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Abstract Even after more than a century of
research, the processes underlying species abundance
distribution patterns are controversial. Here, we gath-
ered abundance and size (standard length) data of
fish species in 54 streams in the Midwest of Brazil
to test whether subordinate species abundances (i.e.,
any species that is not dominant in a community)
in each stream are correlated with the absolute size
difference between dominant and subordinate spe-
cies. A negative relationship between these variables
would suggest a predominant role of environmental
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filtering because those species that differ more from
the dominant species (the one with the optimum trait
value) would become progressively less abundant. On
the other hand, a positive relationship would suggest
a limit to the similarity as the abundances of subor-
dinate species that differ more from the dominant
species would increase. Our results clearly indicated
that subordinate species were those that most dif-
fered from the dominant species in terms of size. In
addition, we found that the subordinate species were
larger than the dominant species. Taken together, we
infer that environmental filters favoring small body
sizes (e.g., shallow water depth and scarcity of large
shelters) are the main processes determining species
abundance distributions in the streams we studied.

Keywords Environmental filters - Limiting
similarity - Niche limitation - Community structure -
Traits

Introduction

It is widely known that local communities are com-
posed of a few dominant species and many rare spe-
cies (McGill et al., 2007). In the search for mecha-
nisms that would explain variations in species
abundance distribution (SAD) patterns, several mod-
els (e.g., geometric series, log series, log normal,
broken stick, zero-sum multinomial distribution)
have been developed (MacArthur, 1957; Tokeshi,
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1993; Hubbell, 2001; McGill et al., 2007; Ferreira
and Petrere-Jr., 2008; Matthews & Whittaker, 2015).
However, several studies have shown that the simple
fit of a model is insufficient to indicate a particular
mechanism because different mechanisms can gen-
erate the same SAD pattern (see reviews of McGill,
2003; Magurran, 2005; McGill et al., 2007).

In the last decades, the resurgence of interest in
the mechanisms underlying SAD patterns in local
communities occurred with the use of species traits
(McGill et al., 2007; Umafia et al., 2015; Klipel et al.,
2021). Instead of simple correlating species mean
trait values with species abundances, the relationship
between species differences in traits and abundances
can help discriminating among competing mecha-
nisms (Sugihara et al., 2003; Mouillot et al., 2007;
Mason et al., 2008; Hidasi-Neto et al., 2020). In this
context, Mouillot et al. (2007) made three predictions
based on environmental filtering processes, the lim-
iting similarity theory (MacArthur & Levins, 1967),
and the neutral theory (Hubbell, 2001). First, under
the environmental filtering theory, abundant (or com-
mon) species would be similar in trait values “because
environmental conditions act as a filter allowing only
a narrow spectrum of traits to persist” (Mouchet
et al.,, 2010)—in other words, deviations from opti-
mum trait values would imply lower abundances. In
this case, one would expect a negative relationship
between subordinate species abundances (SSA) and
the absolute differences in, for example, body size
(between the dominant species and all other subor-
dinate species—DIFS; Fig. 1A, B). Second, under
the limiting similarity theory, owing to resource
limitation and interspecific competition, a positive
relationship between DIFS and SSA would emerge
(Fig. 1C,D): the larger the difference in body size,
the lower the niche overlap and, therefore, the higher
the abundance of the subordinate species. Third,
under neutral theory, there would be no relationship
between niche similarity and abundance (Fig. 1E, F;
see also Mouillot et al. 2007 and their Fig. 2). This
would be so because, under neutrality, abundance dis-
tribution in a local community would be determined
by drift only (McGill et al., 2006). Recently, Hidasi-
Neto et al. (2020) tested these predictions and found
negative relationships between relative abundance
(of subordinate species) and difference in body size
(dominant—subordinates) for 88 local communi-
ties of small mammals distributed around the world.
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These results are consistent with the hypothesis of
environmental filtering. On the other hand, using the
general idea of testing the relationship between niche
similarity and fish abundance in six lakes in France,
Mason et al. (2008) found that pairs of abundant spe-
cies had low niche overlap and, in addition, rare spe-
cies tended to have high niche overlap with abundant
species. According to the authors, these results sug-
gest that competition limited the relative abundance
of pairs of species with similar niches by reducing the
abundance of the two species or allowing only one to
achieve high abundance.

