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Abstract. Despite growing interest in trait-based approaches to community assembly, little
attention has been given to seasonal variation in trait distribution patterns. Mobile animals can
rapidly mediate influences of environmental factors and species interactions through dispersal,
suggesting that the relative importance of different assembly mechanisms can vary over short
time scales. This study analyzes seasonal changes in functional trait distributions of tropical
fishes in the Xingu River, a major tributary of the Amazon with large predictable temporal
variation in hydrologic conditions and species density. Comparison of observed functional di-
versity revealed that species within wet-season assemblages were more functionally similar
than those in dry-season assemblages. Further, species within wet-season assemblages were
more similar than random expectations based on null model predictions. Higher functional
richness within dry season communities is consistent with increased niche complementarity
during the period when fish densities are highest and biotic interactions should be stronger;
however, null model tests suggest that stochastic factors or a combination of assembly mecha-
nisms influence dry-season assemblages. These results demonstrate that the relative influence
of community assembly mechanisms can vary seasonally in response to changing abiotic con-
ditions, and suggest that studies attempting to infer a single dominant mechanism from func-
tional patterns may overlook important aspects of the assembly process. During the prolonged
flood pulse of the wet season, expanded habitat and lower densities of aquatic organisms likely
reduce the influence of competition and predation. This temporal shift in the influence of dif-
ferent assembly mechanisms, rather than any single mechanism, may play a large role in main-
taining the structure and diversity of tropical rivers and perhaps other dynamic and biodiverse
systems.
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INTRODUCTION sizes (Gotelli et al. 2010, Trisos et al. 2014). In temperate
fish communities, environmental filtering was found to
dominate across three spatial scales, though the types
of traits driving functional similarity changed along a
gradient of stream order (Troia and Gido 2015).
Considerably less attention has been given to how
functional patterns and inferred assembly mechanisms
vary temporally, despite wide recognition that ecological
communities are highly influenced by temporal changes
in environmental conditions (Junk et al. 1989, Walther
et al. 2002, Houlahan et al. 2007). Most studies exploring
temporal patterns of community assembly mechanisms
analyze interannual changes. Purschke et al. (2013) found
that the relative importance of environmental filtering in
plant communities decreased throughout a 270-yr succes-
sional chronosequence, in which different-aged patches
were assumed to represent a temporal sequence of change.
Through the use of permanent plots analyzed over 44 yr,

Community ecologists now recognize that multiple
assembly mechanisms can operate simultaneously
(Cavender-Bares et al. 2004, Spasojevic and Suding 2012)
and have focused recently on how the relative influence
of mechanisms change with spatial scale and spatial var-
iation in environmental conditions. For example, envi-
ronmental filtering (inferred from clustering of functional
traits) appears to be the dominant mechanism structuring
plant communities at the regional scale, whereas biotic
interactions (inferred from dispersion of functional traits)
have been shown to operate at finer scales (Weiher et al.
2011, Gotzenberger et al. 2012). Some studies of mobile
animals have observed the opposite pattern, finding evi-
dence for environmental filtering at small spatial grains
and evidence of interspecific competition at larger grain
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it was recently shown that decreases in phylogenetic and
functional clustering in late successional stages result
from colonization dynamics rather than the loss of closely
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related species (Li et al. 2015). In addition to variation in
biotic factors, interannual fluctuations in precipitation
rates have been shown to result in changes in the distri-
bution of specific leaf area (Dwyer et al. 2014).
Alternatively, interannual patterns of assembly of both
plants and animals in experimental ponds changed very
little over a 4-yr period (Chase 2010). This focus on inter-
annual changes in functional assembly partially reflects
the large number of studies conducted on organisms with
limited mobility over short time periods.

The mechanisms structuring the assembly of highly
mobile animal species may vary over much finer temporal
scales. Animals can rapidly mediate competitive interac-
tions through dispersal, suggesting that even over short
temporal scales unrelated to successional stage, assembly
mechanisms can vary in response to ontogenetic shifts in
dispersal abilities, seasonal migrations, or intraannual
changes in habitat availability. For example, the phyloge-
netic dispersion and functional richness of euglossine bee
communities have been shown to change seasonally in
response to rainfall patterns (Ramirez et al. 2015). In
tropical fish communities, temporal dynamics of coloni-
zation have been shown to change on the order of weeks,
and vary according to stages of the hydrologic cycle
(Arrington et al. 2005, Arrington and Winemiller 2006).
On the other hand, tropical estuarine fish communities
showed no clear temporal changes in trait distribution
patterns, with environmental filtering appearing to dom-
inate throughout the year (Mouchet et al. 2013). The
magnitude and predictability of temporal environmental
changes are known to influence the distribution of life
history strategies in local assemblages, population sta-
bility, food web structure, and ecosystem productivity
(Power et al. 2008, Sabo et al. 2010, Mims and Olden
2012, Jardine et al. 2015), and therefore should also affect
community assembly dynamics.

