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Evenness is a key community property that provides insights into resource acquisition
and ecosystem functioning. However, it is unclear how other community properties
influence evenness after integrating the effect of environmental gradients. Using 49
neotropical bat communities, we tested the hypothesis that evenness increases in
communities that have low species richness and low biomass because the negative
effect of richness and biomass on evenness is regulated by environmental seasonality.
We selected among path models to determine how temperature seasonality, the most
important gradient across study sites, affected richness and biomass as drivers of
evenness. Employing three indices of evenness, we found that more seasonal climate
reduces species richness, and lower richness increases evenness. Moreover, a decline
in biomass with increasing seasonality also increases evenness. A decrease in resource
specialization and rarity as sites become more seasonal may explain the negative
relationship between seasonality, richness and evenness. Moreover, the negative effect
of biomass on richness and evenness may be due to an expansion of niche space and
a positive effect of smaller body size on diversification rates, which may allow more
species packing and greater richness. We believe our results bring us closer to a unified
theory of which factors control evenness in a community.

Keywords: Shannon-Weiner evenness, sampling coverage, climatic variability, Atlantic Forest, South America,
Chiroptera, ATLANTIC BATS

INTRODUCTION

Evenness and richness are the two components of diversity (Hurlbert, 1971; Pielou, 1975). Richness
describes the number of species in a community, whereas evenness indicates how similar are
proportional abundances of those species in a community. Most of our understanding of diversity
stems from examination of richness among communities, and in particular how it varies along
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environmental gradients (Rosenzweig, 1995). For example, it
is well established that richness increases with productivity
and climatic stability, except in cases of eutrophication, and it
is usually lower with decreasing temperature (Mittelbach and
Mcgill, 2019). In comparison, our understanding of diversity
using evenness is not as thorough, probably because abundance
data, which are harder to acquire, is necessary to calculate
evenness. Therefore, in comparison to species richness, the
relationships between evenness and other community properties,
and between evenness and environmental gradients are not as
well understood (Tuomisto, 2012; Su, 2018).

Evenness has a complex relationship with other community
properties. First, evenness can decrease with richness because
rich communities often have many rare species, and rare
species make a disproportional contribution to richness but
a negligible contribution to abundance (Stirling and Wilsey,
2001; Stevens and Willig, 2002). However, evenness can also
increase with richness in contexts where resource acquisition is
not monopolized by a few species (Stirling and Wilsey, 2001),
or when there are many generalists across guilds within an
assemblage (Perez-Torres, 2004). Second, evenness can decrease
as community biomass increases in cases where a few species
monopolize resource acquisition or if those species also withstand
a greater variety of environmental conditions (Hillebrand et al.,
2008). For example, in some marine systems, biomass has a
negative effect on evenness because generalists at high trophic
levels become larger and monopolize most resources (Maureaud
et al., 2019). In contrast, evenness can increase with community
biomass when additional species added to a community have
complementary niches compared to the species already present
(Drobner et al., 1998). However, the effect of biomass on
evenness weakens and the effect of richness on evenness becomes
greater when more species with similar niches are added to the
community (Hillebrand et al., 2008). Therefore, the relationships
between evenness and other community properties are not
only complex, they also depend on multiple interactions among
community properties.

The ways in which evenness is affected by environmental
gradients is not straight forward either because gradients can
also affect richness and community biomass simultaneously. At
sites where temperature and rainfall have small fluctuations year-
round (i.e., low seasonality-low stress), productivity is usually
higher, more species coexist, and communities can accumulate
more biomass (Weiher and Keddy, 1999). For example, richness
and biomass across primate and bird communities increase with
lower seasonality (Terborgh et al., 1990; Hanya et al., 2011).
In turn, sites with higher richness and high biomass due to
low seasonality usually show low evenness because rare species
can make a disproportional effect on evenness, or because few
species dominate and make up the largest proportion of the
community (Mulder et al., 2004). Conversely, at sites where
temperature and rainfall have large fluctuations year-round (i.e.,
high stress-high seasonality), a smaller number of species is
able to withstand environmental fluctuations (Tello and Stevens,
2010; Steudel et al., 2012), and those species can have low
biomass because resources are temporarily patchy (Rotenberry
and Wiens, 1980; Rosenzweig, 1995). However, sites with lower
richness and lower biomass due to high seasonality can show

