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ABSTRACT

Anuran richness patterns are strongly influenced by environmental factors. However, investigations on
this issue have focused on the influence of abiotic factors without considering the joint effect of many
existing variables, including the data sampling methodology and human demography. In this study
we investigated the relationship between 21 environmental variables and anuran richness in brazilian
biomes. Environmental variables represent a combination of human demographics, topographic, cli-
matic and vegetation characteristics, and data sampling methodologies. We used principal component
factorization and regressive and autoregressive models to select the most relevant variables for ex-
plaining anuran richness. Richness was correlated with demographic density, vegetation, accumulated
rainfall, accumulated rainfall in the third and fourth quarter of the year, and accumulated rainfall in
the first and second half of the year. However, the regressive and autoregressive models showed that
human demographic density, sampling time, and sampling methodology were the best predictors of
anuran richness. Our results highlight the importance of considering the effects of the human footprint
and the methodology used for data collection on anuran species richness.
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RESUMEN

Los patrones de riqueza de anuros estan fuertemente influenciados por factores ambientales. Sin em-
bargo, las investigaciones en este sentido se han concentrado en la influencia de factores abibticos,
sin considerar, el efecto colectivo de otras variables como la metodologia de muestreo y la demografia
humana. En este estudio analizamos la relacién entre 21 variables ambientales y la riqueza de anuros
en los biomas brasilefios. Las variables ambientales representan una combinacién de datos demogra-
ficos de tipo humano, topografico, vegetal, climatico y de la metodologia de muestreo. Se utilizan, en
el presente estudio, la factorizacién en los componentes principales y modelos de regresion y de auto-
rregresion para seleccionar las variables mas relevantes en la explicacion de la riqueza de anuros. La
riqueza estuvo correlacionada con la densidad demogréfica, la vegetacion, la lluvia acumulada, la lluvia
acumulada en los terceros y cuartos trimestres del afio y la lluvia acumulada en el primero y segundo
semestres del afio. Sin embargo, los modelos de regresion y de autorregresion nos ensefian que la den-
sidad demogréfica, el tiempo de muestreo y la metodologia de muestreo son las mejores predictoras
de riqueza de anuros. Nuestros resultados evidencian la importancia de tener en cuenta los efectos de
la huella humana y de la metodologia empleada en la recoleccion de datos sobre la riqueza de especies

de anuros.

B INTRODUCTION

Species richness is the most basic way to measure biodi-
versity and has persistently been used to define the levels
of diversity within ecological communities, habitats and
even microhabitats (Brown et al. 2016). In addition, rich-
ness measurement is used to define areas of great interest
for conservation, guiding actions and policies that aim to
mitigate the effects of landscape modification that result
from human activity (Myers et al. 2000, Jenkins et al.
2013). Although some environmental factors are consid-
ered to be good predictors of variation in species richness,
this seems to be determined by the joint action of several
factors, which may exert different effects on different taxa
(Currie 1991, Moreno-Rueda and Pizarro 2009, Wiens
2015). Thus, the patterns or general processes that influ-
ence species richness can vary regionally, with a strong ef-
fect associated with a specific geographical area (Buckley
and Jetz 2007, Qian et al. 2007).

In general, climate, vegetation structure, geomorphology
and biotic interactions are factors that are able to explain
a large part of the variation in species richness because
they may promote the selection of phenotypic traits that
increase the chances of survival and the conquest of new

Palabras clave: Anfibios, clima, demografia, diversidad, huella humana.

niches (Willig et al. 2003, Wiens 2015). However, climate,
topography and vegetation are the primary determinants
of diversity on a large spatial scale and are responsible
for the dispersion and diversification of different clades
(Moura et al. 2016). On the other hand, the competition
for resources is the final mechanism that determines the
composition of species living in a given habitat (Ricklefs
2005, Brown et al. 2016).