Because they have large and predictable variation in
hydrological discharge, tropical rivers are excellent
model systems to reveal the importance of temporal var-
iation when inferring assembly mechanisms from func-
tional diversity patterns. The ecology of large tropical
rivers is strongly influenced by predictable hydrologic
cycles and associated changes in available habitat and
resources (Lowe-McConnell 1987, Junk et al. 1989,
Chapman and Chapman 1993, Correa and Winemiller
2014). During the annual flood pulse, increased volume
and connectivity of aquatic habitat and high dispersal
result in reduced densities of aquatic organisms relative
to base-flow conditions during the dry season. These
regular fluctuations in species density should strongly
influence temporal patterns of biotic and abiotic factors
affecting community structure, with biotic interactions
playing a greater role during low-water conditions (Zaret
and Rand 1971, Arrington and Winemiller 2006). For
example, the relative strength of top-down control of
basal resources has been shown to shift with seasonal
changes in hydrology, with stronger top-down effects
during the low-water period (Winemiller et al. 2014).
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To assess intraannual changes in community assembly
mechanisms, we investigated functional trait patterns of
tropical fish communities in the lower Xingu River,
Brazil, during dry and wet seasons. Specifically, we
addressed two questions: 1) are wet-season assemblages
more functionally similar than dry-season assemblages,
and 2) are trait distributions of dry- and wet-season
assemblages significantly different from patterns derived
from random assembly. Due to increased potential for
biotic interactions during the low-water period, trait dis-
tributions of dry-season assemblages should be relatively
dispersed and more evenly spaced compared to wet-
season assemblages. Previous studies of functional
assembly of fishes have found a dominant pattern of trait
underdispersion, suggesting that fish assemblages are
generally structured by environmental filtering (Mason
et al. 2007, Mouillot et al. 2007, Troia and Gido 2015);
however, dry-season assemblages of perciform fishes in
tropical and temperate rivers appear to be primarily
structured by biotic interactions (Montaiia et al. 2014).
Therefore, temporal changes were expected to manifest
as a shift from trait underdispersion during the wet
season to random patterns during the dry season, with
the latter resulting from stochastic colonization during
the preceding falling-water period (Arrington et al. 2005)
and/or the combined effects of abiotic and biotic filters
canceling out (Swenson and Enquist 2009).

Metrics associated with single niche axes have been
shown to have a higher power of detecting complex pat-
terns of competition and habitat filtering (Trisos et al.
2014). We therefore separately examined two sets of
traits related to different niche dimensions: habitat use
and trophic strategy (Winemiller et al. 2015). Due to the
selective pressure of high water velocities for convergence
in body shape (Lamouroux et al. 2002, Lujan and Conway
2015) and prevalence of trophic niche partitioning in
fishes of tropical rivers (e.g., Lujan et al. 2012, Montafia
et al. 2014), we hypothesized that fish assemblages would
be underdispersed in traits related to habitat use, while
traits related to trophic strategy would reveal overdis-
persion or even spacing.

METHODS

Data collection

Fish surveys were conducted along a 400-km stretch of
the lower Xingu River, the largest clear water tributary to
the Amazon River (Fig. 1A). This section of the river
includes a 130-km complex of rapids and anastomosing
channels over bedrock, known as the Volta Grande,
which contains exceptionally high fish species richness
and a variety of taxa specialized for life in high-velocity
rapids (Fig. 1B). The hydrologic regime is strongly sea-
sonal, with mean daily discharge recorded near the city of
Altamira between 1976-2005 ranging from 1,222 m3/s
during the low-water period to 19,331 m3/s during the
high-water period (HidroWeb 2015). Water levels are
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Study system, showing (A) map with survey locations and (B) several representative species. Survey locations are 100-m?

reaches separated by at least 1 km. Species shown are: (a) Leporinus maculatus (Anostomidae), (b) Baryancistrus xanthellus
(Loricariidae), (c) Ossubtus xinguense (Serrasalmidae), (d) Crenicichla sp. (Cichlidae), (e) Ancistrus ranunculus (Loricariidae),
(f) Cichla melaniae (Cichlidae), (g) Tometes kranponhah (Serrasalmidae), (h) Hypancistrus sp. (Loricariidae), (i) Leporinus aff.

fasciatus (Anostomidae), and (j) Rhinodoras sp. (Doradidae).

lowest during September—October, when the river is com-
posed of numerous shallow, braided channels with swift
rocky rapids, and highest during March and April, when
a 5-m rise in water level forms a broad singular channel
that inundates a relatively confined zone of riparian
forest (Zuanon 1999, Sabaj Pérez 2015).

Fishes were collected by cast net and by hand while
diving/snorkeling with the help of local fishermen, pro-
viding a unique opportunity for standardized sampling
methods between dry- and wet-season main-channel hab-
itats. Surveys targeted shallow rapids and deep, swift
water over rocky substrates, with each sampling site
receiving 60-80 minutes of fishing effort over an area of
roughly 100 m2. This technique primarily targets benthic
species and those that hide in crevices, though rapids-
dwelling species that swim within the water column also
were consistently sampled. A total of 148 species was col-
lected from 20 sites during the 2013 dry season and 23
sites during the 2014 wet season (Fig. 1A). Although
attempts were made to sample the same locations in both
seasons, the dangers of surveying rapids during high
water resulted in many sites being unpaired. Assemblage
taxonomic structure was quite similar among sites within
major reaches; therefore, variation in site placement
should not bias seasonal analyses. In addition, B-diversity

measured as Whittaker’s B, was similar between seasons
(analysis of multivariate homogeneity of group disper-
sions; F121)=0.23; P=0.64), indicating that spatial var-
iation should not confound results.