high evenness because differences in abundance among the
few resistant species could be small (Drobner et al., 1998).
For example, in neotropical bat communities, evenness and
richness were negatively related because species richness reflects
differences in resource availability across sites, whereas changes in
evenness reflect variation in environmental stability (Stevens and
Willig, 2002). Furthermore, other neotropical bat communities
have showed that richness and biomass were negatively related to
evenness because hotter and drier sites harbored less and smaller
species, but abundances were less variable across those species
(Estrada-Villegas et al., 2012). Even though environmental
seasonality has a direct effect on richness and biomass, the
direct and indirect effects of seasonality on evenness are poorly
understood, and it is unclear how richness and biomass across
different degrees of seasonality contribute to evenness.

To clarify how community properties affect evenness after
accounting for the effect of environmental seasonality, we tested
the hypothesis that evenness increases in communities that have
low species richness and low biomass because the negative effect
of richness and biomass on evenness is ultimately regulated
by seasonality. Areas that experience stronger fluctuations
in temperature have less rich communities (Stevens, 2013)
and have lower biomass (Hanya et al., 2011). Therefore, we
expect that community evenness is not only controlled by
the interrelationship with richness and biomass, but ultimately
by environmental seasonality. Testing this hypothesis brings
us closer to more fully understanding how diversity changes
across space, and specifically how evenness is related to other
community properties and ultimately shaped by large scale
environmental drivers.

MATERIALS AND METHODS

Site Selection
We selected 49 bat communities from the ATLANTIC BATS
data base (Muylaert et al., 2017; Figure 1). The Atlantic Forest
spans more than 3,000 km from north to south in eastern South
America, and transitions into the Chaco and Pantanal in the
southwest portion of its range in Paraguay and Pampas to the
south in Uruguay. Most of the selected sites are from forested
areas of the Atlantic Forest sensu stricto, and only four sites are
in the transition between the Atlantic Forests and the Cerrado
(Supplementary Material 1). All bat surveys were conducted
using mist nets in forested areas, either national parks, research
stations, public forest reserves, or private forested land. Thus,
data are comparable, and adequately represent the structure of
local bat assemblages from forested areas across the Atlantic
Forest. For details please see Muylaert et al. (2017).

We used the following criteria to select the aforementioned 49
communities. First, communities had to be surveyed during wet
and dry seasons, as indicated in the ATLANTIC BATS data set
(Muylaert et al., 2017). Second, sites had to be below 1,000 m.a.s.l.
Third, the sampling effort to assess community structure had
to be greater than 10,000 m2 h (sampling effort follows Straube
and Bianconi, 2002). Fourth, we calculated sampling coverage
according to Chao and Jost (2012), and selected communities
that had a coverage greater than 0.8. Using coverage allowed us
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FIGURE 1 | Geographic distribution of temperature seasonality across 49
sites from the ATLANTIC BATS data base (Muylaert et al., 2017). Temperature
seasonality (SD X100) was obtained from WorldClim (Fick and Hijmans, 2017).
Temperature seasonality, along with other variables of temperature and
precipitation, were used to calculate the effect of environmental seasonality,
richness, and biomass on community evenness.

to select communities with a low probability of finding a new
species given the sampled community (Chao and Jost, 2012).
We acknowledge that other methods could have been used to
select bat communities from the ATLANTIC BATS data set,
however, selecting communities with high coverage, relatively
high sampling effort, and sampled in both climatic seasons
in forests below 1,000 m.a.s.l., allowed us enough replication
without compromising reliability and representativeness.