Amphibia is the fourth largest group of living vertebrates,
and the order Anuran accounts for 88.2 % of the species
of the clade (Frost c2020). Contemporary problems, such
as global warming, habitat loss, and the emergence of dis-
eases (Collins and Storfer 2003), place the anurans as one
of the planet’s most threatened taxa, which justifies the
special attention that is paid to the mechanisms associat-
ed with the distribution and maintenance of the species
richness of the group. Despite the current understanding
of the distribution of anurans is well accepted among her-
petologists, with higher species richness in the Neotropi-
cal region (Jenkins et al. 2013), the factors and events that
led to the conquest and permanence of the group in a hab-
itat are still not well understood. The amphibians began
approximately 368 million years ago, however, the explo-
sion of their diversification and radiation, including the
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south American Nobleobatrachia lineage (poison frogs,
toads, glass frogs, and tree frogs), occurred subsequent to
the Cretaceous-Paleogene extinction event, approximately
65 million years ago (Bossuyt and Roelants 2009). This
scenario implies a tropical ancestry where the diversity of
species is associated with a high rate of diversification, a
low rate of extinction and a greater dispersion limit guid-
ed by variables associated with climate (Pyron and Wiens
2013).

This last issue raises an important question: what is the
role of the environment in the species richness of anurans?
Anurans have reproductive and behavioural aspects that
are strongly influenced by the environment, which might
help explain their richness patterns. Rainfall, the presence
of ideal bodies of water, hydroperiod, temperature and hu-
midity are some of the abiotic factors associated with the
diversity of species (Aichinger 1987, Bertoluci and Rodri-
gues 2002, Oseen and Wassersug 2002). Furthermore, the
presence of forests and their physical characteristics that
increase habitat complexity (heterogeneity) seem to have
offered the ideal scenario for the diversification of anurans
because they are important mechanisms that generate
greater genetic diversity (Wiens 2007).

Despite the well-known influence of these variables on
anuran richness, the majority of studies that investigate
richness patterns have performed isolated inferences
without considering the combined effects of various en-
vironmental variables on the group’s diversity (Oseen
and Wassersug 2002). Moreover, the effect of the human
footprint on species richness at a wide spatial scale has re-
ceived little attention (Sanderson et al. 2002) and there
are few studies that consider the effect of the methodology
employed in data collection on richness (Williams et al.
2002). The negligence of these factors makes it difficult to
identify the weight of each environmental variable inde-
pendently and increases the chances that noise associated
with collinearity among the analyzed variables is present
(Graham 2003) or that there is a loss of predictive power
due to unanalyzed variables (Montoya et al. 2007).

In this study, factor and regression analysis were used to
assess the relationship between 21 environmental varia-
bles and anuran richness in Brazilian biomes. The environ-
mental variables that were used represent a combination
of climatic, topographic, vegetational and demographic
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variables, as well as variables associated with the meth-
odology of the study to enable a more reliable prediction
of richness. Brazil is a country of continental proportions,
occupying most of South America and harboring the great-
est diversity of anurans on Earth. There are approximately
1144 species described in Brazil (Segalla et al. 2021), which
has been attributed to the vegetational, topographic and
climatic heterogeneity observed in the country that makes
some Brazilian biomes biodiversity hotspots (e.g. Atlantic
Forest and Cerrado) (Myers et al. 2000). This scenario
makes Brazil an ideal place for studies aimed at describing
richness patterns at local and regional levels, motivating
the search for the answer to the following question: what
variables best explain the richness of anuran species in
Brazil?

B MATERIALS AND METHODS

Richness

The richness of anuran species was obtained from a com-
pilation of scientific articles that characterize the anuro-
fauna of various localities of Brazil. We used the scientific
articles from the bibliographic database built by the first
author, who compiled them between the years 2010 and
2017. In addition, we searched the online database of the
main scientific journals that publish studies on the charac-
terization of the herpetofauna of Brazil: Biota Neotropica,
Check List, Herpetology Notes, Neotropical Biology and
Conservation, and Zookeys. The search in the database of
the journals was carried out directly, observing compatible
studies in all issues available online. A total of 99 studies
were identified, comprising a temporal frame of 18 years
(1998-2016). The studies in which it was not possible to
extract the data necessary for our analysis (e.g. inaccuracy
in the study site, inaccuracy in the methodology used in
data collection, compilation of data from several years of
study, with lack of a methodological standard in data col-
lection) were excluded. In addition, we verified the pres-
ence of outliers in the data set by means of the extreme
values test, based on the mean. For localities for which
more than one study was found, the one that presented the
highest number of species was chosen because it indicated
that the study had a more representative sample. Because
our analysis considered sampling time and the methodol-
ogy used in the data collection, we did not mix data from
different lists as this could mask the real effect of a varia-