Functional traits were measured for 41 of the most
common rheophilic species, representing 9 families
(Appendix S1: Table S1). Species pools varied slightly
between seasons, resulting in 38 species accounting for
77% of abundance in dry season samples and 25 species
accounting for 66% of abundance in wet season samples.
Functional traits were divided into trait categories
reflecting two fundamental niche dimensions sensu
Winemiller et al. (2015). Nineteen morphological traits
related to habitat use and swimming ability, such as body
depth, fin dimensions, and eye position (hereafter
“Habitat™) and 23 morphological traits related to feeding
behavior and diet, such as mouth width, gut length, and
tooth shape (hereafter “Trophic”), were measured on 3-6
adult individuals per species. Traits were selected based on
the strength of their inferred relationships with habitat use
and feeding ecology (e.g., Gatz 1979, Winemiller 1991);
full descriptions of trait measurements are available in
Appendix S2: Table S1. Length-based measurements were
expressed relative to standard length, body depth, or head
length/depth as appropriate and averaged for each species
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(Winemiller 1991). Species mean trait values were log, nth
root, or inverse transformed to improve normality (see
Appendix S2: Table S1), and Principal Components
Analysis (PCA) was performed on standardized data for
the combined species pools from both seasons to visualize
niche trade offs within each trait category.

Data analysis

To compare seasonal changes in community assembly,
we first compared observed functional diversity between
dry- and wet-season assemblages. Five functional diversity
metrics were selected based on their power to distinguish
assembly patterns (Mouchet et al. 2010, Aiba et al. 2013).
Mean Nearest Neighbor distance (MNN) estimates how
close species are in functional trait space, Standard
Deviation of Nearest Neighbor distance (SDNN) esti-
mates how evenly species are spaced, Functional Richness
(FRic) was measured as the convex hull and estimates
overall niche volume, Functional Dispersion (FDis) was
calculated as mean distance to centroid and estimates
position relative to the center of niche space, and
Functional Evenness (FEve) was measured as evenness of
branches of a minimum spanning tree.

PCA was applied to the standardized data for habitat
and trophic traits in each season separately. Species
scores on the first two PC axes (explaining 63-66% of
total morphological variation) were used to compute
functional diversity measures based on species presence/
absence per site in each season. FRic, FDis, and FEve
were calculated using the package FD (Laliberté et al.
2014) and nearest neighbor distances were calculated
using the fast nearest neighbor algorithm (Beygelzimer
et al. 2013) in R version 3.2.2 for OS X (R Core Team
2015). Observed functional diversity was only compared
using the 21 species present in both seasons to control for
variation in species richness; however, results were iden-
tical when all species were included. Functional diversity
metrics for dry- and wet-season assemblages were com-
pared using a Fligner-Killeen Test of Homogeneity of
Variances and a Wilcoxon Rank Sum Test.

Functional diversity of local assemblages in each
season was also compared to two null models based on
species presence/absence, where the regional species pool
was the 400-km stretch of river and local sites were 100 m2
reaches. Both null models maintain observed species
occurrence frequencies, but vary in how species richness
among sites is treated. In the “uniform-fixed” model,
species randomly colonized local sites with equal proba-
bility so that richness per site varies, but each site has the
same average richness (Gotelli 2000). The “fixed-fixed”
null model preserves observed differences in species
richness between sites. By constraining both richness
among sites and species occurrence frequency, the fixed-
fixed model effectively tests for the impacts of species
interactions and is widely used in community assembly
studies. However, this model assumes nearly complete
lists of species from well-defined habitat patches (e.g.,
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long-term censuses of islands), an assumption that is
rarely met by short-term ecological censuses based on
standardized surveys. Gotelli (2000) argued that the
uniform-fixed model might be more appropriate for
short-term data. Therefore, we present results based on
both null models for comparison. Simulations were run
1,000 times and the five functional diversity metrics
described above were calculated for each community.
The fixed-fixed model used the matrix-swap algorithm of
Gotelli (2000) with a 1,000 step burn-in and 500 step
thinning parameter, implemented via the function
RandomizeMatrix in the package picante (Kembel et al.
2010). Standard Effect Size (SES) was calculated as
(meanobserved - meansimulated)/SDsimulated for each func-
tional diversity metric, null model, and season. Significant
dispersion from random assembly was assessed using a
two-sided Wilcoxon Signed Rank Test of SES values.
Results were compared qualitatively between seasons.

REsuLTS

The dominant pattern within functional niche space of
fish assemblages from the lower Xingu River was the sep-
aration of species in the family Loricariidae from the
remaining eight families in both the habitat and trophic
dimensions (Fig. 2). The PCA of habitat traits (Fig. 2A)
described a primary gradient (PC1) contrasting wide-
bodied benthic species with large fins and eyes positioned
high on the head against narrow-bodied species with rel-
atively smaller fins and eyes positioned lower on the head.
PC2 described a gradient from small, deep-bodied species
to more elongate, shallow-bodied species that accounted
for variation within the two major groups. Within the
trophic dimension (Fig. 2B), PC1 described a gradient of
species with long gut lengths, long gill rakers, and flat or
rounded teeth typical of primary consumers and detriti-
vores to species with shorter gut lengths, shorter gill
rakers, and sharp-pointed teeth typical of carnivorous
species. PC2 contrasted species with large oral gapes and
numerous fine teeth with species having smaller mouths
and fewer, more robust teeth. Species richness was highest
for Loricariidae (20 spp.), which displayed a large amount
of variation in both habitat and trophic niches compared
to the other individual families. Several families, including
Cichlidae, Anostomidae, and Characidae, revealed
greater variation in habitat traits relative to trophic traits.

