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1  | INTRODUC TION

Ecologists have long sought to understand the mechanisms that 
account for local community assembly, species coexistence, and 
functional diversity. Despite the growing need to predict community 

responses to environmental change, mechanisms underlying com-
munity assembly remain poorly understood (Mouillot, Dumay, 
& Tomasini, 2007; Pavoine & Bonsall, 2011; Weiher et al., 2011). 
Two assembly processes, environmental filtering and limiting sim-
ilarity, are generally thought to play important roles in structuring 
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Abstract
Understanding of community assembly has been improved by phylogenetic and trait-
based approaches, yet there is little consensus regarding the relative importance 
of alternative mechanisms and few studies have been done at large geographic and 
phylogenetic scales. Here, we use phylogenetic and trait dispersion approaches to 
determine the relative contribution of limiting similarity and environmental filtering 
to community assembly of stream fishes at an intercontinental scale. We sampled 
stream fishes from five zoogeographic regions. Analysis of traits associated with hab-
itat use, feeding, or both resulted in more occurrences of trait underdispersion than 
overdispersion regardless of spatial scale or species pool. Our results suggest that 
environmental filtering and, to a lesser extent, species interactions were important 
mechanisms of community assembly for fishes inhabiting small, low-gradient streams 
in all five regions. However, a large proportion of the trait dispersion values were no 
different from random. This suggests that stochastic factors or opposing assembly 
mechanisms also influenced stream fish assemblages and their trait dispersion pat-
terns. Local assemblages tended to have lower functional diversity in microhabitats 
with high water velocity, shallow water depth, and homogeneous substrates lacking 
structural complexity, lending support for the stress-dominance hypothesis. A high 
prevalence of functional underdispersion coupled with phylogenetic underdispersion 
could reflect phylogenetic niche conservatism and/or stabilizing selection. These 
findings imply that environmental filtering of stream fish assemblages is not only 
deterministic, but also influences assemblage structure in a fairly consistent manner 
worldwide.
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communities (Chase & Myers, 2011; MacArthur & Levins, 1967; 
Perronne, Munoz, Borgy, Reboud, & Gaba, 2017; Weiher & Keddy, 
1995). However, evidence supporting these mechanisms has been 
inconsistent among studies involving various taxa, spatiotemporal 
scales, and methodologies. Many studies have inferred environmen-
tal filtering, a process whereby local environmental conditions pre-
vent the successful establishment of certain species in a particular 
habitat (e.g., Córdova-Tapia, Hernández-Marroquín, & Zambrano, 
2018; Dimitriadis, Evagelopoulos, & Koutsoubas, 2012; Mouchet, 
Burns, Garcia, Vieira, & Mouillot, 2013; Mouillot et al., 2007; Troia 
& Gido, 2015; Weiher et al., 2011). Others support limiting simi-
larity, the avoidance of competitive exclusion within a given habi-
tat through niche partitioning, as the dominate process structuring 
assemblages (e.g., Ingram & Shurin, 2009; Montaña, Winemiller, 
& Sutton, 2014; Weiher & Keddy, 1995). To improve our ability to 
predict biodiversity responses to environmental change, research 
is needed to reveal how environmental variation influences mecha-
nisms of community assembly and resultant structures.

Trait-based and phylogenetic methods have been increasingly 
used to disentangle the mechanisms that influence community as-
sembly (Mouillot et al., 2007; Swenson, 2013; Violle, Reich, Pacala, 

Enquist, & Kattge, 2014). Species assemblages influenced by envi-
ronmental filtering are expected to have trait distributions that are 
narrower, or underdispersed, than expected at random, because 
only those species with traits suited for the environment can es-
tablish and persist (Figure 1; Cornwell & Ackerly, 2009; Weiher & 
Keddy, 1995). Alternatively, competition and limiting similarity 
should result in an assemblage trait distribution that is overdispersed 
compared to random (Figure 1; Brown & Wilson, 1956; MacArthur & 
Levins, 1967; Weiher & Keddy, 1995). These interpretations are not 
always straightforward. In some circumstances, interspecific com-
petition could yield functional trait underdispersion, such as when 
plants have similar heights due to competition for sunlight (Mayfield 
& Levine, 2010). When studies combine traits associated with differ-
ent niche dimensions into a single analysis, independent effects of 
separate dimensions may be obscured, resulting in erroneous con-
clusion that neutral mechanisms play the dominant role in commu-
nity assembly (Kraft, Cornwell, Webb, & Ackerly, 2007; Weiher et 
al., 2011). For example, Trisos, Petchey, and Tobias (2014) found that 
datasets representing multiple niche axes had low power for detect-
ing community assembly processes, but single niche axes were bet-
ter able to detect the signals of environmental filtering and limiting 

F I G U R E  1   Two PC axes depicting 
a theoretical morphospace of region 
species pool. Colors represent different 
fish niches or ecomorphological groups. 
Circles represent the local species pool 
within microhabitat habitats, illustrating 
(a) environmental filtering resulting in 
underdispersion of traits; (b) limiting 
similarity resulting in overdispersion of 
traits; (c) limiting similarity acting on a 
local species pool after environmental 
filtering has occurred, resulting in trait 
overdispersion of species with similar 
habitat requirements
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similarity in bird assemblages. By focusing on different niche dimen-
sions, studies should be able to parse out the influences of different 
community assembly processes. Therefore, interpreting patterns of 
over- and underdispersion is challenging and requires considerable 
system-specific knowledge to inform study design, analysis, and in-
ference (Mayfield & Levine, 2010).