ble and compromise the results. A total of 83 studies dis-
tributed in 89 municipalities, six biomes and two ecotone
zones were selected for our study (Fig. 1; Table S1). In each
selected article the following information was extracted:
location, anuran richness, biome, latitude, longitude, sam-
pling time, and sampling methodologies.

Environmental data

Environmental data were obtained from scientific ar-
ticles and different databases that provide climate and
demographic information from Brazil. Twenty-one envi-
ronmental variables were selected that are widely used in
studies that investigate the presence of patterns in species
richness on a large spatial scale. The variables were divid-
ed into six major categories:

(1) Topography: Elevation (ELE) represents the variation
in relieve and was used here as a variable that defines the
topographic heterogeneity. Elevation data were obtained
directly from the scientific articles. For studies that lacked
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this information, Google Earth (c2019) was used to access
the elevation of the study area from the geographical coor-
dinates provided by the authors.

(2) Vegetation: It (VEG) was categorized according to the
biome or area of the ecotone where the study was carried
out. The biomes were: 1 - Caatinga; 2 - Caatinga-Atlantic
Forest; 3 - Cerrado; 4 - Cerrado-Atlantic Forest; 5 - Ama-
zonia; 6 - Atlantic Forest; 7 - Pampa; 8 - Pantanal, and 9
- Restinga. Even though the biome concept is comprehen-
sive, it may be defined as a region in which the elements
share similarities regarding the vegetation type, compo-
sition of fauna, climate and geomorphology (Coutinho
2016), but here we use this variable in a narrower sense
and consider it as the indicator of the most striking vege-
tation type (Joly et al. 1999).

(3) Rainfall: We used the following variables: accumulat-
ed total rainfall (AR), accumulated rainfall divided by each
year quarter (AR1T, AR2T, AR3T and AR4T); we also used

Figure 1. Map of Brazil show-
ing biomes and localities with
anuran richness data used in
the study.
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accumulated rainfall in the first half of the year (AR1S),
accumulated rainfall in the second half of the year (AR2S),
minimal rainfall in the month (MIRm), maximum rain-
fall for the month (MARm) and seasonality in the rainfall
(SAZrain = MARm - MIRm). Rainfall data were extracted
from the Climatempo Database (c2019), which provides
the historical monthly average for the last 30 years by Bra-
zilian municipality and represents the sum of the volume
of rainfall per month.

(4) Temperature: We defined the following variables: the
average minimum temperature (MINT), average maxi-
mum temperature (MAXT), seasonality in temperature
(SAZtem = MAXT - MINT), temperature in the coldest
month (Tcold) and temperature in the hottest month
(Thot). Temperature data were extracted from the Cli-
matempo Database (c2019).

(5) Demography: The population estimate (POP) (number
of inhabitants) and density (DD) (hab/km?) were used to
represent the human footprint, based in Sanderson et al.
(2002). Demographic data were obtained for each mu-
nicipality where the study was developed from the data-
base Cidades (IBGE c2017), which is a Brazilian govern-
ment entity that performs the country’s official statistical
analyses.

(6) Sampling: It was measured in days (sampling time -
ST) and methodology (sampling methodology - SM). Data
for ST and SM were obtained directly from the scientif-
ic articles and were categorized according to the differ-
ent methodologies employed in data collection: 1 - active
search; 2 - active search + pitfall traps; 3 - active search +
pitfall traps + funnel traps; 4 - active search + literature +
collections; 5 - active search + pitfall traps + collections;
6 - active search + pitfall traps + literature + collections.
In active searches all techniques of visual and acoustic in-
ference were considered.

