters, so the validity of using mean species trait values in
ecological investigations, including the analysis of commu-
nity assembly and functional diversity, is questionable
(Carmona et al., 2016; Cianciaruso et al., 2009).

Ecologists are faced with numerous challenges when
attempting to quantify the relative importance of intraspe-
cific versus interspecific trait variability. First, trait vari-
ability is expressed differentially in response to abiotic
factors, such as across gradients of resource availability
(Raffard et al., 2020), habitat suitability (Thuiller et al.,
2009), and disturbance (Mouillot et al., 2013). Second,

interactions among species (biotic factors) are often
reflected in the variability of functional traits, such that
populations of the same species embedded in different
assemblages can display variable trait-value distributions
(Gross et al., 2009). For example, an absence of predators
can relax the expression of traits related to evasion in prey
populations (Bolnick et al., 2011; Raffard et al., 2019).
Similarly, sympatric species that compete for resources
tend to develop divergent trait distributions, limiting
intraspecific variability and increasing interspecific vari-
ability (Bolnick et al., 2010; Grant & Grant, 2006). Third,
the magnitude of intraspecific trait variability depends
mainly on the spatial and temporal scales it is evaluated.
The “spatial variance partitioning” theory, for instance,
posits that the relative importance of intraspecific vari-
ability inversely correlates with the size of the study area
(Albert et al., 2011), and evidence suggests that climatic
change can drive temporal variability in trait distributions
(e.g., Mousing et al., 2017). Finally, because obtaining the
necessary number of individuals to quantify intraspecific
trait variability can be difficult, time-consuming, and
costly (Petruzzellis et al., 2017), studies are often experi-
mental and rarely explore patterns observed in nature. A
robust evaluation of the relative importance of intra- and
interspecific variability requires a comprehensive collec-
tion of individuals across different habitats, communities,
and time periods, and preferably from multiple species in
natural environments (Bolnick et al., 2011).

Ray-finned fishes (Actinopterygii), hereafter called
fishes, represent the most diverse clade of vertebrates
with about 30,500 species that demonstrate an incredible
array of phenotypic diversity (Lévêque et al., 2008), yet
investigations of intraspecific trait variability within
multi-species fish assemblages remain notably scarce
(Villéger et al., 2017). This makes fishes an ideal group
for comparative studies of intra- versus interspecific trait
variability (Luiz et al., 2019). Focusing on a subset of
European fishes, Blanck and Lamouroux (2007) provided
the first multi-species investigation of intraspecific trait
variability. They found that some species showed vari-
ability consistent with latitude, while others did not.
Despite the recent upsurge in interest among terrestrial
ecologists and the fact that readily available metrics
designed for interspecific trait analyses can be used to
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explore intraspecific trait variability (Manna et al., 2019),
a broader understanding of intraspecific trait variability
in fishes has been limited to studies using few or a single
species, exploring only individual or a small number of
traits, and often providing low inference due to low sam-
ple size (Alofs, 2016; Estlander et al., 2017; Lunghi &
Zhao, 2020; Raffard et al., 2020).