Spatial scale also is an important aspect of study design for 
research on community assembly, because community assem-
bly processes are expected to change along spatial hierarchies 
(Blanchet, Helmus, Brosse, & Grenouillet, 2014; Levin, 1992; 
Oberdoff, Guégan, & Hugueny, 1995; Poff, 1997; Smith, Sandel, 
Kraft, & Carey, 2013). At broad spatial scales (regional to global), 
abiotic environmental filters should have the greatest influence 
on community structure, affecting processes such as speciation, 
dispersal, and extinction. At local scales, community assembly 
and population persistence are heavily influenced by both abiotic 
environmental variation and biotic factors such as productivity 
and species interactions (Algar, Kerr, & Currie, 2011; Brooker et 
al., 2009; Weiher et al., 2011). Some studies have suggested that 
analysis at finer spatial resolution shifts the dominant community 
assembly process from environmental filtering to limiting simi-
larity (Götzenberger et al., 2012; Montaña et al., 2014; Vamosi, 
Heard, Vamosi, & Webb, 2009; Weiher et al., 2011; Weiher & 
Keddy, 1995). Community assembly processes also may vary ac-
cording to levels of environmental stress (Coyle et al., 2014; Ramm 
et al., 2018; Swenson & Enquist, 2007; Weiher & Keddy, 1995). 
For example, squamate assemblages from arid regions of Africa 
displayed characteristics consistent with environmental filtering 
to a greater degree than those from wet tropical regions (Ramm et 
al., 2018). Ascertaining how assemblage structure changes along 
environmental gradients at different spatial scales can reveal how 
alternative processes influence community assembly.

Despite intense interest in community assembly processes, 
mechanisms and rules that apply across different systems have 
not been identified. This lack of fundamental understanding may 
derive from three possibilities (HilleRisLambers, Adler, Harpole, 
Levine, & Mayfield, 2012; McGill, Enquist, Weiher, & Westoby, 
2006). First, much of the research on functional diversity patterns 
has been focused on plants and microbes, with relatively few stud-
ies on animals (Trisos et al., 2014). Thus, our understanding of com-
munity assembly processes has largely been based on organisms 
with limited mobility. Second, investigations of functional diversity 
patterns across large spatial scales are rare, especially for verte-
brates in aquatic systems (Heino et al., 2013; Troia et al., 2015). 
For example, functional diversity studies of fish assemblages often 
focus on only one zoogeographic region, preventing the compari-
son of phylogenetically distinct assemblages. Studies across large 
geographic scales are essential for identifying general patterns 
of ecology (Coyle et al., 2014; Pianka, Vitt, Pelegrin, Fitzgerald, 
& Winemiller, 2017; Ramm et al., 2018). Third, discrepancies in 
methods of data collection and analysis complicate comparisons 
based on meta-analysis of functional traits and phylogenetic di-
versity. Simultaneous analysis of phylogenetic and trait patterns is 

essential to determine the relationships between the two, and for 
inferences regarding community assembly (Gerhold, Cahill, Winter, 
Bartish, & Prinzing, 2015; Ramm et al., 2018; Troia & Gido, 2015).

Harsh conditions should increase the influence of environmen-
tal filtering on community assembly (Weiher & Keddy, 1995). The 
stress-dominance hypothesis predicts that functional trait diver-
sity will be reduced as environmental stress and stabilizing selec-
tion increase, whereas interspecific trait variation is expected to be 
greater in less stressful environments (Coyle et al., 2014; Ramm et 
al., 2018; Swenson & Enquist, 2007; Weiher & Keddy, 1995). Stream 
fishes provide an excellent model system to test this hypothesis. 
Environmental filters structure stream fish assemblages and can act 
over multiple spatial and temporal scales (Hoeinghaus, Winemiller, 
& Birnbaum, 2007; Poff, 1997; Poff & Allan, 1995). For stream 
fishes, high water velocity is a strong environmental stressor that 
influences their ecology and evolution (Bower & Piller, 2015; Haas, 
Heins, & Blum, 2015; Lamouroux, Poff, & Angermeier, 2002; Lujan 
& Conway, 2015; Willis, Winemiller, & Lopez-Fernandez, 2005) be-
cause hydraulic drag associated with fast-moving water exerts a high 
energetic cost (Webb, 1988). Substrate characteristics in streams 
also affect fish ecology in multiple ways (Kovalenko, Thomaz, & 
Warfe, 2012). Structurally complex substrates can provide refuge 
from adverse environmental conditions, such as hydraulic drag or 
predation (Bartholomew, Diaz, & Cicchetti, 2000; Tokeshi & Arakaki, 
2012). Streams with unstructured substrates tend to have fish as-
semblages with lower functional trait diversity (Bower & Winemiller, 
2019; Kovalenko et al., 2012).

Here, we investigate the functional and phylogenetic structure 
of stream fishes along environmental gradients in five zoogeo-
graphic regions. Our first objective was to evaluate the similarity of 
functional and phylogenetic dispersion patterns across regions at 
microhabitat and stream-reach scales. We hypothesize a shift from 
a strong signal of environmental filter with no signal of limiting sim-
ilarity at the regional spatial scale, to strong signals of both limiting 
similarity and environmental filtering at the microhabitat scale. We 
also hypothesize to find more instances of limiting similarity using 
traits associated with resource acquisition and higher detection 
of environmental filtering using traits associated with habitat use. 
Our second objective was to test the relationship between environ-
mental gradients and metrics of functional trait and phylogenetic 
diversity. We hypothesized that functional diversity metrics would 
decline with increasing water velocity but increase with water depth 
and substrate complexity.