Analyses

Factor and regression analyses were used to investigate
the effect of environmental variables (predictor variables)
on anuran richness (response variable). Our factor analy-
sis followed all of the suggestions of Hair et al. (2009) and
McGarigal et al. (2000), and was carried out in R (R Core
Team c2016). First, a Pearson correlation and a linear par-
tial correlation were used to verify the presence of collin-
earity in the data set, with correlations considered signif-
icant at P < 0.05. The partial correlation coefficients were
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much smaller than the Pearson coefficients, which indicate
that there is a combined effect of one or more variables on
the dependent variable and the presence of collinearity. In
this analysis the sampling time and sampling methodology
variables were removed because they had a weak correla-
tion with all of the other variables, which may contribute
to the reduction of the values of sample adequacy (MSA).
The suitability of the correlation matrix was verified with
the Bartlett test of sphericity and the Kayser-Meyer-Olk-
in factor of adequacy, using the psych package (Revelle
c2020). Both analyses demonstrated the suitability of the
data matrix (Bartlett = 0.0; MSA = 0.6).

Principal component factorization was used to extract the
most relevant variables for explaining anuran richness.
For this, a Principal Component Analysis (PCA) (with cor-
relation matrix) was performed and the criterion of latent
root (Kaiser-Guttman) was used to select the most rele-
vant components for explaining the variance in the data
set, considering values above 1.0 significant. Another PCA
using the varimax rotation (PCAr) was carried out with
only the selected components with the latent root criteri-
on (explanation of 9o %), using the function principal in
psych package. In the PCAr the variables that had loadings
higher than 0.4 in more than one component (cross-loads)
or that showed commonality below 0.5 were removed
from the dataset and a new adjusted PCAr was performed.
Subsequently, the scores of the adjusted PCAr were used
in a stepwise regression and the Akaike information crite-
rion (AIC) was used to select the components (axes) that
best explained the dependent variable. Only variables with
loadings greater than 0.6 of the selected components in
the stepwise regression were considered relevant for our
sample size. Subsequently, a multiple regression ordinary
least square (OLS) was used to verify which variables best
explain anuran richness.

Analyses involving geographical samples may exhibit spa-
tial autocorrelation, increasing the chances of type I error
and biasing the data (Diniz-Filho et al. 2003). We verified
the presence of spatial structure in anuran richness and in
the residuals of the richness through of the correlogram
of Moran I, using the function correlog in ncf package
(Bjornstad c2016). The geoXY function in the SoDA pack-
age (Chambers c2013) was used to create coordinates pro-
jected on the earth’s surface, from a corresponding geo-
desics. Later, new analyses of correlation of the dependent
variable against the selected variables based on the Akaike



criterion were performed using the correction of Dutilleul
(1993). Finally, generalized least square (GLS) and spatial
autoregressive (simultaneous autoregressive, or SAR and
conditional autoregressive, or CAR) models were used to
verify the association between species richness and the de-
pendent variables. The three models are regression tech-
niques applied to data that demonstrate the presence of
spatial structure and were used to allow a better compar-
ison and interpretation of the results. Correlogram, OLS
multiple regression, GLS and spatial autoregressive models
were performed in SAM software (Rangel et al. 2010) and
all variables were log transformed before analysis, adopt-
ing a significance level of 0.05.

B RESuULTS

Significant correlations were identified between several
predictor variables, indicating the presence of collineari-
ty (Table S2). In the Pearson correlation anuran richness
was negatively correlated with DD and positively correlat-
ed with VEG, AR, AR3T, AR4T, AR1S and AR2S. However,
the highest correlation was observed between richness and
AR2S. Strong correlations were observed among the ac-
cumulated rainfall in the different temporal clippings and
among the different categories of temperature. The linear
partial correlation revealed a decrease in the correlations
in the data set, showing that controlling the influence of
other variables was efficient. Richness showed no signifi-
cant correlation with any of the variables, indicating that
there is a joint effect of two or more variables in the rich-
ness prediction. The highest values of linear partial cor-
relation were observed among the accumulated rainfall in
the different temporal clippings and among the different
categories of temperature.