The focus on body size in studies concerned with
different ecological patterns can be justified in dif-
ferent ways (Peters, 1983). An emblematic example
is the importance of body size in the development
of the metabolic theory of ecology (e.g., Brown
et al., 2004). Also, several key traits correlate with
body size, including abundance (White et al., 2007),
especially when data from different sources are
used to analyze the relationship between these vari-
ables (Damuth, 1981; Blackburn & Gaston, 1997).
However, at local scales, the power of body size in
explaining and abundance is substantially weaker
(e.g., White et al., 2004), hindering further inferences
on the mechanisms underlying species abundance
distribution patterns.

Here, using fish abundance data from 54 streams,
we followed a different approach (as introduced
above) to infer the processes (environmental filtering,
niche limitation, or neutral processes) behind species
abundance distribution patterns. To do so, we tested
whether the absolute difference in body size between
the dominant species and the subordinate species
was correlated with the abundances of the latter. As
discussed above, negative and positive relationships
between these variables (absolute difference in body
size between the dominant species and abundance of
subordinate species), would support the mechanisms
of environmental filtering and competition (or limit-
ing similarity), respectively (Fig. 1). A lack of rela-
tionship would be consistent with the neutral theory
(Mouillot et al., 2007). There is a large amount of
evidence suggesting the preponderant role of environ-
mental filtering in structuring stream fish communi-
ties (e.g., Er6s et al., 2017). However, the processes
that regulate community structure in stream networks
may depend on the geographical position (Brown
& Swan, 2010). In this context, as explained by
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Fig. 1 Hypothetical communities (A and C) with six species
each. Different colors and sizes of the silhouettes represent
different species and different body sizes, respectively. The
arrows indicate the rank in abundance. B Assuming a pre-
ponderant role of environmental filtering, subordinate species
(e.g., blue species) that are similar (in terms of body size; i.e.,
low DIFS) to the dominant species (red) are also abundant and
as the difference in body size increases, the abundance of sub-
ordinate species decreases (e.g., the black species is the most
different from the red species and are also the least abundant).
Thus, we are assuming that the environmental selects for an
“optimal” size. D Assuming a preponderant role of competi-

Henriques-Silva et al. (2019), one of the predictions
of the network position hypothesis (NPH), formalized
by Schmera et al. (2017), states that the role of envi-
ronmental filtering would be stronger in more isolated
than in less isolated sites. Thus, because we surveyed
small streams (first to fourth order), we first hypoth-
esized that a negative relationship between SSA and
DIF'S would emerge more often across the local com-
munities (but see Mason et al., 2008), a pattern that
is more consistent with the environmental filtering
hypothesis. Second, according to the NPH, deviation
from this pattern would be more frequent in higher-
order streams and, therefore, a positive relationship

tion, subordinate species (e.g., blue species) that are similar to
the dominant species would have the lowest abundances and
as the difference in body size (DIFS) increases, the abundance
of the species increases. Thus, we are assuming that, due to
competition, if a species (e.g., blue) is too similar (in terms of
body size) to the dominant species, this species “is very likely
to have a low abundance under the niche limitation theory”
(Mouillot et al., 2007; see also their Fig. 2). The absence of
relationship between subordinate species abundance (SSA) and
DIFS (E and F) would indicate that none of the processes can
be inferred. For further explanations on how the variable DIFS
was calculated, see Fig. S1

between our measure of effect size (measuring the
relationship between SSA and DIFS) and stream order
would emerge.

Methods

Study area

We collected data on fish communities in 54 streams
in the Upper Araguaia River and Middle Rio das

Mortes basins (State of Mato Grosso, Brazil) (Fig. 2).
The streams are located in the Cerrado biome. During
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Fig. 2 Streams sampled in the Upper Araguaia and Middle Rio das Mortes basins, Mato Grosso and Goias State, Brazil

the sampling period (2014-2017), the average annual
precipitation was 1286 mm and the average annual
temperature was 26 °C (INMET network data, www.
inmet.gov.br). The sampled streams (first to fourth
order according to Strahler classification) are distrib-
uted between altitudes of 263 and 427 m above sea
level.