Community Properties
For every community, we calculated three indices of evenness
using Hill numbers. We calculated the Shannon-Weiner evenness
J′ using q = 1 (Pielou, 1975; Jost, 2010), 1E, using q = 1
(Simpson, 1949; Tuomisto, 2012), and the inverse of Simpson
dominance index D, denoted as 2E, using q = 2 (Simpson, 1949;
Tuomisto, 2012). By using 1E and 2E, we calculated evenness by
emphasizing abundance of common species, and abundance of
the very abundant species, respectively (Tuomisto, 2012; Chao
et al., 2014). We picked these three indices because they capture
different ways in which evenness is related to richness and
species’ relative abundances, and because they have a long history
in ecology (e.g., Buzas and Hayek, 1996; Smith and Wilson,
1996; Weiher and Keddy, 1999; Wilsey and Stirling, 2007; Jost,
2010; Tuomisto, 2012). Finally, for every community we also
calculated species richness (S) and average community biomass
(M). Richness was calculated using the Hill number q = 0.
We calculated average biomass per community by summing
the multiplications of the abundances and the biomass of all
the sampled species, and then dividing such multiplication
by the total number of individuals per community. By using
average instead of total biomass, we decoupled the effects of
abundance from body size. We used species biomass (mass

in grams) reported in the literature (Wilson and LaVal, 1974;
Mies et al., 1996; Reid, 1997; Bernard, 2001; Santos et al., 2003;
Smith et al., 2003; Haynes and Lee, 2004; Canals et al., 2005;
Ortega and Alarcón-D, 2008; Jones et al., 2009; Oprea et al.,
2009; Tavares and Velazco, 2010; Moratelli et al., 2011; Tejedor,
2011; Nogueira et al., 2012; Barquez et al., 2017; Verde et al.,
2017; Cardoso, 2018; Velazco and Patterson, 2019; Giménez and
Schiaffini, 2020) or from individuals captured in some of the
selected communities (Pillatti, Esberard, and Moratelli, personal
communication). We used the R package vegetarian to calculate
all evenness indices.

Temperature Seasonality
To calculate environmental seasonality across sites, we used
an approach similar to Stevens (2013). We first obtained 19
layers from WorldClim (Fick and Hijmans, 2017), and then
calculated a principal component analysis (PCA) after scaling
and centering all variables. After using the broken-stick stopping
rule (Jackson, 1993), we concluded that the first four axes
explained most of the variation across all climatic variables.
We then employed a varimax rotation after constraining the
analyses to four axes, retained the PCA scores for all sampling
sites, and then selected the axis that explained most of the
variance. We correlated the original values of the layers with the
four axes after the varimax rotation to interpret the axes, and
confirmed that the axis with the highest loading explained 47.1%
of the variation across climatic variables. Moreover, this first axis
was positively and highly correlated with annual temperature
range, temperature seasonality and mean diurnal temperature
range (Supplementary Material 2). In contrast, the second axis
explained only 21% of the variance, and its correlation with
precipitation variables was not as evident as the correlation
between the first axis and temperature variables. We know that
environmental seasonality, in particular temperature, accounts
for a significant portion of the variation in species richness
across the Atlantic Forest (Stevens, 2013). Therefore, we want to
use a similar approach to determine how much environmental
seasonality (i.e., temperature) regulates community evenness
after accounting for the variation of community richness and
biomass. To obtain and process WorldClim data we used the R
packages raster, sp, gdalUtils and rgdal.