The principal component factorization promoted the ex-
clusion of the variables that presented significant contri-
bution to more than one component (AR, AR1T, AR1S,
MARm, MIRm, SAZrain, MAXT and Thot). Six compo-
nents were selected in the adjusted PCAr, which together
explained 95 % of the variation in the data set (Table 1).
The vegetation structure and rainfall at the end of the year
(VEG, AR4T and AR2S) presented a joint effect and were
the most relevant variables in RC1 (rotated component),
explaining 26 % of the variation. Low temperatures (MINT
and Tcold) were more relevant in RC2 and explained 20
% of the variation. Demography (POP and DD) was more
relevant in RC3 and explained 15 % of the variation. The

Protazio et al., 2022. Caldasia 44(2):408-420

rainfall in half of the year (AR2T and AR3T) was more
relevant in RC4 and explained 18 % of the variation. The
seasonality of temperature (SAZtem) was more relevant
in RC5 and explained 11 % of the variation. Topography
(ELE) was more relevant in RC6 and explained only 10 %
of the variation.

Stepwise regression using the scores of the six components
of the adjusted PCAr showed that RC1, RC3 and RC4 had
a significant effect on species richness. Observation of the
loadings indicated that the variables that express vege-
tation structure (VEG), rainfall (AR2T, AR3T, AR4T and
AR2S) and demography (POP and DD) are the best pre-
dictors of anuran richness (Table 2). OLS multiple regres-
sion involving all of the variables selected in the stepwise
regression plus ST and SM indicated significant relation-
ship, explaining 32 % of anuran richness. In spite of this,
only sampling variables had a significant relationship with
richness.

The analysis of Moran I showed the presence of spatial
structure in richness and in the residuals of the richness,
with a strong effect on the largest classes of distances (Fig.
2). The correlation analysis with the Dutilleul correction
showed the absence of correlation between anuran rich-
ness and the variable POP (r = -0.10, P = 0.39). The GLS,
SAR and CAR models showed a significant effect of the
variables DD, ST and SM over richness (Table 2), indicat-
ing that anuran richness decreases as human density in-
creases and increases when there is an increase in the time
and in the methodologies used to sample data. The results
of the three models showed that the three most relevant
variables explained between 37 % and 45 % of the varia-
tion in richness.

| DIscussiON

Studies that investigate anuran richness patterns often
report a strong influence of climatic variables including
both water availability (rainfall) and the energy that is in-
put into the ecosystem (temperature) on species richness
(Duellman 1999, Canavero et al. 2009, Pyron and Wiens
2013). However, our results showed a weak effect of cli-
matic variables. Of the ten variables associated with water
availability, only the accumulated rainfall at the end of the
year showed some level of association with the variation
in richness. Despite this, when we controlled the effect of
space, none of the variables associated with the availabil-
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Table 1. Loadings and communalities (h?) of the six most relevant components in the adjusted PCAr. Values in bold represent significant loadings
(> 0.60) in the axes selected through the stepwise regression. For abbreviations of variables, see Material and Methods.

I N N N ™ N T T

DD -0.08 -0.24
VEG 0.78 -0.18
ELE -0.10 -0.19
AR2T 0.04 0.13
AR3T 0.37 -0.29
AR4T 0.97 -0.12
AR2S 0.93 -0.15
MINT -0.14 0.96
SAZtem -0.12 -0.17
Teold -0.22 0.93
Eigenvalue 3.77 2.44
% Explained 0.26 0.20
% Cumulative 0.26 0.46
AIC -311.06 -296.20 -312.38
Residual SS 2.79 2.32
Stepwise P 0.001 -
R2
RZajusted
F