Here, we provide a comparative study of intra- versus
interspecific variability for tropical riverine fishes of
northern Australia. We ask the following questions:
(1) How does intraspecific trait variability across species
compare with interspecific trait variability? (2) Are func-
tional traits predictive of species identity? And (3) does
intraspecific trait variability vary spatially and predictably
across environmental gradients related to river hydrol-
ogy? To answer these questions, we collected an extensive
dataset of nine functional traits collected from over 4000
individuals of 15 species from four river basins in the
Northern Territory, Australia. The traits used in this
study were derived from individual morphological mea-
surements that have been previously used in freshwater
fish trait studies (e.g., Brosse et al., 2021). These traits are
commonly linked to functions of fish resource acquisition
and mobility and are expected to vary along gradients of
hydrologic variability (Villéger et al., 2017). For example,
fish with elongated bodies and low hydrodynamic resis-
tance tend to have enhanced swimming ability and can
sustain upstream movement in fast-flowing rivers,
whereas deeper-bodied fish maneuver more efficiently
when stalking their prey in low-flowing rivers (Arantes
et al., 2019). River systems in this wet–dry tropical region
of northern Australia are characterized by strong season-
ality in their flow regimes (Warfe et al., 2011). In the wet
season, floodplains and associated riparian zones often
become inundated for several months, allowing the lat-
eral movement of fish for feeding and dispersal (Crook
et al., 2020). In the dry season, flows cease or are
maintained at low discharge by subsurface and local
groundwater flow (Kennard et al., 2010; King et al.,
2015). The extreme seasonality in the flow regime is
thought to shape the evolution and contemporary pat-
terns in fish trait composition and variability (King et al.,
2013; Pusey et al., 2011), making fish assemblages of the
region an ideal case study for examining the effects of
hydrology on trait variability. In this context, we focused
not only on intra- versus interspecific trait variability for
single traits but also on deployed multivariate techniques
to analyze the patterns of trait covariation and the robust-
ness of species functional classifications to intraspecific
trait variability. Our study answers mounting calls to
better understand the magnitude and determinants of
intraspecific trait variability in aquatic species (Martini
et al., 2020).

MATERIALS AND METHODS

Study area

Sampling was conducted in 14 sites across four river
basins in the north-western part of the Northern Terri-
tory, Australia (Darwin region; Figure 1; Appendix S1:
Table S1), with all sites located close to hydrological
gauging stations. The sites were chosen to represent a
range of hydrological conditions, from intermittent to
perennial systems with different flood duration and fre-
quencies of high spells during the wet season (see below).
Site access, particularly under wet season conditions, is
limited in this region, and so sampling logistics was also
an important consideration in site selection. We used
cluster analysis (Ward’s hierarchical algorithm) and prin-
cipal component analysis (PCA) performed on the stan-
dardized Euclidean distances of 22 hydrology metrics
(Appendix S1: Table S2) to classify sites into three hydro-
logical classes (see Appendix S1: Figure S1): (1) intermit-
tent sites (n = 3), characterized by large periods of zero
flow, including partial desiccation; (2) perennial flashy
sites (n = 5), characterized by long periods of low flow
(but not zero flow) in the dry season and frequent high
spells and flash floods of short duration during the wet
season, with a large variability in the water level; and
(3) perennial stable sites (n = 6), characterized by larger

F I GURE 1 Location of fish sampling sites in the four study

rivers. The inset map shows the location of the study region in

northern Australia. Colors and shapes indicate the hydrological

class of each site, green circle: perennial stable; blue triangle:

perennial flashy; and red square: intermittent.
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rivers with lower flow variability between the wet–dry
seasons than the former two groups, and longer flood
periods during the wet season, with less frequent changes
in the water level. These three hydrological classes were
used in the subsequent analysis.