Fish sampling

We surveyed a reach of ca. 50 m in each stream. Dur-
ing the field work conducted in 2014 and 2015, we
used trawls hand, sieves, and dip net (with a mesh
size of 3.0 mm) (Ueida & Castro, 1999). The sam-
pling was carried out by four people during one hour
in each reach. In 2016 and 2017, we used electro-
fishing with a single pass. The characteristics of the
electrofishing equipment that we used are described
elsewhere (Oliveira et al., 2020). For both sampling
methods, the upstream and downstream ends of the
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reaches were blocked with seines (3.0 mm between
adjacent knots). We emphasize that the difference in
the sampling methods is unlikely to affect our results
given that our analyses (see below) were carried out
for each stream. The fishes caught were anesthetized
in a solution with benzocaine and then fixed in for-
maldehyde (2014 and 2015) or alcohol (2016 and
2017). In the laboratory, we identified the individuals
to the lowest possible taxonomic level (usually spe-
cies) using specialized literature and online databases
(Reis et al., 2003; Venere & Garutti, 2011; Fricke
et al., 2019; Froese & Pauly, 2019). We weighed (g)
and measured (standard length; cm) all individuals
caught using a precision scale (minimum 0.005 g)
and a digital caliper (accuracy of 0.001 cm), respec-
tively. The results of our analyses were independent
of the measure of size and, for the sake of brevity,
only the results obtained with standard length are
shown (Table S1). Sampling permits were issued
by the Chico Mendes Institute for Conservation
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and Biodiversity (ICMBio; SISBio—N° 45,316-1),
and the Animal Use Ethics Committee at the Fed-
eral University of Mato Grosso (CEUA/UFMT—N?°
23,108.152116/2016-04).

Datasets

Our dataset consisted of a matrix with S species in
each stream (in rows), mean standard length, and
abundance (in columns). Following Hidasi-Neto
et al. (2020) and the ideas described in Mouillot et al.
(2007), our first variable, the abundance of the sub-
ordinate species (SSA), consisted of a vector with
the abundance of the S-1 subordinate species, for
each stream. For example, consider a local commu-
nity with six species (e.g., species A with 100 indi-
viduals, B with 50 individuals, C with 10 individu-
als, D with 5 individuals, E with 3 individuals and F
with 2 individuals); thus, A is the dominant species
(i.e., the one with the highest abundance) and SSA,
for that community, is represented by the values 50,
10, 5, 3, and 2. Subsequently, for each stream, we
calculated the absolute difference in body size (log-
transformed) between the dominant and the different
subordinate species (DIFS). Therefore, after this pro-
cedure, each stream was represented by S-1 lines. For
example, supposing that the mean standard lengths
(in cm) of the species above were 10.31 (species
A), 1043 (B), 12.51 (C), 10.76 (D), 10.70 (E), and
10.99 (F), then the values of DIFS associated to the
subordinate species would be 110.31-10.431=0.12,
110.31-12.511=2.20, [10.31-10.761=0.45,
110.31-10.701=0.39, and 110.31-10.991=0.68, respec-
tively (for a diagrammatic representation of the pro-
cedures, see Fig. S1).

Data analysis

We use two approaches to test the relationship
between DIFS (based on mean standard length)
and subordinate species abundance (SSA). In the
first approach, we calculated the Pearson’s correla-
tion coefficient between DIFS and the square root
of SSA for each stream. After, we transformed each
correlation coefficient into Fisher’s z statistic and
used a meta-analytical approach, following the meth-
ods described in Borenstein et al. (2009), to esti-
mate a weighted average effect size (see Koricheva
& Gurevitch, 2014 for the advantages of using a

meta-analysis on data from multisite studies). The
weight (W) for each estimate (z; statistic for each
stream) was calculated according to a random effects
model [W;=1/V,+T°, where Viis the variance of the
statistic z (V;=1/S-1-3), in an given stream i and 7% is
the variance between streams; see Eq. 12.2 in Boren-
stein et al., 2009]. The weighted mean effect size
(z,,) was then calculated using the following equa-
tion: z,, = Y Wizi/ Y, W;. We used a permuta-
tion test (with 1000 iterations) to test the significance
of the weighted mean effect size (z,,) and a forest
plot to show the Fisher’s z statistic estimated for each
stream. The higher the value of the Fisher’s z statis-
tic, the higher the correlation (in modulus) between
SSA and DIFS. A negative z value indicates that, for
a given stream, the abundances of subordinate species
decrease as they become more different (in terms of
body size) from the dominant species (i.e., with the
increase of DIFS), whereas a positive z value indi-
cates the opposite. For this analysis, it was not pos-
sible to estimate the variance of the z statistic for two
streams because the richness of subordinate species
was equal to 3. Thus, the weighted mean effect size
(z44), evaluating the correlation between SSA and
DIFS, was estimated with a sample of 52 streams. We
used the “metafor” package (Viechtbauer, 2010) in R
environment (R Core Team, 2021) for this analysis.