-0.12
-0.02 0.89 -0.26 0.01 0.93
0.31 0.11 -0.21 -0.27 0.87
-0.14 -0.08 0.14 0.95 0.99
0.96 0.07 -0.1 -0.1 0.97
0.79 0.13 -0.29 -0.1 0.95
-0.11 -0.01 0.06 0.03 0.96
0.26 0.01 -0.09 -0.01 0.97
0.04 -0.03 -0.09 -0.05 0.96
-0.26 -0.01 0.90 0.16 0.95
-0.07 -0.05 -0.06 -0.18 0.95
1.58 1.20 0.77 0.64
0.18 0.15 0.11 0.10 -
0.64 0.79 0.90 1.00 =
-308.22 -307.48 -312.43 -311.22 -
244 2.46 2.32 2.36
0.035 0.024 - - -
0.24
0.21
9.00

ity of water were relevant, indicating a strong geographic
effect. The lack of an effect of climate on anuran richness
was even more apparent when the temperature variables
were considered. None of the five temperature variables
analyzed here had a significant effect on species richness.
These results contrast with those by Wright et al. (1993),
who investigated the relationship between species rich-
ness and available energy from a compilation of 53 studies
and founded that the majority of studies involving animals
showed a relationship between species richness and some
measure of heat (temperature, evapotranspiration or solar
radiation). Canavero et al. (2009) found the same scenario

where they identified an effect of the seasonality of tem-
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perature on the composition of species in 29 South Amer-
ican anuran communities.

Even though the weather is the most relevant abiotic fac-
tor for predicting anuran richness in the Neotropical re-
gion, some studies have demonstrated diverse results.
For example, Azevedo-Ramos and Galatti (2002) study-
ing similarities among thirteen anuran populations in the
Brazilian Amazon, found no association between anuran
richness and rainfall. The lack of an effect of climate on
anuran richness has two possible explanations: first, there
are other factors acting on richness such as historical influ-
ences, competition or predation (Buckley and Jetz 2007)
or second, there is a joint effect among different climatic
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Table 2. Significance of the most relevant variables for explaining anuran richness in four models of regression. *P < 0.05. Empty cells represent
variables without correlation with richness after Dutilleul correction. In GLS models the spherical function was used.

OLS
R?adjusted = 0.32
F=544

GLS
R2adjusted = 0.37
F=6.01

SAR CAR
R?adjusted = 0.45 R?adjusted = 0.45
F=573 F=5.53

Coefficient t Coefficient Coefficient t Coefficient t
VEG 0.048 0.28 0.013 0.08 0.001 0.01 -0.186 -1.16
POP -0.076 -0.62 - - - - -
DD -0.191 -1.46 -0.239 -2.48* -0.23 -2.19* -0.286 -2.59*
AR2T -0.019 -0.11 -0.070 -0.45 -0.097 -0.53 -0.144 -0.69
AR3T 0.276 1.09 0.343 1.46 0.432 1.49 0.467 1.50
AR4AT 0.373 1.20 0.384 1.29 0.433 1.24 0.299 0.76
AR2S -0.154 -0.39 -0.175 -0.49 -0.211 -0.50 -0.019 -0.04
ST 0.260 2.85* 0.246 2.83* 0.245 2.64* 0.248 2.54*
SM 0.264 2.86* 0.257 2.90* 0.165 1.72 0.226 2.35*

variables (i.e. collinearity) (Moura et al. 2016). Many stud-
ies have postulated the existence of a positive correlation
between species richness and precipitation and temper-
ature, based on information from current evapotranspi-
ration and net primary productivity. Although these four
environmental variables are strongly correlated amongst
themselves (Hawkins et al. 2003, Gouveia et al. 2013), it
is possible that the direct analysis of rainfall and temper-
ature does not reflect the effect of evapotranspiration or
productivity, which might explain why no relationship was
found. Thus, we do not disregard the influence of produc-
tivity as a relevant variable in the explanation of anuran
richness in Brazilian biomes.

In all of our regression and autoregression models, the
sampling variables showed considerable power to explain
richness. Thus, studies that registered a greater number
of species were those that spent more time collecting field
data and employed a larger number of methodologies. The
effect of the sample design on the measurement of spe-
cies richness present in a given locality is already widely
known by the ecologists (Gotelli and Chao 2013). Studies
where the researchers spent less time measuring richness
proportionally increased the chance of missing rare spe-
cies or those that are difficult to detect (Magurran 2004),
which also increases the chances of biasing the results. The

relationship between the number of inventories (knowl-
edge of biodiversity) and description of new species, for
example, was revealed for anurans in the Brazilian Cer-
rado (Diniz-Filho et al. 2005). This result indicates that
better sampled regions have greater richness and corrob-
orates our findings.