Data

Field collections occurred on four sampling occasions,
including the late-dry season (October–November 2016),
early-dry season (May–June 2017), mid-dry season (August
2017), and the late-dry season (late September–November
2017). To represent a large proportion of the fish diversity of
the region, we selected 15 common species (11 families in
5 orders), demonstrating a range of different life-history
strategies that vary relative to different environmental
regimes (King et al., 2013; Olden & Kennard, 2010;
Sternberg & Kennard, 2013). We collected fish using boat-
mounted and backpack electrofishing protocol (10 randomly
assigned discrete samples of 5-min duration each, stratified
to ensure the coverage of available habitat at each site),
choosing the appropriate gear type based on water depth
and safety considerations at each site (rivers in this region
contain estuarine crocodiles). We aimed to collect a maxi-
mum of 20 individuals on each sampling occasion at each
site. Where the number of individuals per species was not
achieved in the standard sampling protocol, additional
targeted methods were also deployed including gillnetting,
and the use of sweep nets and cast nets. We collected 4254
individuals with only adults (predefined by standard length
estimates of sexual maturity from the literature) retained
for measurement to avoid variation in trait values due
to ontogeny. Species analyzed in this study are as
follows: Amniataba percoides, Hephaestus fuliginosus,
and Leiopotherapon unicolor (Perciformes: Terapontidae);
Glossamia aprion (Perciformes: Apogonidae); Lates calcarifer
(Perciformes: Latidae); Mogurnda mogurnda and Oxyeleotris
lineolata (Perciformes: Eleotridae); Toxotes chatareus
(Perciformes: Toxotidae); Craterocephalus stercusmuscarum
(Atheriniformes: Atherinidae); Melanotaenia australis and
Melanotaenia splendida (Atheriniformes: Melanotaeniidae);
Nematalosa erebi (Clupeiformes: Clupeidae); Neoarius gra-
effei (Siluriformes: Ariidae); Neosilurus ater (Siluriformes:
Plotosidae); and Planiliza ordensis (Mugiliformes:
Mugilidae). These species are widely distributed and com-
mon in northern Australia, and are encountered over a
range of environmental conditions in the region (Pusey
et al., 2017).

All retained fish were euthanized using an overdose of
Aqui-S, placed on ice, and transported to the laboratory
and stored in a freezer at �20�C prior to measurement. A
total of 11 morphometric measurements (Table 1) were

used to calculate nine functional traits of the studied spe-
cies (Table 2). Measurements were taken using Vernier
calipers or from side-view photographs of each individual
using the ImageJ software. The ecomorphological traits
selected are commonly used in the assessment of fish
functional diversity and are linked to the feeding and
locomotion functions of fish that determine their contri-
bution to key ecosystem processes, such as controlling
food webs and nutrient cycles (Villéger et al., 2017).

Statistical analyses

To determine how trait variability was structured
between and within species, we deconstructed the total
variability according to different levels of variation in
both single-trait analyses using linear mixed-effect
models and multi-trait analyses using between-class PCA
(betweenPCA; Albert et al., 2010). For the single-trait
analysis, we used linear mixed-effect models (Zuur et al.,
2009) for each functional trait using individual trait mea-
surements as the response variable, and including species

TABL E 1 Morphological measurements taken from individual

specimens.

Code Name Protocol for measurement

Bl Body length Standard length (snout-to-
caudal fin basis)

Bd Body depth Maximum body depth

Hd Head depth Head depth at the vertical of eye

CPd Caudal peduncle
depth

Minimum depth of the caudal
peduncle

CFd Caudal fin depth Maximum depth of the caudal
fin

Ed Eye diameter Vertical diameter of the eye

Eh Eye height Vertical distance between the
center of the eye and the
bottom of the body

Mh Mouth height Vertical distance from the top of
the mouth to the bottom of
the body

PFl Pectoral fin length Length of the longest ray of the
pectoral fin

Md Mouth depth Vertical distance between the
upper and lower maxilla of
open mouth

Mw Mouth width Horizontal distance between the
left and right ends of open
mouth

Note: All measurements were made on photographs except Bl, Md, and Mw
values, which were measured in the laboratory.
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as a fixed effect and site identification as a random inter-
cept effect. Estimated SD at the site level (σ) were used to
determine the percentage of variability attributed to each
level (interspecific, intraspecific between sites, and intra-
specific within sites). As sites were represented as a ran-
dom effect, we determined the between-site (interspecific)
part of the variance as the ratio between σ2 and total vari-
ance (Albert et al., 2010). The intraspecific variability
component was then calculated separately as the ratio
between the estimated SD of random variable (intraspe-
cific variability associated with site differences) and total
variance, and the within-site intraspecific variability as
the ratio between the residual variance and total variance.
Variances were estimated by maximizing the restricted
log likelihood.