In the second approach to test the relation-
ship between SSA and DIFS, we used a general-
ized linear mixed-effect model (GLMM; Zuur et al.,
2009). Stream reach was included in the model (i.e.,
SSA ~ DIFS) as a random effect. We assumed random
variations in the coefficients (intercepts and slopes)
and a negative binomial distribution. For this analy-
sis, we used the “lme4” package (Bates et al., 2015)
in the R environment.

To test our second hypothesis, related with the net-
work position hypothesis, we (meta)regressed (see
Borenstein et al., 2009) our measure of effect size
(Fisher’s z statistic, as described above) on stream
order.

The relationships between SSA and DIFS can-
not inform which body size values (whether small
or large animals) are related to dominance. Thus, we
used two approaches to test whether the groups of
species (dominant and subordinate) differed in terms
of size and mainly to know the direction of the dif-
ference. First, we calculated the means and stand-
ard deviations of the size (standard length) of the
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individuals of dominant and subordinate species for
each stream. Second, we used Hedges’ g (and their
variance; see Eqs. 4.23 and 4.24 in Borenstein et al.,
2009) to calculate, in each stream, the difference in
size between the subordinate and the dominant spe-
cies. Third, we used the same procedures described
above to calculate the weighted mean effect size using
the g values. This analysis was also carried out using
the “metafor” package (Viechtbauer, 2010) in the R
environment. Second, we used linear mixed-effect
models (Zuur et al., 2009) to test whether groups of
species (dominant and subordinate) differed in term
of size. Again, stream reach was included in the
model [i.e., log (length) ~abundance group] as a ran-
dom effect and we assume random variations in the
intercepts and slopes (Eq. 5.11 in Zuur et al., 2009).
For this analysis, we used the “nlme” package (Pin-
heiro et al., 2018) in R.

Results

Local species richness ranged from 4 to 48, whereas
the total abundance ranged from 25 to 1234 individu-
als. Knodus breviceps (Eigenmann, 1908), Astyanax
goyacensis Eigenmann, 1908, and Characidium zebra
Eigenmann, 1909 were the most abundant species
in the study area (total number of individuals =883,
537, and 450, respectively). In general, dominant spe-
cies belonged to the family Characidae (e.g., K. brevi-
ceps, Hemigrammus cf. rodwayi Durbin, 1909, Odon-
tostilbe sp., and Serrapinus sp.).

We found negative and positive relationships
between SSA and DIFS in 40 and 12 streams,
respectively (Fig. 3). The weighted mean effect
size, although low (z,,=— 0.1823; standard
error=0.0357; Clysq=-0.2523, — 0.1123; number
of streams=52), was highly significant according to
the permutation test (Z=— 5.10; P=0.001). How-
ever, we found a high heterogeneity of effect sizes
among streams (Q=51.73, P=0.4452; where Q is
the weighted sum of squares). The results of the gen-
eralized linear mixed-effect model also indicated a
negative and significant relationship between SSA
and DIFS (SSA=2.18 — 1.46DIFS, standard errors
of the intercept and slope=0.12 and 0.28, respec-
tively; Z-values=18.28 and — 5.18; P<0.0001 for
both coefficients). Thus, according to both analytical
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Fig. 3 Fisher’s z statistics (+95% confidence interval) show-
ing the correlation between absolute difference in size (domi-
nant-subordinate; DIFS) and abundance of subordinate species
(SSA). The results (one for each stream) are ordered according
to the magnitude of the effect size (in descending order). The
results were ordered by the effect size in descending order.
Average effect sizes (z,,) are shown as diamonds

approaches, as the difference in size increases, there
is a decrease in the abundance of subordinate species.