Figure 2. Correlograms (20 distance classes) of anuran richness (circles)
and residuals of the multiple regression OLS (squares). Black symbols
indicate significant autocorrelations (P < 0.05).
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Despite this, the effect of this variable has been neglected
both in studies that seek to measure species richness at
a local level and in studies that use these data to reveal
patterns of species richness on a global scale (Ferrer et al.
2006). It is possible that the short time devoted to meas-
uring species richness is more closely related to factors ex-
ternal to the fieldwork than to the lack of a methodological
contribution in the sample design. The lack of logistical
apparatus and financial resources that allow the mainte-
nance of long-term studies, coupled with the urgency to
deliver results and reports of biological information for
the implementation of policies for environmental preser-
vation, seem to be some of the reasons for the short execu-
tion time of the fieldwork. Heyer et al. (1994) presented a
number of comments about the negative effects of random
sampling on measuring the richness and abundance of
amphibians and argued that it makes comparative analy-
ses among different studies impossible.

Due to the existing correlation between species richness
and sampling time, some questions can be raised, such as:
Could researchers be spending more time studying nota-
bly more diverse areas and promoting a subsampling of
less diverse areas? Or could the existence of vast areas not
sampled lead to a misinterpretation about areas that have
a great species richness? It is perfectly possible that both
scenarios are real and hinder our interpretation of the
richness pattern of anurans in Brazil. Thus, studies that
take into account the formation of regional patterns of
richness variation can help to clarify these issues. Our re-
sults highlight the need to consider the effect of sampling
time on studies aimed at measuring species richness at a
small or large spatial scale, in order to avoid bias in results
and interpretations.

Another interesting result was the influence of human den-
sity on anuran richness. Demographic density is the most
frequently used indicator to analyze the level of human ac-
tivity on the landscape and species diversity (Sanderson et
al. 2002, Huston 2005) and its use in the identification of
theinfluence ofhuman activities on biodiversity isnotanew
approach (Holdren and Ehrlich 1974). Since concern for the
preservation and management of environmental resourc-
es has gained prominence in the world, the relationship
between human activity and species richness has helped
to delimit areas with important biodiversity, define threat-
ened species and direct environmental policies toward bet-
ter resource management (Cincotta and Engelman 2000,
Chown et al. 2003, Diniz-Filho et al. 2006, Luck 2007).
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The relationship between species richness and the human
density has already been demonstrated for many species
and has different effects on different taxa (Luck 2007). The
diversity of mammals, birds, butterflies and amphibians
seems to present a strong congruence to the human pop-
ulation density, revealing a threat to biodiversity. On the
other hand, the diversity of reptiles seems to be inversely
proportional to the increase of population human (Luck et
al. 2004). Many authors have argued that the congruence
between species richness and the human footprint can be
associated with the primary productivity and energy levels
of ecosystems (Gaston 2000, Luck 2007). Humans tend
to establish settlements in regions with high availabilities
of energy, notably warmer and productive regions (Gaston
2005). Thus, there is a tendency of humans and other an-
imal lineages to spread over areas with the same environ-
mental characteristics, such as higher temperatures and
higher humidity. For humans these conditions are condu-
cive to agricultural development, while for other animals
they provide a higher availability of food, breeding sites
and shelter (Chown et al. 2003, Gaston 2005).