To decompose the variance for eight traits simulta-
neously (multi-trait approach), we performed a PCA
followed by between-class and within-class analyses (Albert
et al., 2010) using the R package “ade4” (Thioulouse et al.,
2018). Principal component analysis is an ordination tech-
nique that maximizes the variance between individuals,
whereas the between-class analysis is a type of constrained
PCA that maximizes both interindividual and between-class
variance. The between-class PCA therefore focuses on
between-group differences (here, the species; Thioulouse
et al., 2018). By contrast, the within-class PCA focuses on the
remaining variability after the class effect has been removed
(Thioulouse et al., 2018), which we attributed to site effects
(Albert et al., 2010). After we accounted for the group effect
variance, we discounted them from the total PCA variance
to determine the variability that is not related to species or
site (i.e., the within-site intraspecific variability).

We determined the probability of correctly predicting
individual membership to species according to morpho-
logical traits. This was done by performing a linear
discriminant analysis (LDA), which finds the linear com-
bination of continuous explanatory variables best separat-
ing two or more classes of a categorical variable

(Venables & Ripley, 2003). The LDA is similar to
between-group PCA but maximizes the ratio of the
between-group variance to the total variance and can be
applied to predict future responses according to new
observations. The LDA was used to predict individual
species identity based on their trait values. The overall
model fit was quantified using the percentage of individ-
uals that were correctly classified into species by our final
model (percentage correct classified) according to 10-fold
cross-validation using the “createFolds” function in the
“caret” R package (Kuhn, 2020). We defined specificity as
the proportion of samples that do not belong to a particu-
lar class and are correctly identified as not belonging to
that class and sensitivity as the proportion of members of
a class correctly identified as belonging to that class (this
translates to the certainty of correct identification within
a class; Olden et al., 2002). Cohen’s kappa statistic (func-
tion “kappa2” in the R package “irr”; Gamer et al., 2012)
was used to measure the agreement between predicted
and actual categorizations while correcting for agreement
caused by chance (Hand, 2012).

The chosen hydrologic classes represent a gradient of
increasing hydrologic variability, from perennial stable
(least variable, n = 5) to perennial flashy (moderately
variable, n = 6) to intermittent (most variable, n = 3)
sites. We conducted an ANOVA and multiple pairwise
comparisons using Tukey’s test to test for differences in
the proportion of intraspecific trait variability (square-
root-transformed to satisfy distributional assumptions)
expressed by species occupying stream sites of different
hydrologic classes. Next, we investigated relationships
between site-specific hydrologic metrics and the relative
importance of intraspecific variability. To account for
multicollinearity across the hydrological metrics, we ran
a PCA to reduce the original metrics to a set of
uncorrelated composite principal components. The first
four components captured more than 80% of the total
variability. We then developed a linear model using the

TAB L E 2 Functional trait formulas and description of functional role.

Code Trait name Formula Potential link with fish functions

EL Body elongation Bd=Bl Hydrodynamism

EP Eye vertical position Eh=Bd Position of fish and/or of its prey in the water column

ES Relative eye size Ed=Bl Visual acuity

MP Mouth vertical position Mh=Bd Feeding position in the water column

GS Gape size Md�Mwð Þ= Bl2
� �

Size of mouth and variety of prey items

GSh Gape shape Md=Mw Size of mouth and variety of prey items

BS Body lateral shape Hd=Bd Hydrodynamism and head size

PFL Pectoral fin length PFl=Bl Pectoral fin used for swimming

CPT Caudal peduncle throttling CFd=CPd Caudal propulsion efficiency through a reduction in drag
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proportion of intraspecific trait variability as the response
and each PC as explanatory variables.

It is reasonable to assume that the level of intraspe-
cific trait variability can be affected by other factors
influencing riverine fish assemblages, such as catchment
area and stream order (Matthews, 1986). To test the rela-
tionship between intraspecific trait variability and river
hydrology with these two potential confounding factors,
we collected data on catchment area and Strahler stream
order for our study sites and included them as covariates
in the linear model.