Observed functional diversity was significantly dif-
ferent between seasons, with similar temporal changes
observed for both habitat and trophic traits (Fig. 3).
Traits of wet-season assemblages were significantly clus-
tered compared to dry-season communities based on
MNN and FDis. In addition, FRic displayed signifi-
cantly lower variance in wet-season assemblages. The
evenness of trait distributions displayed a pattern
opposite of that predicted, with wet-season samples being
more evenly spaced (i.e., lower SDNN) than dry-season
samples. FEve was not significantly different between
seasons (W = 174, P = 0.089; not shown in Fig. 3).
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While results of null model comparisons differed
slightly depending on the particular metric and null
model used, wet-season assemblages tended to show
more evidence of trait underdispersion than dry-season
assemblages (Table 1). Dry- and wet-season assemblages
both displayed strong evidence of being more tightly
packed than random based on MNN, though results
were marginally nonsignificant (P = 0.056) based on the
fixed-fixed model for habitat traits in the wet season.
However, only wet-season assemblages showed clear evi-
dence of occupying a significantly smaller niche volume
based on FRic. Wet season assemblages were signifi-
cantly underdispersed in both habitat and trophic traits
based on FRic for both null models, while only trophic
FRic based on the uniform-fixed model revealed signif-
icant underdispersion in dry-season assemblages.
Evidence for trait distributions being more evenly spaced
than random was observed only for SDNN within the
habitat dimension; however, the two null models differed
in which season they detected significant differences.
FDis and FEve were not significantly different from
random expectations for either niche dimension or null
model. No evidence for trait overdispersion was found.

Discussion

Differences in functional diversity between wet- and
dry-season fish assemblages support the hypothesis that

the relative strengths of biotic and abiotic mechanisms of
community assembly can vary over the course of the
annual hydrologic cycle. Direct comparison of functional
diversity between seasons indicated that wet-season
assemblages contained species that were more func-
tionally similar than those in dry-season assemblages
(Fig. 3). In addition, comparison with null models
revealed that wet-season assemblages were significantly
more similar than expected at random (Table 1), con-
sistent with the idea that tropical fish assemblages in the
wet season are highly structured by environmental fil-
tering as they disperse and select habitats within expansive
flooded areas. Higher values of MNN and FDis during
the dry season suggest that local assemblages were com-
posed of complimentary resource acquisition and habitat
use strategies during a time when densities of aquatic
organisms and, therefore, potential for competition were
greatest. Null model results based on SDNN of habitat
traits found some evidence consistent with an influence of
limiting similarity during the dry season (Table 1). Wet-
season assemblages also showed even spacing of habitat
traits under the fixed-fixed model, though this should be
interpreted with caution due to unmet model assump-
tions (see Methods).

In addition to evidence for limiting similarity, func-
tional patterns observed in dry-season assemblages also
suggest an increased influence of stochastic factors rel-
ative to wet-season assemblages. The increased variance
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Fic.3 Comparison of observed functional diversity of local fish assemblages during dry and wet seasons based on traits related
to habitat use (A) and trophic strategy (B). Functional diversity metrics refer to mean nearest neighbor distance (MNN), standard
deviation of nearest neighbor distance (SDNN), functional richness as convex hull volume (FRic), and functional dispersion as
mean distance to centroid (FDis). Functional evenness was not significantly different between seasons and is not shown here. Test
statistics refer to Fligner-Kileen Test of Homogeneity of Variances (W) and Wilcoxon Rank Sum Test (X).

in FRic during the dry season and nonsignificant null
model results for most metrics are consistent with an
influence of random colonization. Previous work on
community assembly in tropical rivers has shown that
initial patterns of patch colonization during the falling-
water period are largely random, with increasingly

deterministic patterns revealed over time (Arrington
et al. 2005). Stochastic colonization early in the dry
season could lead to priority or mass effects, resulting in
spatial variation in which assembly mechanism appears
to dominate (Leibold et al. 2004, Allen et al. 2011).
Results from experimental pond communities have
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Results of two-sided Wilcoxon Signed Rank test of Standard Effect Sizes (SES) based on two null modeling approaches

for each trait category. Median SES, test statistic, and P value are given. Significant results are presented in bold italics. Negative/
positive SES values represent under/over dispersion of trait distribution compared to random expectation.

Habitat Trophic
Diversity index Uniform-fixed Fixed-fixed Uniform-fixed Fixed-fixed
Dry season
MNN -0.635 -0.586 -0.393 -0.180
V=50 V=48 V=39 V=42
P=0.039 P=0.032 P=0.012 P=0.017
SDNN =0.560 —0.553 0.085 0.096
V=51 V=57 V=287 V=098
P=0.044 P =0.076 P=0.522 P=0.812
FRic —-0.138 —0.482 —-0.363 —-0.215
V=95 V=64 V=13 V=72
P=0.729 P=0.133 P =0.000 P =0.230
FDis 0.097 —-0.022 —-0.328 —-0.202
V=85 V=83 V=75 V=284
P=0475 P =0.430 P=0.277 P =0.452
FEve 0.152 0.285 —0.046 —-0.102
V=130 V=131 V=119 V=102
P =10.368 P =0.349 P=0.622 P=0.927
Wet season
MNN —0.440 —-0.529 -0.576 -0.613
V=156 V=75 V=63 V=69
P=0.011 P =0.056 P=0.021 P=0.035
SDNN —-0.476 -0.495 —0.663 —-0.692
V=281 V=70 V=107 V=99
P =0.086 P=0.039 P =0.360 P=0.247
FRic -0.424 -0.376 —-0.611 —0.440
V=65 V=72 V=65 V=30
P=10.025 P =0.045 P=0.025 P =0.000
FDis —-0.371 —-0.629 —0.472 —0.493
V=93 V=92 V=104 V=92
P=0.179 P=0.170 P=0.314 P=0.170
FEve 0.259 0.314 0.141 0.111
V=181 V=183 V=168 V=157
P =0.200 P=0.179 P=0.376 P =0.580

Notes: MNN, mean nearest neighbor distance; SDNN, standard deviation of nearest neighbor distance; FRic, functional richness
measured as convex hull volume; FDis, functional dispersion measured as mean distance to centroid; FEve, functional evenness

measured as the evenness of branches of a minimum spanning tree.

demonstrated that increased productivity can lead to
increased influence of stochastic processes and priority
effects due to differential colonization (Chase 2010).
Aquatic primary productivity is known to increase during
dry season conditions in the main channel of clear-water
tropical rivers (Cotner et al. 2006), suggesting that this
same mechanism may also drive the increased stochastic
patterns observed. Alternatively, the simultaneous
influence of opposing assembly mechanisms can result in
random patterns of trait dispersion even when the
assembly process is highly deterministic (Weiher et al.
2011, Spasojevic and Suding 2012).