According to Pautasso (2007), the influence of humans on
biodiversity can have a bias associated with the scale of
study employed in the analysis. Thus, investigations on a
large scale might find a positive correlation between hu-
mans and diversity, indicating congruence between these
two variables. In another way, investigations on a fine scale,
which consider patterns of biodiversity in sample units of
up to 1 km?, might find a negative correlation. Looking ex-
clusively for amphibians, many studies have demonstrated
the absence of a negative relationship between the diversi-
ty of amphibians and human occupation. Diniz-Filho et al.
(2006) found a positive relation between anuran richness
and size of the human population in the Brazilian Cerra-
do. In addition, regions with a higher richness of anurans
coincided with less populated areas, which tend to mini-
mize conflicts regarding the preservation of the Cerrado
biome. Moreno-Rueda and Pizarro (2009) found similar
results when they analyzed patterns of vertebrate richness
in Spain, where amphibian richness was positively corre-
lated with the humanized surface area (modification of the
landscape for agriculture), suggesting that the irrigation
and cultivable areas may promote the formation of bodies
of water that favor anuran survival. Evans et al. (2006)
investigated the influence of human population growth on
anuran richness in South Africa from a temporal clipping
of five years (1996—2001) and did not find any correlation,



suggesting that the increase in human population does not
affect anuran richness.

Contrary to these views, we found a negative correlation
between anuran richness and human density. Some stud-
ies have also demonstrated an inversely proportional re-
lationship between the two variables, with strong impli-
cations for the risk of extinction of different species of
the group, diversification rate, or evolution of phenotypic
traits (Jenkins et al. 2013, Trimble and Van Aarde 2014,
Escoriza and Ruhi 2014). Furthermore, there are evidenc-
es that the changes caused by human activity can also
change the ecology of many species, promoting an adap-
tive advantage to the species that fit their requirements in
accordance with resource availability in the environment
(Lopez et al. 2015), which may reflect the composition of
existing species in the habitat (Rocha et al. 2008). The
identification of a negative correlation between anuran
richness and human activity on a large spatial scale has
been reported in independent studies from various parts
of the world (Assungdo-Albuquerque et al. 2012, Trimble
and Van Aarde 2014, Cruz-Elizalde et al. 2016). Despite
evidence for variation in the effects of the human foot-
print due to the scale of the study, a negative correlation
among these variables seems to also be evident at a fine
scale (Cruz-Elizalde et al. 2016), suggesting a tendency for
anuran species richness to decrease in places with great
human activity or presence.

Based on the evidences mentioned above, the negative
relationship between the human footprint and anuran
richness found here should be interpreted with caution.
This negative relationship does not absolutely mean that
the greatest concentration of humans, and consequently
the increased landscape change, is the factor of that caus-
es a decrease of anuran richness in Brazilian biomes. It is
possible that sites that have higher anuran richness do not
coincide with sites that have a higher density of humans.
The highest density of humans occurs in places with high
energy and productivity (Gaston 2005). In contrast, the
relationship between anuran richness and productivity
can be guided by the geographic variation that influences
different spatial patterns of species richness (Gouveia et
al. 2013), which might determine the non-congruence be-
tween anuran richness and human density.

The strong spatial effect on anuran richness and also on
the residual richness observed in our study suggests that
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the environmental variables that were investigated by us
do not have sufficient weight to explain the spatial auto-
correlation, This finding indicates that patterns of anuran
richness in Brazilian biomes can be molded by other mech-
anisms, and help us understand why our model explained
only between 37 and 45% of the variation in species rich-
ness. Thus, the history of diversification and dispersion of
different species in the different biomes and geographical
areas of Brazil seems to be a plausible hypothesis to help
explain the mechanisms that regulate the distribution of
species across different geographical areas. Some studies
have already evidenced the influence of the history of the di-
versification of anurans on the richness patterns on a large
spatial scale (Gonzalez-Voyer et al. 2011, Chejanovski et
al. 2014), which may justify our interpretation. Thus, anal-
yses of other environmental mechanisms that may influ-
ence richness such as origin, rate of speciation, extinction,
dispersion, and interactions in the community, as well as
qualitative analyses considering the composition of spe-
cies in each locality, can reveal new information to better
define this scenario. Finally, we suggest that further stud-
ies that analyze the pattern of anuran richness at different
spatial scales take into consideration the time of sampling
and the influence of the human footprint, thus preventing
the results from being biased by uninvestigated variables
that may exert some degree of effect on species richness.
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