2  | METHODS

2.1 | Data acquisition and preparation

Stream fish assemblages were surveyed from five zoogeographic 
regions on four continents—Belize, Benin, Brazil, Cambodia, 
and United States of America (New Jersey, South Carolina, and 
Texas). The inclusion of different zoogeographic regions allows for 
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comparison of distantly related lineages and the testing of general, 
repeated patterns in community assembly processes. In an attempt 
to minimize differences in habitat features, only streams with the 
following characteristics were chosen: (a) low stream order with 
small channel; (b) low level of disturbance (few anthropogenic im-
pacts); (c) low gradient; (d) within coastal plains or inland flood-
plains, and (e) geomorphology with meandering channel and sandy 
substrate (Figure 2). In each region, we sampled five to seven 
wadeable streams encompassing channel widths classified as small 
(<3 m), medium (3–8 m), and large (>8 m). Fishes were collected 
under base-flow conditions when streams were wadeable and cap-
ture was most efficient. To account for spatial-scale dependency 
(Smith et al., 2013), a nested sample design was used: microhabitat 
unit within stream reach within zoogeographic region.

Within each region, stream reaches measuring from 200 to 
500 m were sampled in an upstream direction to obtain representa-
tive samples of fishes from major types of microhabitat (see Bower 
& Winemiller, 2019). Microhabitat types were areas of relatively 
homogeneous depth, current velocity, substrate composition, and 
in-channel cover. In each microhabitat where fish were collected, 
we recorded water velocity, substrate composition, and depth. 
Microhabitats were sampled only if they fit one of these substrate 
categorizes: sand (>90% cover), woody structure (>80% cover), 

aquatic macrophytes (>80% cover), leaf packs (>80% cover), root 
banks (banks with dense root structures, >90%), and gravel (6-25 cm 
diameter, >80% cover). Given the challenge of sampling fish from 
diverse habitats, various methods were employed, including seining, 
cast netting, dip-netting, and backpack electrofishing at each sample 
site. At each study site, water temperature (°C), dissolved oxygen 
(DO), pH, specific conductivity (µS/cm), and salinity (ppt) were mea-
sured. Specimens were euthanized via anesthetic (MS222) overdose 
and then preserved in 10% formalin following Texas A&M University 
animal care protocols IACUC 2014-0173 and 2017-0233.

Twenty-seven morphometric traits that affect food acquisition 
and locomotion were measured for 5 individuals per species (for 
rare species, n = 1–4; sample sizes appear in Table S1) to the nearest 
0.1 mm using calipers (Gatz, 1979; Winemiller, 1991; Table 1). To re-
duce potential ontogenetic biases, only adult size classes were used 
for all analyses. Measurements of morphological components were 
standardized by converting values to proportions based on stan-
dard length, body depth, body width, head length, or head depth 
depending on the relevant structure and dimension (Table 1; Casatti, 
Langeani, Silva, & Castro, 2006; Winemiller, 1991). Each species was 
assigned to a life history category based on information from the 
literature to be used in the combined-traits dataset for calculating 
functional diversity (Table S1).

F I G U R E  2   Photographs showing the 
similarity in streams from each regions: (a) 
Belize, (b) Benin, (c) Brazil, (d) Cambodia, 
and (e) USA

(a) (b)

(c)

(e)

(d)



13866  |     BOWER and WInEMILLER

3  | STATISTIC AL METHODS

3.1 | Metrics of functional diversity

Analysis of diverse traits can provide an integrated assessment of 
assemblage functional structure (Violle et al., 2007). However, if 
contrasting assemblage processes act on different niche dimensions, 
opposing trait patterns could mask each other and produce a neu-
tral pattern of trait dispersion (Swenson & Enquist, 2009; Trisos et 
al., 2014). Analysis of traits that are clearly associated with a given 
niche dimension may facilitate inference of niche-based assembly 

processes, whereas combining traits from multiple niche dimensions 
may give an integrated overview of assemblage structure (Trisos et 
al., 2014; Fitzgerald, Winemiller, Pérez, & Sousa, 2017a). Therefore, 
three sets of functional traits were analyzed: (a) traits associated 
with habitat use (20 habitat traits), (b) traits associated with food 
acquisition (8 feeding traits), and (c) both of these trait sets com-
bined combination of habitat traits and diet traits, with and life his-
tory categories (26 combined traits). Three standard indices were 
used to determine functional diversity for each trait grouping: Rao's 
quadratic entropy (RaoQ), functional richness (FRic), and mean near-
est neighbor distance (MNND). These indexes are recommended 

TA B L E  1   All measured traits, trait codes, and trait definitions

Trait Dataset Transformation Trait definition

Average standard length Habitat SL Maximum standard length from the populations in this study

Head length Habitat HEAD_L/SL Distance from the tip of the jaw to the posterior edge of the operculum

Head depth Habitat HEAD_D/BOD_D Vertical distance from dorsum to ventrum passing through the pupil

Oral gape Diet GAPE/BOD_D Vertical distance measured inside of fully open mouth at tallest point