Statistical Analyses
We used piecewise structural equation modeling to evaluate
the effect of environmental seasonality (Env), richness (S),
and biomass (M) on evenness (J, 1E, and 2E). Piecewise
structural equation modeling (Lefcheck, 2016) is an ideal method
to evaluate our hypothesis because it maintains the causal
relationships among variables from observational data, tests for
the effect of an explanatory variable on a response variable, and
accounts for the variation of more than one explanatory variable
on the response variable (Lefcheck, 2016). Following the strategy
of Estrada-Villegas et al. (2012), we created a set of models that
incorporated different alternatives in which richness and biomass
affect evenness after accounting for the effect of seasonality on
richness and biomass. The first two models proposed sequential
effects of uncorrelated explanatory variables while changing
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the order of the relationship between the variables. The third
model included two simultaneous direct effects on evenness
after accounting for the effect of seasonality on richness and
biomass. The fourth and fifth models proposed chained effects of
uncorrelated exploratory variables where richness affects biomass
and vice versa. The second term in the fourth model included
the expected negative correlation between richness and biomass
(Isaac et al., 2005), and the second term in the fifth model
included the expected positive correlation between biomass and
richness (Wilsey and Potvin, 2000). The sixth and seventh models
proposed an indirect effect of richness on biomass, and vice
versa, before testing for a direct effect of richness and biomass
on evenness. These seven models cover the most common
theoretical expectations between richness, biomass, and evenness
(Drobner et al., 1998; Stirling and Wilsey, 2001; Stevens and
Willig, 2002; Mulder et al., 2004; Estrada-Villegas et al., 2012;
Su, 2018; Maureaud et al., 2019), and account for the expected
negative effects of environmental seasonality on richness and
biomass (Terborgh et al., 1990; Hanya et al., 2011; Stevens, 2013).
For comparison, we also calculated a “null” path model with the
direct effect of environmental seasonality on evenness.

We used two approaches to select the model that best
described our data; we first calculated AIC for each model, and
then calculated a test of goodness-of-fit based on “tests of directed
separation” (Lefcheck, 2016). The conditional independence of
the proposed relationships is tested with a combined Fischer’s
C test, and its corresponding P-value. P-values greater than
0.05 indicate that the model provides a good fit to the data
(Lefcheck, 2016). Therefore, we selected the model that had
the lowest AIC, and a P-value greater than 0.05. Moreover, we
calculated standardized coefficients to determine the direction
and magnitude of the direct and indirect effects onto evenness.
Standardized coefficients are necessary because the units among
the PCA scores, richness, biomass and evenness are not the same.
To calculate piecewise structural equation models we used the
functions even_psem from the package piecewiseSEM (Lefcheck,
2016). Following the “t-rule,” the “null” path model has an equal
number of unknown and known parameters. Thus the “null” path
model is saturated with zero degrees of freedom, and no Fisher’s
C score and P-value could be calculated.

RESULTS

Community evenness significantly increased with environmental
seasonality for two out of three indices of evenness
(Supplementary Material 3). While there was not a significant
relationship between J′ and environmental seasonality, 1E and
2E significantly increased with environmental seasonality
(Supplementary Material 3). The most parsimonious
models across all measures of evenness indicate that greater
environmental seasonality reduced richness, and in two out of
the three best models, we found that an increase in richness
elicited a reduction in community evenness (Table 1). Our
results for J′ indicate a weak effect of richness on evenness,
whereas richness had a significantly negative effect on 1E and
2E (Table 1). Environmental seasonality always had a negative

significant effect on richness. The second most parsimonious
model across all measures of evenness was not always the same.
For J′, greater environmental seasonality decreased biomass,
although not significantly, but greater biomass significantly
decreased evenness (Table 1). However, for 1E, there was an
independent significant negative effect of richness on evenness,
after accounting for a significant negative effect of environmental
seasonality on richness and biomass, and a significant negative
indirect effect of biomass on richness (Table 1). In other words,
when environmental seasonality increased, both richness and
biomass decreased, and lower richness produced an increase in
evenness. These results coincide with those found for the best
models for J′. Finally, the second-best model for 2E also indicates
that richness had a direct and negative effect on evenness,
with biomass having an indirect effect on evenness given its
direct and negative effect on richness (Table 1). Again, where
environmental seasonality was higher, richness declined and
evenness increased.

DISCUSSION

Our results show that environmental seasonality has an
important effect on evenness and supports the hypothesis that
evenness is driven by richness and biomass. More importantly,
our results indicate that evenness is ultimately controlled by
the negative effect of environmental seasonality on richness
and biomass. Community evenness is higher in sites that
have low species richness and low biomass because greater
seasonal fluctuations in climate, particularly temperature, seem
to reduce richness and biomass (Weiher and Keddy, 1999;
Stevens and Willig, 2002; Hanya et al., 2011; Stevens, 2013;
Alroy, 2019). The best models across all three measures of
evenness indicate that more seasonal climate reduces richness,
and lower species richness increases evenness. The models with
the second-best support suggest that a decline in biomass with
increasing seasonality also increases evenness. We concur with

TABLE 1 | Best path models to explain the effect of environmental seasonality,
species richness, and average biomass on community evenness.