All statistical analyses were computed with R 3.5.1 (R
Core Team, 2020). For species traits, between- and within-
group PCAs, as well as standard PCAs, were performed
using the package “ade4” (Thioulouse et al., 2018). For the
hydrological variables, the PCA was computed by the
“prcomp” function. Linear models were fit with the package
“lme4,” and LDA was performed using the function “lda”
in the package “MASS.”

RESULTS

The tropical riverine fishes examined in our study dis-
played considerable intraspecific trait variability, averag-
ing 31.5% of the total trait variability expressed among
species across all traits (Figure 2a). The multivariate anal-
ysis indicated a partition of 69.1% versus 30.9% for inter-
specific versus intraspecific trait variability, respectively,
with individuals from each species having equivalent
contributions to the variance (Figure 2b). Functional
traits differed in their magnitude of interspecific versus
intraspecific variability, ranging from intraspecific trait
variability values of 70% in eye vertical position to 8% in
body elongation (Figure 2a). In two of nine traits, eye ver-
tical position and gape shape, intraspecific trait variation
exceeded interspecific variation (Figure 2a). Total intra-
specific trait variability was, in large part, the result of
variability expressed by species within sites rather than
species differences between sites. Species had varying
contributions to the total intraspecific trait variability,
with G. aprion, M. australis, and N. graeffei contributing

relatively more through their effects on within-site intra-
specific variability and T. chatareus, C. stercusmuscarum,
and N. erebi contributing more through their effects on
between-site intraspecific variability (Figure 2b).

Consistent with the univariate analyses, multivariate
ordination suggests considerable within-species trait vari-
ability, with individuals of each species often having
greater trait similarity to individuals of other species than
conspecifics (Figure 3). Despite this, species identity was
generally well predicted according to the combination of
trait values and the LDA model (accuracy = 94%, kappa
= 0.93, p value < 0.001; Appendix S1: Table S3;
Figure 4). Models demonstrated high sensitivity (range
0.56–1) and specificity (range 0.97–1), although there
were some misclassifications. For 13 of 15 species, the
ratio of correct predictions always exceeded 90%, except
for a pair of congeneric rainbowfish species. In this case,
individuals of M. splendida were more likely to be
assigned to M. australis than to its own species (Figure 4;
Appendix S1: Table S3).

The proportion of intraspecific trait variability within
sites varied according to the hydrologic regime. Intraspe-
cific trait variability was greatest for intermittent sites
(43%), followed by perennial flashy (27%) and perennial
stable (23%) sites, with a significant difference between
intermittent and perennial stable regimes (Tukey’s test,
p < 0.01; Figure 5). The perennial flashy regime was tran-
sitional between the other regimes, with differences over-
lapping both significant groups (Tukey’s test: perennial
flashy–intermittent, p = 0.06; perennial flashy–perennial
stable, p = 0.31; Figure 5). The first two dimensions of the
PCA on hydrological metrics explained 58% of the total
variability (Figure 6). PC1 was positively correlated with
the timing of low flow, mean duration of low spells, vari-
ability in the number of low spells, and coefficient of vari-
ation in annual number of days having zero flow, and
negatively associated with variability in the timing of low
flow, mean zero flow duration, and the mean duration of
low spells. PC2 was positively associated with variability
in the duration of high spells, mean annual rate of posi-
tive changes in flow from 1 day to the next, and mean of
annual day of year of maximum flow, and negatively