Mouth position Both MOUTH_P The angle between an imaginary line connecting the tips of the open jaws and an 
imaginary line running between the center of the pupil and the posterior-most 
vertebra (e.g., 90 representing a terminal mouth)

Eye position Both EYE_POS/HEAD_D Vertical distance from the ventral pigmented region to the ventrum

Eye diameter Both EYE_D/HEAD_D Vertical distance from eye margin to eye margin

Snout length Habitat SNT_L/HEAD_L Distance from the posterior pigmented region of the eye to the tip of the upper 
jaw with mouth shut

Snout protrusion Diet SNT_PR/HEAD_L Additional distance from the posterior pigmented region to the tip of the upper 
jaw with mouth fully open and extended

Body depth Habitat BOD_D/SL Maximum vertical distance from dorsum to ventrum

Body width Habitat BOD_W/SL Maximum horizontal distance from side to side

Caudal peduncle length Habitat PED_L/SL Distance from the posterior proximal margin of the anal fin to the caudal margin 
of the ultimate vertebra

Caudal peduncle depth Habitat PED_D/BOD_D Minimum vertical distance from dorsum to ventrum of caudal peduncle

Caudal peduncle width Habitat PED_W/BOD_W Horizontal width of the caudal peduncle at mid-length

Dorsal fin length Habitat DORS_L/SL Distance from the anterior proximal margin to the posterior proximal margin of 
the dorsal fin

Dorsal fin height Habitat DORS_HT/SL Maximum distance from the proximal to distal margin of the dorsal fin (excluding 
filaments)

Anal fin length Habitat ANAL_L/SL Distance from the anterior proximal margin to the posterior proximal margin of 
the anal fin

Anal fin height Habitat ANAL_HT/SL Maximum distance from proximal to distal margin of the anal fin

Caudal fin depth Habitat CAUD_D/SL Maximum vertical distance across the fully spread caudal fin

Caudal fin length Habitat CAUD_L/SL Maximum distance from proximal to distal margin of the caudal fin (excluding 
filaments)

Pectoral fin length Habitat PEC_L/SL Maximum distance from proximal to distal margin of pectoral fin

Pelvic fin length Habitat PELV_L/SL Maximum distance from the proximal to distal margin of the pelvic fin

Gut length Diet GUT_L/SL Length of gut from the beginning of the esophagus to the anus (extended with-
out stretching)

Gill raker Diet RAKER Coded as 0 for absent, 1 for short, blunt, or toothlike, 2 for intermediate or long 
and sparse, and 3 for long and comb-like

Tooth shape Diet TOO_S Coded as 0 for absent, 1 for unicuspid (rasping), 2 for multicuspid (crushing), 3 
for short conical (grasping), 4 for long conical (piercing), and 5 for triangular 
serrated (shearing)
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as robust measures of trait overdispersion (NMMD and RaoQ) and 
underdispersion (FRic and RaoQ; Aiba et al., 2013; Botta-Dukát & 
Czúcz, 2016). The dbFD function from the FD package was used to 
calculate RaoQ and FRic multitrait metrics (Laliberté, Legendre, & 
Shipley, 2014) weighted by abundance. The picante package in R was 
used to calculate the MNND metric (Kembel et al., 2010). Because 
the number of trait axes must be less than the number of species in 
each sample point, only the first two axes of the principal coordi-
nates analysis (PCoA) were used in the dbFD function. Due to their 
extreme morphology, a few anguilliform (eel-like) species were re-
moved before calculating diversity metrics; their inclusion produced 
strongly skewed gradients and assemblage ordinations that widely 
separated anguilliform fishes from all other species, with the latter 
and much larger group tightly clustered within morphospace.

3.2 | Dispersion, scale, and null models

Null models were used to test whether the observed functional 
metrics were significantly different from random. Local assemblages 
and regional species pools were evaluated at two spatial scales: (a) 
microhabitats, with the corresponding stream reach serving as the 
regional species pool, and (b) stream reaches, with the collective list 
of species captured from streams of the corresponding region serv-
ing as the regional species pool. For each FD metric, null model, and 
location, the standard effect size (SES) was calculated as (meanob-

served − meansimulated)/SDsimulated. Standard effect size values greater 
than 0 signify trait overdispersion, whereas SES values less than 0 
demonstrate trait clustering. An alpha value of 0.1 was used in this 
study. The observed value was determined to be significantly differ-
ent from random when the observed FD index value ranked higher 
than 950th or lower than 50th out of a 1,000 when compared to the 
ranked null FD index values (p value = observed rank/runs + 1).

Two null models were used to test whether the observed disper-
sion indexes differ from random. Null models differ in their ability to 
discern assemblage mechanisms, and a family of null models should 
be used to identify different assemblage processes (Chalmandrier et 
al., 2013; Götzenberger et al., 2016). To test for community assem-
bly mechanisms, we used two commonly recommended null mod-
els, independent-swap and taxon-label (Cornwell & Ackerly, 2009; 
Fitzgerald, Winemiller, Sabaj Pérez, & Sousa, 2017b; Gotelli, 2000; 
Götzenberger et al., 2016; Lavender, Schamp, & Lamb, 2016). The in-
dependent-swap model randomizes species abundance matrix while 
preserving the species richness and species occurrence at sites and 
is thought to be more appropriate for short-term data (Gotelli, 2000). 
The taxon-label model shuffles species names in the trait dataset 
without constraint and has been recommended for detecting limit-
ing similarity (Götzenberger et al., 2016). The likelihood of detect-
ing competitive exclusion may be strongly affected by the regional 
species pool selected (Götzenberger et al., 2016; Swenson, Enquist, 
Pither, Thompson, & Zimmerman, 2006; Troia & Gido, 2015). Local 
species pools, a subset of the regional species pool, would inevitably 
be less functionally diverse than the regional species pool, especially if 