The effect sizes (Fisher’s z statistic) were unre-
lated to stream order (slope=0.0139; standard
error=0.0424; P=0.7429). Thus, there is no evi-
dence that the strength of relationship between SSA
and DIFS changes with stream order, as one would
expect under the network position hypothesis (NPH).

The dominant fish species were significantly
smaller than the subordinate species (g,, =— 0.5689;
standard error=0.1274; Clys5,=—0.8186, — 0.3192;
Z=-4.4652; P=0.001, Figs. 4 and 5). However, there
was a high heterogeneity between the effect sizes
(0=1903.09; P=0.0001; number of streams=>54).
The results of the mixed linear model were consistent
with those of the meta-analysis as they also indicated
that dominant species were significantly smaller-bod-
ied than subordinate species [log(length)=0.55+0
.09Groups(subordinate), standard errors of the coef-
ficients=0.04 and 0.02, respectively; r-values=21.7
and 3.84; P <0.0001 for both coefficients].
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Fig. 4 Standard length of the dominant (filled square; mean + standard error) and subordinate (gray square; mean + standard error)
species. The dominant species in each local community are indicated on the left side of the figure

Discussion

We show that (i) the abundances of the subordinate
fish species decreased consistently with the increase
in the difference in body size in relation to the local
dominant species. This pattern was independent of
stream order. Also, we found that (ii), in most local
communities, subordinate species were larger-bodied
than the dominant species. The first result is expected

under the environmental hypothesis, whereas the sec-
ond result supports the Dumuth’s rule (Damuth 1981;
White et al., 2007), which basically states that “big
things are rare” (Isaac et al., 2011).

Using an analytical approach similar to that devel-
oped in previous studies (Sugihara et al., 2003;
Mouillot et al., 2007; Hidasi-Neto et al., 2020), our
results (i.e., negative relationship between SSA and
DIFT) are more consistent with the environmental
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Fig. 5 Hedges’ g statistics (+95% confidence interval) show-
ing the size difference between dominant and subordinate spe-
cies (one result per stream). The results (one for each stream)
are ordered according to the magnitude of the effect size (in
descending order). Average effect sizes (g, ) are presented as
diamonds. A negative g value indicates that the dominant spe-
cies are smaller-bodied than the subordinate species, whereas a
positive value indicates the opposite

filtering hypothesis than with the limiting similarity
hypothesis (which would be favored in case of a posi-
tive relationship between SSA and DIFS). Thus, our
inferences differ, for example, from those made by
Mason et al. (2008), who found support for the lim-
iting similarity hypothesis in lacustrine fish commu-
nities. They also argued that the scarcity of evidence
(supporting limiting similarity) may be more related
to methodological aspects (e.g., use of co-occurrence
analyzes only) than to the lack of effect. However, the
predominance of negative relationships between SSA
and DIF'S suggests that the effects of niche comple-
mentarity and competitive interactions, at least con-
sidering our sample of streams and the grain of our
study (50 m), are unlikely to explain our results. If
this was the case, then species with similar body sizes
and, theoretically, with similar niches, would compete
more and, therefore, subordinate species more simi-
lar to dominant species would be the least abundant
(Mouillot et al., 2007). Our results are not sufficient to
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exclude the hypothesis that competitive interactions
can determine the distribution of abundance among
species, but suggest, as discussed above, that the
effect of environmental filtering tends to be stronger.
Recent studies in five regions (Belize, Benin, Brazil,
Cambodia, and the USA) also support the dominant
role of environmental filters in structuring stream fish
communities (Bower and Winemiller 2019a,b).