F I GURE 2 Variance decomposition in interspecific and intraspecific contributions for single-trait and multi-trait patterns. Variance

decomposition into the different levels: species, populations and within populations with: (a) single-trait analyses—decompositions,

resulting from mixed-effect models, are given for each of the 9 measured traits; (b) multi-trait analyses—decomposition takes into account

the 9 traits together. A between-class principal component analysis (betweenPCA) on the whole dataset gave the relative importance of

within- and between-species variances, while betweenPCAs on each species (grouping by site) gave the decomposition into between and

within populations; and (c) proportion of interspecific and intraspecific variability across sites. For trait codes, see Table 2: Species full genus

and species names—Amniataba percoides; Craterocephalus stercusmuscarum; Glossamia aprion; Hephaestus fuliginosus; Lates calcarifer;

Leiopotherapon unicolor; Melanotaenia australis; Melanotaenia splendida; Mogurnda mogurnda; Nematalosa erebi; Neosilurus ater; Neoarius

graeffei; Oxyeleotris lineolata; Planiliza ordensis; and Toxotes chatareus. Site codes are available in Appendix S1: Table S1.
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associated with mean annual number of high spells and
mean annual number of low spells (Figure 6). In other
words, PC1 represented a gradient of environmental vari-
ability determined largely by low-flow spells and flow ces-
sation, while the PC2 gradient are determined more by
high-flow intensity and high spell variability. Across the

first four PC axes of the hydrology PCA, PC1 demon-
strated a significant association with the proportion of
intraspecific trait variability (Table 3; Appendix S1: Figure
S3). River hydrology remained a significant predictor of
intraspecific trait variability when modeled with catch-
ment area and the Strahler stream order as covariates,

F I GURE 3 Dispersion of individuals and species in the trait space. Between-group principal component analysis (betweenPCA) within

the trait space and projection of individual trait syndromes (line segments) are spread around the trait syndromes averaged at the species

level. The ellipsoids are encompassing 65% of the individuals of each species. The inset shows the correlation of the trait variables according

to their scores.
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while none of the covariates showed a significant associa-
tion (Table 4; Appendix S1: Figure S3).

DISCUSSION

This study demonstrates considerable intraspecific trait
variability across nine morphological traits that are com-
monly considered in functional ecology studies of river-
ine fishes worldwide (e.g., Arantes et al., 2019; Olden
et al., 2008; Su et al., 2019). Intraspecific trait variability
contributed 70% (eye position) to 8% (body elongation) of
the total variability in the fishes examined, averaging 31%
across all traits considered. The magnitude of intraspe-
cific trait variability varied across a hydrological gradient,
where intermittent streams subject to longer periods of
low flow or flow cessation tended to support fish assem-
blages expressing high intraspecific trait variability when
compared to fish assemblages of perennial streams with

more stable baseline flow. The levels and spatial structure
of intraspecific trait variability we found suggest that the
relative significance of intraspecific variability is depen-
dent on the study system and the focal traits under
investigation.

We quantified intraspecific variability in both
“response traits”—those that mediate the response of
organisms to changes in environmental conditions—and
“effect traits”—those that mediate how organisms influ-
ence the properties of an ecosystem (Garnier et al., 2015;
Lavorel & Garnier, 2002). Establishing links between
traits and their functions to ecosystems is a challenging
endeavor (Bellwood et al., 2019), although some studies
have highlighted the importance of intraspecific trait var-
iability to aquatic ecosystem processes (Raffard et al.,
2017). For example, body size is perhaps the most com-
monly measured individual trait used to predict fish con-
tributions to ecosystem processes (Villéger et al., 2017),
often in the form of nutrient transport and recycling