Models AIC Fisher’s C P-Value

12.124 0.124 0.94

13.31 1.31 0.519

13.939 1.939 0.379

26.523 6.523 0.163

16.751 4.751 0.093

26.277 6.277 0.179

Evenness was calculated with three indices; J′, 1E, and 2E. Most significant
model in bold (lowest AIC and non-significant P value from a Ficher’s C test).
Env, environmental seasonality derived from 19 WorldClim layers; S, species
richness; M, average biomass. Numbers above the arrows indicate standardized
path coefficients.
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Passy et al. (2017) that the relationship between richness and
evenness is driven by environmental factors, where an increase
in environmental stress (seasonality in our case) eliminates less
tolerant species, leaving only generalists that are able to persist
in more stressful environments. Our findings help clarify the
complex relationships between evenness and other community
properties, and how evenness changes across environmental
gradients at local (Weiher and Keddy, 1999; Wilsey and Potvin,
2000) and regional scales (Estrada-Villegas et al., 2012).

Our results contrast with Tramer (1969), who predicted
that communities from seasonal environments will vary in
diversity according to their relative abundance distributions (i.e.,
evenness), whereas communities in less seasonal environments
will vary in terms of richness. Instead, we have shown that
environmental seasonality will elicit variation in richness, and
this elicits variation in evenness. Our findings also contrast
with the results from Rotenberry (1978), who showed that
environmental seasonality decreased evenness in temperate bird
communities, with no significant change in richness along the
same gradient. However, the gradient that Rotenberry (1978)
evaluated is less steep (≈7◦ of latitudinal change) compared
to the bat communities across the Atlantic Forests (28.15◦ of
latitudinal change). Other studies of bird communities also
contrast with our findings; in a comparison between temperate
and tropical bird communities, Karr (1971) found that the
abundance of the two most common species, when compared
to the abundance of rest of the community, was greater in
communities in more seasonal climates than in communities in
less seasonal climates, suggesting greater dominance (i.e., lower
evenness) in more seasonal sites. However, Karr (1971) showed
that the number of rare species in more seasonal environments
was lower than in less seasonal environments, a result that
concurs with our study.

A decrease in resource specialization coupled with a
decrease in rarity can help explain the negative relationship
between seasonality, richness, and evenness. Species in variable
environments use a large spectrum of resources, whereas
species in more constant environments use a smaller spectrum
(MacArthur, 1972). When resource availability is more consistent
across time, like in areas with more stable climate, more
species can specialize on a particular subset of resources
(MacArthur, 1972; Terborgh, 1973). Specialists, by the very
nature of specializing on a narrow range of resources, are
rare (i.e., few number of individuals, Gaston, 1994). In more
seasonal areas, however, resources are patchy temporally and
only the species that use a wider spectrum of resources are
able to thrive. By contrast, seasonality promotes fluctuations
in abundance of populations of specialists (i.e., rare species)
ultimately contributing to their local extinction (MacArthur,
1972; Gaston, 1994). Therefore, as seasonality increases, species
richness decreases, and evenness increases because specialist
and/or rare species are filtered out. In fact, we observe a reduction
in rarity as seasonality increases in our data set. When we inspect
the matrix of species occurrences across sites ordered by their
environmental seasonality value, we see that more seasonal sites
tend to have fewer species, and those rare ones are in less seasonal
sites (Supplementary Material 4).