Higher variance of FRic and greater SDNN observed
for dry season assemblages did not match predictions,
but can be explained by seasonal turnover in the species
pool and changes in occurrence frequencies. Specifically,

higher variance in FRic was associated with a greater
range in local species richness among dry-season samples
(3-17 spp.) compared to wet-season samples (3-9 spp.).
In addition, this turnover resulted in changes in the func-
tional space occupied between seasons. While the
majority of species in the family Loricariidae are present
in collections from both seasons, several other families
had more species with higher occurrence frequencies in
dry-season samples, with the families Anostomidae and
Serrasalmidae only present in dry-season collections. The
Loricariidae occupy a distinct region of morphological
trait space (Fig. 2), resulting in two distinct functional
groups inhabiting Xingu rapids. The higher number of
species occupying the non-loricariid functional group
within local assemblages during the dry season yielded
greater variance in trait spacing.
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Differences in statistical results from the two null
models may also be explained by seasonal shifts in func-
tional spaces occupied within local assemblages. Because
the uniform-fixed model effectively compares observed
assemblages against a simulated average, it was more sen-
sitive to additional species occupying the periphery of
local assemblage morphological space during the dry
season. SES SDNN was a particularly sensitive metric,
with the two null models revealing opposite seasonal pat-
terns for habitat-associated traits. Given the short
duration of each survey and unpaired design, the uniform-
fixed model should provide a more appropriate test of
these data (Gotelli 2000), and would further support pre-
dictions for SDNN. While this model does not control
for variation between sites, similarity of habitat and
assemblage structure (B,,) across sites suggest that
changes reflect real temporal differences in the average
assemblage. These differences highlight the importance
of carefully selecting functional traits, associated diversity
metrics, and null models for statistical inference.
Explicitly discussing model assumptions and potential
data limitations may aid interpretation of results, as well
as comparisons across studies.

Because the current study focused on main-channel
habitats, seasonal turnover in the species pool was likely
influenced by interspecific differences in lateral migrations
into floodplain habitats during the high-water period.
Although some loricariids have local dispersal associated
with ontogeny, lateral migrations onto floodplains are
rare (Fernandes 1997, Lucas and Baras 2001). Indeed, 17
out of 19 loricariid species analyzed were captured during
both seasons, suggesting that many of these species are
highly sedentary in rocky habitats within the main channel.
The absence of two species of the family Serrasalmidae
(Ossubtus xinguense and Tometes kranponhah) from wet-
season samples is consistent with the migratory behavior
of related species known to use flooded forests as feeding
and nursery grounds during the high-water period (Lucas
and Baras 2001, Correa et al. 2007). Similarly, the absence
of anostomids from wet season samples is consistent with
seasonal movements described for these fishes (Fernandes
1997, Lucas and Baras 2001, Makrakis et al. 2012).
Differences in sampling efficiency between seasons also
could have influenced patterns of species turnover. High
turbidity during the wet season reduces visibility, which
could have affected divers’ ability to capture fishes
swimming within the water column. Many of the species
found in the water column of high velocity rapids (e.g.,
anostomids) were captured with cast nets, which are less
efficient during the high-water period. Nonetheless,
analyses performed using only species of Loricariidae,
which have a consistent sampling efficiency as evidenced
by low seasonal turnover, produced identical temporal
patterns in trait distributions. This suggests that seasonal
changes reflect real differences in the strength of assembly
mechanisms rather than sampling bias.

Despite strong selection for convergent body mor-
phology in rapids-dwelling species, Xingu fishes have
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slight differences that allow species to exploit structurally
complex and heterogeneous microhabitats within rocky
substrates. The even spacing of habitat traits and under-
dispersion of trophic traits reflect adaptations to exploit
similar resources in a variety of microhabitats. Although
PCA revealed large variation in trophic traits, species
existing on the periphery of this space were relatively rare
and had little influence on functional diversity patterns.
Species with the highest occurrence frequencies (e.g.,
Baryancistrus xanthellus, Spectracanthicus punctatis-
simus, S. zuanoni, Ancistrus ranunculus) all have similar
jaw and gut morphologies that facilitate feeding on
benthic algae and detritus. However, these same species
display large variation in body depth, with strongly
dorso-ventrally compressed species, such as 4. ranun-
culus, able to occupy narrow spaces between rocks that
deeper-bodied species cannot access (Fig. 1B). Whereas
previous studies have hypothesized that periphyton
grazers and detritivores may partition trophic niches
based on stoichiometric differences (Hall 2004, Lujan
et al. 2012), our results imply that microhabitat parti-
tioning is more influential in facilitating coexistence of
diverse benthivorous fishes in the Xingu River. Large
interspecific variation in body shape associated with
habitat use is also displayed among fishes occupying
other trophic positions. For example, insectivorous and
carnivorous species of the family Cichlidae vary greatly
in relative body depth (Fig. 1B), a trait that strongly influ-
ences performance in relation to flow velocity and sub-
strate complexity.