environmental filtering is acting on the local species pool. In this case, 
overdispersion may not be identified because the local species pool is 
already underdispersed relative to the regional species pool, even if 
niche segregation is occurring in this local species pool. Our regional 
species pools were phylogenetically diverse, spanning several taxo-
nomic orders with little functional redundancy, possibly reducing the 
likelihood of detecting overdispersion (Table S1). Therefore, we also 
use the taxon-label model to detect limiting similarity using groupings 
of similar habitats within a given region as the regional species pool, 
and sample points of the same habitat grouping as the local species 
pool, accounting for any previous environmental filtering and reduc-
tion in functional diversity. Habitat groupings were made according to 
criteria and methods reported in Bower, Saenz, Winemiller, (Inpress). 
These models were run using the RandomizeMatrix and taxaShuffle 
functions in the picante package in R (Kembel et al., 2010).

For the phylogenetic analyses, we acquired a previously pub-
lished, time-calibrated tree by Rabosky et al. (2018), and then 
trimmed the tree to include only species collected in our study. 
Because some species in our study were not included in this tree, we 
followed the protocol of Beaulieu, Ree, Cavender-Bares, Weiblen, 
and Donoghue (2012) and inserted these species in place of closely 
related taxa to create a tree that included all species in our study 
(Table S1). To assess the phylogenetic structure of fish assemblages, 
the net relatedness index (NRI) and nearest taxon index (NTI) were 
used (Brunbjerg et al., 2014; Webb, Ackerly, McPeek, & Donoghue, 
2002). Net relatedness index and NTI were calculated as.

where in r is the mean pairwise distance (MPD) when calculating NRI, 
and r is the mean nearest taxon distance (MNTD) when calculating 
NTI. The null models for rnull were created by randomly swapping the 
tips of the phylogeny 999 times while weighting by species abundance 
using the taxa-labels null model in the R package picante (Kembel et al., 
2010). Negative values of NRI and NTI indicate phylogenetic overdis-
persion, with co-occurring species being less closely related than ex-
pected at random, and positive values show phylogenetic clustering, 
whereby co-occurring species are more closely related than expected 
at random. Both NRI and NTI were calculated for fish assemblages at 
the microhabitat scale with the matching stream reach serving as the 
regional species pool, and then again at the stream-reach scale with 
the corresponding region serving as the regional species pool. Random 
intercept linear mixed models and general linear mixed models with a 
gamma distribution were used to test the correlation between habi-
tat variables and FRic, NMMD, RaoQ, MPD, and MNTD values. Model 
type was selected based on how well the data fit the model assump-
tions. In these models, functional diversity metrics were the dependent 
variable, with water velocity, water depth, and substrate complexity as 
independent variables and region and sampling site as random factors. 
Habitat variables and functional metrics were log-transformed to meet 
the model assumptions. The “ANOVA” function from the car package 
in R was used to test whether each habitat variable significantly influ-
enced the dependent variable.

((robs− rnull)∕SDnull)∗−1,
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4  | RESULTS

Overall, 230 fish species were collected and analyzed: 21 from 
Belize, 53 from Brazil, 26 from Benin, 67 from Cambodia, and 63 
from the USA. The Cambodia region had the most families repre-
sented (20), followed by Brazil (19), Benin (17), USA (12), and Belize 
(9) (Table S1). The average species per microhabitat for each region 
was as follows: Cambodia, 5.79 species; Benin, 4.02; USA, 3.88; 
Belize, 3.82; and Brazil 3.51.

4.1 | Patterns of functional diversity at the 
microhabitat scale

Evidence for both over- and underdispersion of traits associated 
with habitat use was found at the local scale, where fish collected 
from microhabitat units were defined as local assemblages and 
the collective fish sample from the corresponding stream reach 
defined the regional species pool (Figures 2 and Figure S1). 
Significant underdispersion was detected more often than overd-
ispersion for all functional diversity metrics, trait groupings, null 
models, and regions, with two exceptions (Figures 3 and Figure 
S1). First, more overdispersion than underdispersion was found 
for Belize fish assemblages when the analysis used the trophic-
traits dataset and FRic metric. Second, Cambodia fish assem-
blages displayed more overdispersion than underdispersion using 
the habitat-traits dataset and FRic metric (Figures 3 and Figure 
S1). Highest percentages of local (i.e., microhabitat) assemblages 
that were overdispersed were found in Belize and Cambodia 
(Figure 3 and Figure S1–S3). Brazil had the greatest percent-
age of local assemblages that were underdispersed, followed by 
Cambodia and Benin assemblages (Figure 3), whereas Belize as-
semblages tended to have lowest percentages of underdispersed 
local assemblages (Figure 3).