F I GURE 4 Proportions of right predictions of species A to species B from its traits. The color scale indicates the proportion of

identifications for each species pair. Proportions of correctly predicting a species from its traits are given for the different observed and

predicted species. All squares that are outside the diagonal are errors of prediction.
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(Fritschie & Olden, 2018). However, individuals of the
same body size in two species of estuarine snappers
(Lutjanus griseus and L. cyanopterus) demonstrated a
twofold difference in estimated ecosystem function when
intraspecific variability in behavioral traits was consid-
ered (Allgeier et al., 2020). Hence, it is becoming increas-
ingly clear that incorporating intraspecific variability is
necessary to fine-tune models relating traits to ecosystem
functions in the context of ecosystem management
(Moore & Olden, 2017). Given the taxonomic and geo-
graphic differences in the magnitude of intraspecific ver-
sus interspecific trait variability reported in our study, we
call for further exploration of the “robustness” assump-
tion, that is, the common thinking that intraspecific trait
variability is considerably smaller than interspecific trait
variability (Albert et al., 2011). Understanding the contri-
bution of intra- versus interspecific variation in traits will
inform the need to explicitly account for intraspecific
trait variation when quantifying different facets of biodi-
versity and better understanding its implications for eco-
system functioning (Des Roches et al., 2018).

The relative importance of intraspecific trait variabil-
ity in the fish studied here increased along a gradient of
hydrological disturbance. At one extreme of this hydro-
logical gradient are intermittent rivers. Intermittency,

which involves flow cessation and is often accompanied
by partial or full drying of the stream bed (Datry et al.,
2017), is among the strongest environmental filters on
fish in riverine habitats (Soria et al., 2017). Fish presence
and persistence in intermittent rivers are underpinned by
specific adaptations that enable them to survive in such
perilous systems (Kerezsy et al., 2017). This may promote
convergence of trait values across individuals regardless
of the species they belong (Violle et al., 2012), thereby
limiting interspecific divergence. At the other extreme,
perennial rivers with less harsh environmental filters and
a greater number of species competing for resources
(biotic filter) may promote specialization of resource use
and, consequently, interspecific divergence (Rodrigues-
Filho et al., 2018). Although other physiographic features
of rivers, such as the size of catchment area (Blanck &
Lamouroux, 2007) and stream order (Brown & Swan,
2010), can potentially influence the functional organiza-
tion of river biological assemblages (Brown & Swan,
2010), our study highlights the role of river hydrology as
an influential driver of intraspecific variability across fish
assemblages.

Our results support the framework proposed by Violle
et al. (2012) that invokes two environmental filters—the
“external” and “internal” filters—as major environmental
factors structuring the relative importance of intra- and
interspecific trait variability within ecological communi-
ties. In that framework, the external filter includes all
assembly processes outside the community, such as con-
ditions sorting species from a regional pool, whereas the
internal filter includes all the assembly processes internal
to the community, such as processes that regulate species
coexistence within the community. According to this
framework, strong external filters reduce the possible
range of traits entering the community. This causes spe-
cies to converge to the narrow range of trait values that
can survive in that environment, diminishing interspe-
cific variability relative to intraspecific variability. Con-
versely, internal filters promote species divergence to
optimize niche partitioning, augmenting interspecific
variability in relation to intraspecific variability.
Although this model of community assembly filtering
incorporating intraspecific trait variation has been well
studied in plant ecology (Henn et al., 2018; Laughlin &
Laughlin, 2013), to the best of our knowledge our study
provides the first evidence of intraspecific trait variability
driven by a disturbance gradient (hydrological perma-
nency and variability) for an animal group.

Despite the substantial intraspecific trait variability,
most individual fish were successfully classified into their
species according to their functional traits. This shows
that interspecific trait variability exceeds intraspecific
trait variability for the tropical fish species examined.

F I GURE 5 Effects of hydrological class on the percentage of

intraspecific variability across individuals. Dashed vertical lines,

green bars, and black horizontal lines represent, respectively, data

range, interquartile range, and median. The letters above the boxes

correspond to groups of statistical significance at p < 0.05 level.
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However, for the only congeneric species pair in our
analysis (the rainbowfishes Melanotaenia spp.), which
share similarities in body shape, the discrimination to
species was considerably poorer. Moreover, we observed
some erroneous attributions between species with more
divergent morphology. Such poor attributions were

driven by large intraspecific trait variability and variable
degrees of trait similarities between individuals of
different species. These results demonstrate that trait

TAB L E 3 Summary statistics of the multiple linear regression

of the relationship between intraspecific trait variability and the

first four axes of hydrological metrics and the principal component

analysis (PCA).