While structural complexity should facilitate species
co-occurrence at the local scale, seasonal relaxation of
competition and predation within expanded aquatic
habitat during the high-water period may play a major
role in maintaining high fish diversity over a larger
scale. Increased inputs of terrestrial resources during
the wet season together with decreased species density
should enhance fitness via greater surplus energy for
growth, reproduction, and migration. It has been sug-
gested that the predictable, gradual increase in water
level during the annual flood pulse of tropical rivers
should result in competitive release among fishes (Zaret
and Rand 1971, Junk et al. 1989), a hypothesis con-
sistent with findings from our study and others (e.g.,
Correa and Winemiller 2014). Our results stress the
importance of evaluating temporal changes in func-
tional patterns when attempting to infer assembly
mechanisms. Data collected over a restricted time
period would be unlikely to shed light on the interplay
of multiple factors influencing communities of rivers
and other dynamic ecosystems.

The degree of predictability and magnitude of environ-
mental change will affect the relevant temporal scale, as
well as our ability to infer mechanisms from patterns.
Communities experiencing high magnitude changes (i.e.,
stress inducing) may display little temporal variation in
assembly mechanisms after environmental change. For
example, experimentally induced drought in pond
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mesocosms increased the influence of environmental fil-
tering for 2 yr after the perturbation (Chase 2007).
Shallow floodplain depressions that experience hypoxic
conditions during the dry season show little interannual
variation in fish species composition, despite high coloni-
zation potential during the annual flood period (Chapman
and Chapman 1993). In communities experiencing
unpredictable environmental fluctuations, such as the
flashy hydrologic regimes of high-gradient streams,
assembly mechanisms may fluctuate so rapidly that
dynamics appear largely stochastic throughout the year.
Additionally, temporal variation may remain highly
dependent on spatial scale, and studies integrating both
temporal and spatial variation in functional trait patterns
are needed to explore this potential interaction.

Several authors have cast doubt on the assumption
that functional trait clustering reflects environmental
filters and trait dispersion indicates a strong influence
from biotic interactions (HilleRisLambers et al. 2012,
Herben and Goldberg 2014). Indeed, many fishes use
floodplain habitats for both resource acquisition and
refuge from predation (Winemiller and Jepsen 1998).
Therefore, the significant underdispersion observed in
wet-season assemblages could arise not only from habitat
filtering based on resource availability, but also spatial
variation in predation vulnerability. This emphasizes the
need to consider temporal dynamics when attempting to
infer assembly processes. While trait distributions in
either season could reflect multiple assembly mecha-
nisms, the greater interspecific trait similarity observed in
wet-season assemblages is consistent with predictions
based on seasonal changes in species density and resource
availability.

While many studies have used functional traits to infer
the dominant mechanisms structuring communities, few
have considered the strong potential for mechanisms,
and therefore functional patterns, to change seasonally.
Using tropical fishes inhabiting rapids as a model, we
demonstrated that functional assemblage structure varies
between hydrologic seasons. This variation reveals the
interplay of multiple assembly mechanisms and suggests
that studies analyzing functional patterns from a single
season may overlook key aspects of the assembly process.
Temporally shifting influences of multiple assembly
mechanisms, rather than any specific mechanism, may
play a large role in structuring high diversity systems,
such as tropical rivers.

ACKNOWLEDGMENTS

The US National Science Foundation (DEB 1257813) and
the Brazilian National Council for Scientific and Technological
Development (CNPq 486376/2013-3) provided research fund-
ing. DBF acknowledges additional support by NSF-IGERT
0654377, as well as Texas A&M University Merit, Excellence,
and Tom Slick Fellowships. Lucia Rapp Py-Daniel, Alany
Gongalves, ornamental fisherman Dani and Ronca Rodrigues
da Costa, and the rest of the iXingu team provided logistic sup-
port and assistance with sample collection.

SEASONAL PATTERNS OF COMMUNITY ASSEMBLY 29

LiTERATURE CITED

Aiba, M., M. Katabuchi, H. Takafumi, S. S. Matsuzaki,
T. Sasaki, and T. Hiura. 2013. Robustness of trait distribu-
tion metrics for community assembly studies under the uncer-
tainties of assembly processes. Ecology 94:2873-2885.

Allen, M. R., J. N. VanDyke, and C. E. Caceres. 2011.
Metacommunity assembly and sorting in newly formed lake
communities. Ecology 92:269-275.

Arrington, D. A., and K. O. Winemiller. 2006. Habitat affinity,
the seasonal flood pulse, and community assembly in the lit-
toral zone of a Neotropical floodplain river. Journal of the
North American Benthological Society 25:126-141.

Arrington, D. A., K. O. Winemiller, and C. A. Layman. 2005.
Community assembly at the patch scale in a species rich trop-
ical river. Oecologia 144:157-167.

Beygelzimer, A., S. Kakadet, J. Langford, S. Arya, D. Mount, and
S. Li. 2013. FNN: Fast Nearest Neighbor search algorithms and
applications. R package version 1.1. https//:cran.r-project.org

Cavender-Bares, J., D. D. Ackerly, D. A. Baum, and F. A.
Bazzaz. 2004. Phylogenetic overdispersion in Floridian oak
communities. American Naturalist 163:823-843.

Chapman, L. J., and C. A. Chapman. 1993. Fish populations in
tropical floodplain pools: a re-evaluation of Holden’s data on
the River Sokoto. Ecology of Freshwater Fish 2:23-30.

Chase, J. M. 2007. Drought mediates the importance of stochas-
tic community assembly. Proceedings of the National
Academy of Sciences of the United States of America 104:
17430-17434.