By extension, a decrease in rarity due to higher seasonality
should be evidenced across guilds because some species may
be specialized to smaller subset of resources within guilds
(Winemiller and Pianka, 1990). Indeed, this seems to be case
in our data. Further inspection of the occurrence matrix
suggests that a decrease in rarity also occurs across guilds
(Supplementary Material 4). For example, species from the large
frugivorous guild, like Vampyrodes caraccioli and Chiroderma
villosum, seemed to be filtered out from more seasonal
sites. The same seems to occur for smaller frugivores (e.g.,
Rhinophylla pumilio and Artibeus cinereus), smaller gleaners
(e.g., Lampronycteris brachyotis and Lophostoma brasiliense),
larger gleaners (e.g., Mimon crenulatum and Tonatia saurophila),
nectarivores (e.g., Lonchophylla peracchii), and sanguivorous
(e.g., Diaemus youngii). We acknowledge that a more thorough
analysis would be necessary to clarify how rarity decreases with
seasonality across guilds, but these preliminary observations
suggest that more seasonal environments filter out rare species
within guilds, supporting the inference that a decrease in richness
elicits an increase in evenness in more seasonal sites.

Finally, niche space and diversification rates may partially
explain why average biomass decreases evenness directly or
indirectly via a reduction in species richness across communities.
Greater diversification rates lead to greater species richness
(Scholl and Wiens, 2016); a pattern evidenced in mammals,
including bats (Rolland et al., 2014), and South American
frugivorous bats (Rojas et al., 2012). Moreover, average biomass
(i.e., body size) has been found to be negatively related to species
richness (Isaac et al., 2005; Rojas et al., 2012), as we found
in our study, suggesting that sites with high species richness
thanks to high diversification rates also harbor many species of
smaller size. In our case, not only does higher seasonality have a
negative effect on species richness, which decreases evenness due
to resources specialization and rarity, but sites that have higher
biomass have less bat species, which increases evenness. Lastly,
we propose that the negative effect of biomass on evenness can
be due to an expansion of niche space, which in turn allows
more species to be added to communities. Using biomass as a
dimension of the niche, larger niche space may allow greater
niche separation among species and greater species richness. As
a result, communities can have more rare species, some with
larger average biomass but many with smaller body sizes, thus
the negative relationship between average biomass and richness.
In sum, the relationship between evenness and biomass, both in
terms of total community biomass (Maureaud et al., 2019) or
average biomass (our study) seems to be negative, as suggested
by other studies with plants and birds (Cotgreave and Harvey,
1994; Drobner et al., 1998). However, other studies have found
the opposite trends (Wilsey and Potvin, 2000; Magurran et al.,
2013). Therefore, future analyses should decouple the effect of
species abundances on richness and biomass to elucidate further
why evenness decreases with biomass, either average or total,
across changes of environmental seasonality.

In conclusion, environmental seasonality is a major driver of
richness, biomass and evenness in bat communities across the
Atlantic Forests. Evenness of neotropical bat communities seems
to be controlled by environmental seasonality via a reduction in
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species richness and a decrease in average biomass. Our study
contributes to the clarification of how community properties
change across large spatial scales and broad environmental
gradients, and brings us closer to a unified theory of evenness.
Moreover, our results show how community properties affect
evenness, and clearly indicates that environmental seasonality
ultimately drives community evenness by controlling species
richness and biomass.
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and 2E. Most significant model in bold (lowest AIC and non-significant P value
from a Ficher’s C test). Env, environmental seasonality derived from 19 WorldClim
layers; S, species richness; M, average biomass. Numbers above the arrows are
standardized path coefficients. The “null” path model is saturated with zero
degrees of freedom, and no Fisher’s C score and P-value could be calculated.
Therefore, the “null” model at the bottom of the table for comparison
(https://doi.org/10.6084/m9.figshare.16688848.v2).

Supplementary Material 4 | Matrix of species occurrences across sites. Sites
are ordered by environmental seasonality; sites with less seasonable climate have
more rare species (left side of the matrix) compared to sites with more seasonable
climate (right side of the matrix). Env.var, Environmental seasonality; ID, Site ID
according to Muylaert et al. (2017). Environmental seasonality is the first axis from
a PCA that accounted for 47.1% of the variation across climatic variables. Higher
values indicate sites that experience greater temperature seasonality, lower mean
annual temperature, and warmest and coldest quarters
(https://doi.org/10.6084/m9.figshare.16688848.v2).
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