Variable Effect size SE t p

PC1 �0.068 0.018 �3.804 0.004

PC2 �0.023 0.024 �0.983 0.351

PC3 0.006 0.029 0.227 0.825

PC4 �0.015 0.037 �0.417 0.686

Note: Coefficients in boldface indicate that the p value is

significant (p < 0.05).

TABL E 4 Summary statistics of the linear model predicting

percentage of intraspecific trait variation at the site level as a

function of river hydrology, catchment area, and the Strahler

stream order.

Variable Estimate t p

Intercept 48.56 � 8.03 6.04 <0.001

Hydrology

Peren. flashy �12.45 � 5.13 �2.42 0.038

Peren. stable �13.61 � 4.66 �2.91 0.017

Catchment area (log) �1.79 � 3.73 �0.48 0.642

Stream order 0.80 � 4.81 0.16 0.870

Notes: Presented are parameter estimates (�SE), test statistic (t), and
probability (p). Coefficients in bold indicate that p value is significant
(p < 0.05). The reference level for the “hydrology” categorical variable was
set as “intermittent.”

F I GURE 6 Two-dimensional ordination plot resulting from the principal component analysis on the 22 hydrological metrics (only the

13 most influential shown) for the 14 sampling sites. Blue arrows represent the loadings of hydrological variables used (for a detailed

explanation of the variables, see Appendix S1: Table S2).
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expression is often constrained by phylogenetic history
(Sternberg & Kennard, 2014), and we predict that the rel-
ative importance of intraspecific versus interspecific trait
variability increases with phylogenetic relatedness. This
has implications for trait-based analysis in regions with
low phylogenetic diversity, where accounting for intra-
specific trait variability may be particularly important to
understand complex ecological relationships, such as spe-
cies coexistence (Muthukrishnan et al., 2020), responses
to climate changes (Guscelli et al., 2019), and nature’s
contributions to people (Des Roches et al., 2021).

When should intraspecific variability be accounted
for in trait-based fish ecology? It is still logistically and
financially unrealistic for most studies to measure every
trait value for every individual from every species within
every type of ecosystem and in every environmental
condition (Albert et al., 2011). Challenges in collecting
trait data from many individuals are clearly taxa-depen-
dent. For example, few would dispute that intraspecific
trait research has received much attention in plant ecol-
ogy, because it is easier to measure functional traits
from stationary terrestrial plants than from mobile
aquatic animals. This partly explains why aquatic ecolo-
gists have been much less active in this research area
(Luiz et al., 2019; Martini et al., 2020; Villéger et al.,
2017) and highlights the need to improve our ability to
identify those circumstances under which it is important
and necessary to quantify intraspecific variability (see
Albert et al., 2011).

Our study has demonstrated that interspecific variabil-
ity is higher than intraspecific variability in morphological
traits across 15 species of fishes in northern Australia.
However, intraspecific trait variability is considerable and
responsive to environmental conditions. Despite the grow-
ing interest in trait-based approaches to fish ecology and
to aquatic sciences in general, intraspecific trait variability
has not been considered in most published studies
(Martini et al., 2020). Our results clearly call for more
attention to the functional importance of intraspecific var-
iability in community assembly in aquatic environments.
Previous studies have demonstrated that intraspecific trait
variability among fishes can also strongly regulate com-
munity assemblage (Post et al., 2008), ecosystem processes
such as nutrient cycling (Allgeier et al., 2020), and the
ecological impacts of invasive species on recipient ecosys-
tems (Evangelista et al., 2019). We contend that incorpo-
rating intraspecific trait variability will improve our
mechanistic understanding of the effects of environmental
changes on both biodiversity and ecosystem functioning.
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