Chase, J. M. 2010. Stochastic community assembly causes
higher biodiversity in more productive environments. Science
328:1388-1391.

Correa, S. B., and K. O. Winemiller. 2014. Flooding, fruiting
phenology and resource partitioning among fishes in the
Amazon. Ecology 95:210-224.

Correa, S. B., K. O. Winemiller, H. Lopez-Fernandez, and
M. Galetti. 2007. Evolutionary perspectives on seed con-
sumption and dispersal by fishes. BioScience 57:748-756.

Cotner, J. B., J. V. Montoya, D. L. Roelke, and K. O.
Winemiller. 2006. Seasonally variable riverine production in
the Venezuelan Llanos. Journal of the North American
Benthological Society 25:171-184.

Dwyer, J. M., R. J. Hobbs, and M. M. Mayfield. 2014. Specific
leaf area responses to environmental gradients through space
and time. Ecology 95:399-410.

Fernandes, C. C. 1997. Lateral migration of fishes in Amazon
floodplains. Ecology of Freshwater Fish 6:36-44.

Gatz, A. J. Jr. 1979. Ecological morphology of freshwater
stream fishes. Tulane Studies in Zoology and Botany
21:91-124.

Gotelli, N. J. 2000. Null model analysis of species co-occurrence
patterns. Ecology 81:2606-2621.

Gotelli, N. J., G. R. Graves, and C. Rahbek. 2010.
Macroecological signals of species interactions in the Danish
avifauna. Proceedings of the National Academy of Sciences
of the United States of America 107:5030-5035.

Gotzenberger, L., et al. 2012. Ecological assembly rules in plant
communities-approaches, patterns and prospects. Biological
Reviews 87:111-127.

Hall, S. R. 2004. Stoichiometrically explicit competition
between grazers: species replacement, coexistence, and prior-
ity effects along resource supply gradients. American
Naturalist 164:157-172.

Herben, T., and D. E. Goldberg. 2014. Community assembly by
limiting similarity vs. competitive hierarchies: testing the con-
sequences of dispersion of individual traits. Journal of
Ecology 102:156-166.



30 DANIEL B. FITZGERALD ET AL.

HidroWeb. 2015. Sistema de Informagdes Hidrologicas.
Agencia Nacional de Aguas, Brazil. http://www.snirh.gov.br/
hidroweb

HilleRisLambers, J., P. B. Adler, W. S. Harpole, J. M. Levine,
and M. M. Mayfield. 2012. Rethinking community assembly
through the lens of coexistence theory. Annual Review of
Ecology, Evolution, and Systematics 43:227-248.

Houlahan, J. E., et al. 2007. Compensatory dynamics are rare in
natural ecological communities. Proceedings of the National
Academy of Sciences of the United States of America
104:3273-3277.

Jardine, T. D., et al. 2015. Does flood rhythm drive ecosystem
responses in tropical riverscapes? Ecology 96:684-692.

Junk, W. J., P. B. Bayley, and R. E. Sparks. 1989. The flood
pulse concept in river-floodplain systems. Pages 110-127 in
D. P. Dodge, editor. Proceedings of the international large
rivers symposium. Canadian Special Publication in Fisheries
and Aquatic Sciences, Ottawa, Canada.

Kembel, S. W., P. D. Cowan, M. R. Helmus, W. K. Cornwell,
H. Morlon, D. D. Ackerly, S. P. Blomberg, and C. O. Webb.
2010. Picante: R tools for integrating phylogenies and ecol-
ogy. Bioinformatics 26:1463-1464.

Laliberté, E., P. Legendre, and B. Shipley. 2014. FD: measuring
functional diversity from multiple traits, and other tools for
functional ecology. R package version 1.0-12. https//:cran.
r-project.org

Lamouroux, N., N. L. Poff, and P. L. Angermeier. 2002.
Intercontinental convergence of stream fish community traits
along geomorphic and hydraulic gradients. Ecology 83:
1792-1807.

Leibold, M., M. Holyoak, N. Mouquet, P. Amarasekare,
J. Chase, M. Hoopes, R. Holt, J. Shurin, R. Law, and
D. Tilman. 2004. The metacommunity concept: a framework
for multi scale community ecology. Ecology Letters 7:
601-613.

Li, S. P., M. W. Cadotte, S. J. Meiners, Z. S. Hua, L. Jiang, and
W. S. Shu. 2015. Species colonisation, not competitive exclu-
sion, drives community overdispersion over long-term succes-
sion. Ecology Letters 18:964-973.

Lowe-McConnell, R. H. 1987. Ecological studies in tropical fish
communities. Cambridge University Press, Cambridge,
England.

Lucas, M. C., and E. Baras. 2001. Migration of freshwater
fishes. Blackwell Science, Oxford, England.

Lujan, N. K., and K. W. Conway. 2015. Life in the fast lane: a
review of rheophily in freshwater fishes. Pages 107-136 in
R. Riesch, M. Tobler, and M. Plath, editors. Extremophile
fishes. Springer International Publishing, Switzerland.

Lujan, N. K., K. O. Winemiller, and J. W. Armbruster. 2012.
Trophic diversity in the evolution and community assembly
of loricariid catfishes. BMC Evolutionary Biology 12:124.

Makrakis, M. C., L. E. Miranda, S. Makrakis, H. M. Fontes
Junior, W. G. Morlis, J. H. Dias, and J. O. Garcia. 2012.
Diversity in migratory patterns among Neotropical fishes in a
highly regulated river basin. Journal of Fish Biology 81:
866-881.