Despite the preponderance of negative over posi-
tive relationships between SSA and DIFS and a sig-
nificant weighted mean effect size, we found a large
heterogeneity in effect sizes across sites. To account
for this heterogeneity, we tested the relationship
between effect size (Fisher’s z) and stream order. The
reasoning behind this test is that a growing body of
literature indicates that different ecological patterns
and mechanisms may depend on the spatial position-
ing of local communities within stream networks
(Hitt & Angermeier, 2008; Brown & Swan, 2010;
Thornbrugh & Gido, 2010; Larsen et al., 2021). For
example, according to the network position hypoth-
esis, environmental filtering is the strongest driver of
more isolated communities (Brown & Swan, 2010;
Schmera et al., 2017; Henriques-Silva et al., 2019).
A positive relationship between Fisher’s z and stream
order would indicate that the effects of environmen-
tal drivers constraining body size to vary around an
optimum body size would be reduced with increasing
order. However, we did not find evidence for a rela-
tionship between the strength of relationship between
SSF and DIFS (as measured by Fisher’s z) and stream
order. We cannot rule out that the range of variation
in stream order (1 to 4) may have been too small to
yield a significant relationship. In addition, the power
of network position in mediating community structur-
ing processes may be contingent on different contexts,
including taxonomic group (Schmera et al., 2017)
and connectivity variation among local communities
(Henriques-Silva et al., 2019).

Our complementary analyses, comparing the
average size of subordinate and dominant species in
each local community, clearly revealed that smaller
body sizes are related to the dominance in streams.
In general, this pattern is consistent with the well-
known Damuth’s rule, whose explanation consid-
ers that larger-bodied individuals require more
resources than smaller-bodied ones (e.g., Damuth,
1981; Brown et al., 2004; White et al., 2007; Hech-
inger et al., 2011). The adaptability of small sizes in
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streams (for a particular species) may be related to
the efficiency of preying on small individuals and
to the use of specific habitats (Wilson et al., 2003).
In addition, some studies have shown that in salmo-
nid populations (in temperate streams) the smallest
individuals tend to have higher survival rates (Carl-
son et al., 2004, 2008). On the other hand, studies
on body size-dependent differential survival are rare
in tropical environments, but there is much evidence
indicating that fish communities are mainly com-
posed of small-bodied individuals. These results
can be explained by several factors that limit the
occurrence of large individuals in local communi-
ties, such as low water depth, shortage of large ref-
uges, and high rates of predation on large individu-
als in shallow environments, especially by birds and
mammals (Power, 1984; Harvey & Stewart, 1991;
see review in Matthews, 1998). However, other
processes that operate on larger spatial scales may
also explain our results. For example, in a recent
study, Ilha et al. (2018) demonstrated that fish in
deforested Amazonian streams have smaller body
sizes than fish in preserved streams. The authors
related this result to the increase in water tempera-
ture in streams impacted by deforestation. Thus,
the reduction in the body size of fish populations
with the increase in water temperature, after defor-
estation of the riparian vegetation, is also a process
that could explain our results. Independently of the
main mechanism, our results complement the "big-
ger fish—deeper habitat" pattern (Harvey & Stew-
art, 1991) with the “smaller fish-shallower habitat”
pattern.

The negative relationship between subordinate
species abundance and the absolute difference in
size, although highly significant, was not high. This
result occurred because, in the different local com-
munities, the rarest species frequently showed simi-
lar abundances (a fact commonly observed in an
abundance-rank curves, e.g., Murray et al., 1999).
Thus, for the same subordinated species abundance
value, in general, the rarest, a large variation in
DIFS was observed. However, the effect size was
much greater when (i) we adopted an unequivocal
criterion to separate the species according to their
abundance in each local community (i.e., dominant
species versus other species) and compared the
body size between these groups. These results indi-
cate that our ability to predict SSA in function of

DIFS may be limited, however, we can predict with
high confidence that the dominant species, within
local communities, will be smaller than the subordi-
nate (rarer) species.

In conclusion, our results are more consistent with
the environmental filtering hypothesis than with the
limiting similarity hypothesis because species with
lower abundances tended to differ more from the
dominant species in terms of a key trait in commu-
nity ecology, that is, body size. They also demon-
strate that the dominant species in streams tend to
have smaller body sizes than the subordinate species.
Different environmental characteristics of streams
(e.g., reduced depth, shortage of large refuges, higher
predation rates) and life-history aspects (e.g., popula-
tions of small-bodied species tend to recover faster
than larger-bodied species after disturbance events
in streams) may explain the lower abundance of spe-
cies with larger body sizes. In general, our results
demonstrate, as in several other studies (e.g., Bower
& Winemiller, 2019b, 2019a; Ford & Roberts, 2020),
the importance of using traits to reveal drivers of spe-
cies rarity and commonness in local communities.
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