4.2 | Patterns of functional diversity at the stream-
reach scale

When stream reach was used to define local species assemblages, there 
were more instances of underdispersion than overdispersion in every 
region (Tables S2-S4). Assemblages in Belize showed significant under-
dispersion across all functional trait metrics. However, using the feed-
ing-traits dataset and RaoQ metric, two instances of overdispersion 
were observed using the MNND metric and independent-swap model 
(Table S2). In both Benin and Brazil, local assemblages at the reach scale 
were found to be underdispersed for all functional diversity metrics, 
with RaoQ showing the most underdispersion (Tables S2-S4). A single 
instance of overdispersion was found for both Benin and Brazil when 
the analysis was for the combined-traits dataset using the taxon-label 
model and FRic metric (Table S1). Underdispersion was observed for 
stream-reach assemblages in Cambodia when the analysis was based 
on the combined-traits dataset for all functional diversity metrics and 

null models (Tables S2-S4), the only exception being the RaoQ metric 
analyzed with the taxon-label model. For US assemblages, underdisper-
sion only resulted from analyses using the RaoQ metric (Tables S2-S4).

4.3 | Phylogenetic dispersion of local assemblages 
at the microhabitat scale

With local assemblages defined at the scale of the stream reach, 
stream fish assemblages in Brazil tended be more phylogenetically 
related than expected by chance, with 38% and 42% of local assem-
blages being underdispersed for NTI and NRI metrics of phyloge-
netic distance (Figure 4). Between 9% and 19% local assemblages 
(reach scale) in each of the other four regions were underdispersed 
at the microhabitat scale using both metrics of phylogenetic dis-
tance (Figure 4). Belize and US assemblages had highest percent-
ages of phylogenetic overdispersion, between 6% and 9% for both 
metrics (Figure 4). In the other regions, phylogenetic overdisper-
sion was found for less than 3% of microhabitat sites based on ei-
ther metric.

4.4 | Phylogenetic dispersion of local assemblages 
at the reach scale

None of the Brazilian assemblages at the reach scale were found 
to be significantly over- or underdispersed when the analysis was 
based on NRI or NTI. For Belize and Cambodia, none of the local as-
semblages at the reach scale revealed significant phylogenetic over- 
or underdispersion based on either metric of phylogenetic distance. 
Benin and USA each had one instance of significant underdispersion 
based on analysis with the NRI. In addition, one stream reach in the 
Benin region was found to be phylogenetically underdispersed using 
the NTI. Significant overdispersion was observed for two US assem-
blages based on NRI, and for one US assemblage based on NTI.

4.5 | Diversity patterns along 
environmental gradients

Water velocity, depth, and substrate complexity were correlated with 
functional diversity metrics for both the habitat-use and combined-
traits datasets (Figure 5). For the habitat-traits dataset and combined-
traits dataset, the FRic metric was negatively correlated with water 
velocity. The RaoQ metric was also negatively correlated with water ve-
locity when the analysis was performed on the combined-traits dataset 
(Figure 5). However, the FRic metric was found to have a positive rela-
tionship with water depth when using the diet-traits dataset (Figure 5). 
For the habitat-use and combined-traits datasets, substrate was shown 
to have a positive relationship with MNND and RaoQ metrics (Figure 5). 
A marginally significant negative relationship was found between water 
velocity and MNTD (Slope −0.337, p value = .073), and no significant 
relationship was detected between the MPD and any habitat variable.
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5  | DISCUSSION

Results from this study imply that environmental filtering and, to 
a lesser extent, species interactions structure fish assemblages in 
small, low-gradient streams in five zoogeographic regions. Habitat-
traits, feeding-traits, and combined-traits datasets showed more 
instances of underdispersion than overdispersion regardless of spa-
tial scale and regional species pool. These results generally support 
the paradigm that environmental filtering has a greater influence on 
fish assemblage structure than species interactions that limit inter-
specific similarity (Córdova-Tapia et al., 2018; Mouillot et al., 2007; 
Troia & Gido, 2015). In addition, we found reduced functional diver-
sity in microhabitats with more stressful environmental conditions, 
such as high water velocity, shallow water depth, and homogeneous 

substrates lacking structural complexity, which lends support for the 
stress-dominance hypothesis (Coyle et al., 2014; Ramm et al., 2018; 
Swenson & Enquist, 2007; Weiher & Keddy, 1995).

5.1 | Patterns of trait dispersion

5.1.1 | Underdispersion

Defining spatial scale and sampling grain size is critical for understand-
ing how community assembly processes influence species co-occur-
rence (Weiher et al., 2011; Trisos et al., 2014). In contrast to our first 
expectation, we did not find a shift from underdispersion of traits at the 
reach scale to overdispersion of traits at the microhabitat scale. Instead, 

F I G U R E  3   Functional trait diversity for each region based on taxon-label model and all three metrics: FRic, MNND, and RaoQ. 
Proportions of significantly overdispersed (light gray), underdispersed (black), and randomly (dark gray) structured local assemblages at the 
microhabitat scale using the corresponding stream reach as the regional species pool
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underdispersion was common at both spatial scales and consistent 
across zoogeographic regions, even when using similar habitat group-
ings as the regional species pool (Figure 3; Figures S1, S3; Tables S2-S4). 
This suggests that environmental filtering is more important than limit-
ing similarity for fishes inhabiting small, low-gradient streams. However, 
the magnitude of trait dispersion patterns depended on the functional 
metric, null model, and types of traits employed in the analysis. In our 
study, fish assemblages in Brazil and Cambodia revealed strongest pat-
terns of trait underdispersion. This finding may be due to the high func-
tional diversity of stream fishes in these regions, which might increase 
the likelihood of producing significant underdispersion. The amount of 
trait variation from a regional species pool that is assembled into local 
assemblage likely will be proportionally small when the regional species 
pool has high functional diversity.