Mason, N. W. H., C. Lanoisclee, D. Mouillot, P. Irz, and
C. Argillier. 2007. Functional characters combined with null
models reveal inconsistency in mechanisms of species turn-
over in lacustrine fish communities. Oecologia 153:441-452.

Mims, M. C., and J. D. Olden. 2012. Life history theory predicts
fish assemblage response to hydrologic regimes. Ecology
93:35-45.

Montana, C. G., K. O. Winemiller, and A. Sutton. 2014.
Intercontinental comparison of fish ecomorphology: null
model tests of community assembly at the patch scale in riv-
ers. Ecological Monographs 84:91-107.

Ecology, Vol. 98, No. 1

Mouchet, M. A., S. Villeger, N. W. H. Mason, and D. Mouillot.
2010. Functional diversity measures: an overview of their
redundancy and their ability to discriminate community
assembly rules. Functional Ecology 24:867-876.

Mouchet, M. A., M. D. M. Burns, A. M. Garcia, J. P. Vieira,
and D. Mouillot. 2013. Invariant scaling relationship between
functional dissimilarity and co-occurrence in fish assemblages
of the Patos Lagoon estuary (Brazil): environmental filtering
consistently overshadows competitive exclusion. Oikos 122:
247-257.

Mouillot, D., O. Dumay, and J. A. Tomasini. 2007. Limiting
similarity, niche filtering and functional diversity in coastal
lagoon fish communities. Estuarine Coastal and Shelf Science
71:443-456.

Power, M. E., M. S. Parker, and W. E. Dietrich. 2008. Seasonal
reassembly of a river food web: floods, droughts, and impacts
of fish. Ecological Monographs 78:263-282.

Purschke, O., B. C. Schmid, M. T. Sykes, P. Poschlod, S. G.
Michalski, W. Durka, I. Kuhn, M. Winter, and H. C.
Prentice. 2013. Contrasting changes in taxonomic, phyloge-
netic and functional diversity during a long-term succession:
insights into assembly processes. Journal of Ecology 101:
857-866.

R Core Team. 2015. R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna, Austria. http://r-project.org

Ramirez, S. R., C. Hernandez, A. Link, and M. M. Lopez-
Uribe. 2015. Seasonal cycles, phylogenetic assembly, and
functional diversity of orchid bee communities. Ecology and
Evolution 5:1896-1907.

Sabaj Pérez, M. H. 2015. Where the Xingu bends and will soon
break. American Scientist 103:395-403.

Sabo, J. L., J. C. Finlay, T. Kennedy, and D. M. Post. 2010. The
role of discharge variation in scaling of drainage area and
food chain length in rivers. Science 330:965-967.

Spasojevic, M. J., and K. N. Suding. 2012. Inferring community
assembly mechanisms from functional diversity patterns: the
importance of multiple assembly processes. Journal of
Ecology 100:652-661.

Swenson, N. G., and B. J. Enquist. 2009. Opposing assembly
mechanisms in a Neotropical dry forest: implications for
phylogenetic and functional community ecology. Ecology
90:2161-2170.

Trisos, C. H., O. L. Petchey, and J. A. Tobias. 2014. Unraveling
the interplay of community assembly processes acting on
multiple niche axes across spatial scales. American Naturalist
184:593-608.

Troia, M. J., and K. B. Gido. 2015. Functional strategies drive
community assembly of stream fishes along environmental
gradients and across spatial scales. Oecologia 177:545-559.

Walther, G. R., E. Post, P. Convey, A. Menzel, C. Parmesan,
T. J. C. Beebee, J. M. Fromentin, O. Hoegh-Guldberg, and
F. Bairlein. 2002. Ecological responses to recent climate
change. Nature 416:389-395.

Weiher, E., D. Freund, T. Bunton, A. Stefanski, T. Lee,
and S. Bentivenga. 2011. Advances, challenges and a develop-
ing synthesis of ecological community assembly theory.
Philosophical Transactions of the Royal Society B: Biological
Sciences 366:2403-2413.

Winemiller, K. O. 1991. Ecomorphological diversification in
lowland freshwater fish assemblages from five biotic regions.
Ecological Monographs 61:343-365.

Winemiller, K. O., and D. B. Jepsen. 1998. Effects of seasonality
and fish movement on tropical river food webs. Journal of
Fish Biology 53:267-296.

Winemiller, K. O., C. G. Montana, D. L. Roelke, J. B. Cotner,
J. V. Montoya, L. Sanchez, M. M. Castillo, and C. A.


http://www.snirh.gov.br/hidroweb
http://www.snirh.gov.br/hidroweb
http://r-project.org

January 2017 SEASONAL PATTERNS OF COMMUNITY ASSEMBLY 31

Layman. 2014. Pulsing hydrology determines top-down con-  Zaret, T. M., and A. S. Rand. 1971. Competition in tropical

trol of basal resources in a tropical river-floodplain ecosys- stream fishes: support for the competitive exclusion principle.
tem. Ecological Monographs 84:621-635. Ecology 52:336-342.

Winemiller, K. O., D. B. Fitzgerald, L. M. Bower, and E. R.  Zuanon, J. 1999. Histéria natural da ictiofauna de corredeiras
Pianka. 2015. Functional traits, convergent evolution, do rio Xingu, na regido de Altamira, Para. Unpublished dis-
and periodic tables of niches. Ecology Letters 18: sertation, Universidade Estadual de Campinas, Campinas,
737-751. Sao Paulo, Brazil.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article at http:/onlinelibrary.wiley.com/
doi/10.1002/ecy.1616/suppinfo


http://onlinelibrary.wiley.com/doi/10.1002/ecy.1616/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/ecy.1616/suppinfo