5.1.2 | Overdispersion

In this study, limited evidence of overdispersion suggests that interspe-
cific competition and other species interactions play a secondary and 
perhaps minor role in structuring stream fish assemblages. The low in-
cidence of overdispersion at the local scale was unexpected for tropi-
cal fishes that have much higher functional trait diversity compared to 
temperate fishes (Montaña et al., 2014; Schemske, Mittelbach, Cornell, 

Sobel, & Roy, 2009; Winemiller, 1991), with the exception of several fish 
assemblages in Cambodia and Belize that revealed higher instances of 
overdispersion. Agreeing with our expectation that higher instances of 
limiting similarity should be detected when the analysis was performed 
using traits associated with feeding, overdispersion was detected for 
both Cambodia and Belize, suggesting competition for food resources 
(Trisos et al., 2014). Yet, this trend was not seen for the other regions. 
Overdispersion was also detected for habitat-traits and combined-traits 
datasets in Cambodia region, which may be due to interspecific parti-
tioning of microhabitats. However, assemblages in Cambodia generally 
had more species per microhabitat than the other regions, thus increas-
ing the potential for interspecific interactions. Slightly larger streams 
were sampled in Cambodia, which could have contributed to more spe-
cies per microhabitat. The size of the microhabitats (areas of relatively 
homogeneous depth, current velocity, substrate composition, and in-
channel cover) within a stream tended to increase with stream size. The 
average species per microhabitat was approximately four in the other 
regions, with many microhabitats having more than five species; yet, 
evidence for overdispersion at the microhabitat scale was very limited. 
The low number of species per microhabitat also may have contributed 
to the high percentage of nonsignificant dispersion values. However, 
this is unlikely, because linear regressions did not yield any significant re-
lationships between p values for trait dispersion and number of species 
in microhabitat samples. A more likely explanation is that competitive 

F I G U R E  4   Phylogenetic diversity 
for each region based on taxon-label 
model and both metrics: NTI and NRI. 
Proportions of significantly overdispersed 
(light gray), underdispersed (black), and 
randomly (dark gray) structured local 
assemblages at the microhabitat scale 
using the corresponding stream reach as 
the regional species pool
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exclusion influenced by traits associated with resource acquisition only 
occurs when resources are limiting. Habitat disturbance from periodic 
high flow events in small streams may reduce fish populations below 
carry capacity (Harvey, 1987; Poff & Allan, 1995; Resh et al., 1988), thus 
negating resource competition and introducing a stochastic component 
to population and community dynamics (Chase, 2007; Resh et al., 1988).

5.1.3 | Random dispersion

Although significant over- or underdispersion was found for vari-
ous microhabitats, a majority of trait dispersion values were no 

different from random, implying stochastic factors or oppos-
ing assembly mechanisms influenced stream fish assemblages. 
Contrasting assemblage mechanisms may mask each other 
producing a net neutral pattern of trait dispersion (Swenson & 
Enquist, 2009; Trisos et al., 2014). We attempted to deal with this 
issue by grouping traits according to two different niche dimen-
sions (feeding behavior vs. locomotion/habitat use), yet certain 
traits may have a one-to-many relationship of form and function 
(Hulsey & Wainwright, 2002). For example, the sucker-like mouth 
of armored catfish (Loricariidae) is used to scrape algae and de-
tritus from hard substrates but can also be used for attachment 
to substrates in order to maintain position in strong currents 

F I G U R E  5   The slopes from the mixed models testing for a relationship between habitat variables (water velocity, water depth, and 
substrate complexity) and functional trait metrics (FRic, MNND, and RaoQ) using habitat-traits, feeding-traits, and combined-traits datasets. 
Asterisk denotes significance (p value < .05)
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(Pagotto, Goulart, Oliveira, & Yamamura, 2011). In this case, at-
tributes of the mouth could be associated with both feeding and 
habitat use. This issue likely is more challenging when phyloge-
netic diversity and functional diversity of datasets are expanded. 
In addition, the signal of niche-based processes may not be de-
tected if traits other than the ones used in this study are the ones 
influenced by these processes. The high mobility of fishes may 
increase the potential influence of stochastic aspects of dispersal. 
Highly mobile organisms may move briefly into and out of areas 
of strong competition or environmental stress, so that the as-
semblage patterns appear stochastic when sampling is based on 
a limited time interval and area (Gomez, Bravo, Brumfield, Tello, 
& Cadena, 2010; Harmon-Threatt & Ackerly, 2013; Weiher et al., 
2011).

5.2 | Phylogenetic diversity patterns

Phylogenetic underdispersion was more prevalent among as-
semblages from Benin, Brazil, and Cambodia, with species co-
occurring within microhabitats more closely related than expect 
by chance. In contrast, the percentage of assemblages showing 
overdispersion was similar to those revealing underdispersion in 
Belize and USA. Regional differences in phylogenetic dispersion 
patterns likely are associated with variation in number of evo-
lutionary lineages and assemblage composition. In addition, the 
evolutionary age of habitat types may influence phylogenetic dis-
persion patterns (Gerhold et al., 2015). Significant overdispersion 
in Belize and USA assemblages indicates that unrelated species 
occupied the same microhabitat. Previous studies have suggested 
that this pattern demonstrates limiting similarity (Cavender-
Bares, Kozak, Fine, & Kembel, 2009; Swenson & Enquist, 2007). 
However, phylogenetic dispersion should be interpreted with 
caution and not may be suitable for detecting community as-
sembly processes, but instead can give insights into assemblage 
evolution (Gerhold et al., 2015). Significant functional underd-
ispersion coupled with nonsignificant dispersion or significant 
overdispersion of phylogenetic data may reflect habitat filter-
ing of convergent forms, implying that unrelated species with 
similar traits responded to similar environments in a congruent 
manner. This pattern of functional underdispersion coupled with 
nonsignificant phylogenetic dispersion was observed in our study 
(Figures 6 and Figure S2). However, environmental filters can lead 
to phylogenetic underdispersion if a clade has similar traits and 
environmental tolerances. Many cases where trait and phyloge-
netic underdispersion occurred simultaneously were identified in 
the current study (Figures 6 and Figure S2). Here, we infer that 
closely related species in similar microhabitats have converged 
on similar traits via stabilizing selection (Gerhold et al., 2015). 
Another explanation for this may be niche conservatism, whereby 
species retain ancestral niches over time (Harvey & Pagel, 1991; 
Wiens et al., 2010; Wiens & Graham, 2005), suggesting that mac-
roevolutionary processes influence local assemblage structure.

5.3 | Functional diversity along 
environmental gradients

The stress-dominance hypothesis proposes that stressful environ-
ments exclude species with unsuitable traits, resulting in local as-
semblages with high trait similarity (Weiher & Keddy, 1995). In 
stream fishes, functional diversity metrics were related to water 
depth, substrate complexity, and water velocity in a manner consist-
ent with the stress-dominance hypothesis. This pattern was fairly 
congruent across regions (Table S5; Bower & Winemiller, 2019). 
FRic was inversely associated with water velocity, suggesting that 
requirements for coping with hydraulic drag restrict assemblage 
trait space in stream microhabitats with fast flows. Several stud-
ies have found significant relationships between water velocity and 
fish assemblage structure in streams (Bower & Piller, 2015; Haas et 
al., 2015; Lamouroux et al., 2002; Willis et al., 2005). The energetic 
cost of occupying a microhabitat with high flow velocity restricts 
functional diversity (Webb, 1984, 1988). In our study, fish functional 
diversity increased with water depth, a finding consistent with other 
studies (Carvalho & Tejerina-Garro, 2015; Leitão et al., 2018). We 
captured fishes from water as shallow as 3 cm where many fishes 
would be excluded based on body size alone. Moreover, predation 
threat from birds is greater in shallow habitats (Bancroft, Gawlik, & 
Rutchey, 2002; Keppeler, Cruz, Dalponti, & Mormul, 2016), further 
restricting fish functional diversity.

In our study, functional diversity metrics were positively associ-
ated with substrate complexity. Structural complexity has been shown 
to reduce both abiotic and biotic stresses by providing a refuge from 
harsh environmental conditions and predators (Kovalenko et al., 2012). 
Structural complexity in streams often is associated with higher species 
richness and functional diversity (Ceneviva-Bastos, Montaña, Schalk, 
Camargo, & Casatti, 2017; Emslie, Cheal, & Johns, 2014; Kovalenko et 
al., 2012; Mouillot, Graham, Villéger, Mason, & Bellwood, 2013). Our re-
sults overall indicated the dominant influence of environmental filtering 
and were consistent with the stress-dominance hypothesis.

6  | CONCLUSIONS

Relationships between habitat variables and functional diver-
sity metrics indicate that environmental filtering is an important 
mechanism of community assembly for stream fishes in several 
regions of the world. With the exception of Belize and Cambodia, 
limiting similarity does not appear to exert a strong influence on 
the structure of stream fish assemblages at the two spatial scales 
of analysis employed here, which contrasts with our expectations. 
However, caution is warranted when interpreting trait dispersion 
patterns (Mayfield & Levine, 2010). Other assembly mechanisms, 
such as facilitation, can also produce nonrandom patterns of trait 
dispersion (Cavender-Bares et al., 2009). For example, benthivo-
rous suckers (Catostomidae) can facilitate feeding success of other 
fishes when they dislodge benthic invertebrates from sediments 
(Ross & Brenneman, 2001). Manipulative experiments are needed 
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to improve understanding of how traits affect performance and in-
fluence the structure and functions of local species assemblages. 
We found limited evidence of trait overdispersion, and future re-
search should examine traits with different functions and species 
assemblages spanning broader environmental gradients in space 
and time. Trait datasets could be compiled to examine patterns for 
other niche dimensions, including life history, defense, and physiol-
ogy/metabolism (Winemiller, Fitzgerald, Bower, & Pianka, 2015). 
For example, Troia and Gido (2015) found that underdispersion of 
life history traits increased from downstream to headwaters. Our 
findings suggest that the environmental filtering was the most im-
portant mechanism of community assembly for fishes inhabiting 
small streams in five zoogeographic regions. Water velocity, water 
depth, and substrate complexity seem to be particularly influential in 

restricting fish occupation of certain microhabitats. We found a high 
incidence of functional underdispersion coupled with phylogenetic 
underdispersion that could reflect phylogenetic niche conservation 
or stabilizing selection. Our findings suggest that local fish assem-
blages in small streams worldwide are most strongly influenced by 
environmental filtering, with weaker effects from species interac-
tions and stochastic processes associated with dispersal.
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