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A B S T R A C T

Understanding how we built our knowledge on species descriptions is especially important in biodiversity
hotspots, since those regions potentially harbour many undescribed-endemic species that are already threatened
by intensification of human activities. We compiled an extensive dataset on anuran, lizard, and snake assem-
blages in the Atlantic Forest (AF) hotspot, South America, to evaluate the role of geographic and socioeconomic
factors on herpetofaunal species discoveries. We applied spatial autoregressive methods under a multimodel
inference framework to quantify the extent to which human occupation, economic development, on-ground
accessibility, biodiversity appeal (i.e. interest of first researching preserved areas), and expertise availability
explain geographical discovery trends of distinct herpetofaunal groups. More populous regions show more re-
cently described species, particularly in southeastern AF where regional expert availability and economic de-
velopment are greater. The influence of human occupation on geographical discovery trends carries the impact
of historical human colonization in the AF, which happened mainly over endemism-rich mountainous regions in
its southeastern section. Similarly, the biodiversity appeal effect is linked to the current reserve network in the
AF that was only established after the massive human disturbance of lowland forest regions. Overall, our findings
indicate that low-populated areas with low on-ground accessibility should be prioritized in future studies in the
AF, since these are where the taxonomic impediment is more likely to occur.

1. Introduction

Among the most recognized gaps in our knowledge of biodiversity is
the Linnean shortfall, which refers to the discrepancy between the
number of existing species and those formally described (Raven and
Wilson, 1992; Whittaker et al., 2005). To reduce the Linnean shortfall is
the same as to accumulate knowledge on species descriptions. Under-
standing how we have accumulated such knowledge is especially im-
portant in biodiversity hotspots as these regions concentrate significant
levels of biodiversity and are highly threatened by human activities
(Mittermeier et al., 2005; Zachos and Habel, 2011). Undescribed spe-
cies occurring in biodiversity hotspots face higher threats to their per-
sistence than undescribed species occurring elsewhere, which may lead
them to become extinct before their formal descriptions (Lees and
Pimm, 2015). Quantifying the species discoveries also has a direct role
in the reduction of the taxonomic impediment for biodiversity

conservation, which is the core aim of the Global Taxonomy Initiative,
established under the Convention of Biological Diversity (Secretariat of
the Convention on Biological Diversity, 2010). Identifying factors that
boost species descriptions helps to develop strategies that minimize
discovery trends and improve conservation planning (Hortal et al.,
2015).

Most studies on the Linnean shortfall have linked species discovery
trends to intrinsic factors, such as the smaller body size and narrower
geographical distribution, that make the detection and description of
new species more difficult (Blackburn and Gaston, 1995; Collen et al.,
2004; Jiménez-Valverde and Ortuño, 2007). Those works improve our
understanding of what kinds of species are described first. However, in
investigating the discovery trends only across species, one may over-
shadow important links between species discoveries and extrinsic fac-
tors, particularly those related to geographical and socioeconomic at-
tributes of a given region (Colli et al., 2016; Diniz-Filho et al., 2005). At
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the same time, knowledge on species distribution is also imperfect and
subject to biases (the so-called Wallacean shortfall, Whittaker et al.,
2005), because geographical and socioeconomic factors result in un-
even data availability across species ranges (Meyer, 2016; Meyer et al.,
2015). Addressing discovery trends across geographical assemblages
may be more promising than focusing on attributes affecting species-
specific detectability, since it is easier to incorporate site-specific data
biases and uncertainty into conservation planning.

Herein, we explore geographical patterns of average description
dates of amphibian, lizard, and snake assemblages in the Atlantic Forest
hotspot, in South America. Amphibians and reptiles are often used as
target groups in conservation planning (Loyola et al., 2009), and due to
their intrinsic physiological requirements, these organisms have long
been known by their vulnerability to global climate change (Gibbons
et al., 2000; Stuart et al., 2004). While few new species of birds and
mammals have been described over the last decade, dozens of amphi-
bians and reptiles are described every year (Costello et al., 2012; Pimm
et al., 2010; Uetz & Stylianou, 2018). Half of the currently recognized
species of amphibians have been described after 1978, and half of the
reptiles after 1925. Only in the 21st century,> 2300 species of am-
phibians and 1920 of reptiles were described, which is almost 25% of
the currently valid herpetofaunal species (Fig. 1). An assessment of
amphibian and reptile discovery trends across geographical assem-
blages can be linked to local and regional public policies that could
minimize biodiversity knowledge gaps in the long-term.

We test five major hypotheses to associate the average description
date of species assemblages with geographical and socioeconomic site-
specific factors:

1. Human occupation – Greater human settlements may enhance the
detectability of species nearby humans and thus hasten their formal
description. Localities with either older history of colonization or
greater human population are expected to show, on average, earlier
description dates of species (Colli et al., 2016).

2. Economic development – Localities with higher economic develop-
ment may reflect greater exploration of the nearby environment and
consequently more environmental impact assessment reports (and
consequently more mandatory biological surveys), potentially re-
flecting on the accumulated knowledge of local biodiversity (Colli
et al., 2016; Tundisi and Matsumura-Tundisi, 2008). We expect
earlier description dates for species from localities with greater
economic development.

3. Accessibility – Species occurring in localities with higher on-ground
accessibility are easier to find than those occurring in remote areas.
The proximity to roads and to major cities can reflect reduced

logistic costs and thus greater sampling effort (Oliveira et al., 2016),
which may increase the probability of detecting and describing
species. We expect earlier description dates of species from localities
with greater roadside accessibility.

4. Biodiversity appeal – Protected areas may be preferable for biolo-
gical surveys since researchers often expect to find more species in
preserved regions (Freitag et al., 1998; Meyer et al., 2015), which
would reflect in more surveys being done in and around protected
areas. We expect older descriptions for species assemblages located
near protected areas, particularly those with larger areas.

5. Expertise availability – Our fifth expectation is intrinsically related
to the craft of describing species, that is, the availability of tax-
onomists (Rodrigues et al., 2010). We expect earlier average de-
scription dates of species assemblages from localities with greater
numbers of taxonomists.

Overall, our predictions vary from factors mostly related to societal
development (e.g. human occupation, economic development), going
through transportation infrastructure (e.g. roadside accessibility), to
factors intrinsically linked to the public and/or governmental aware-
ness of the biodiversity value (e.g. establishment of protected areas,
investments in expertise availability). In understanding how species
discoveries relate to these multiple geographic and socioeconomic
factors, we hope to elucidate processes affecting the Linnean shortfall in
amphibians and reptiles in one of the most threatened tropical forest
regions of the planet.

2. Methods

2.1. Species assemblage data and average description dates

Although there is a substantial overlap of methodical approaches for
herpetofauna sampling, some methods clearly indicate preference of
researchers for sampling a given herpetofaunal group. For instance, in
using auditory surveys one gets field data for anurans; glue-traps are
mostly effective for lizards, and local collectors tend to capture snakes.
In addition, it is common to find inventories focusing on separate
groups (e.g. amphibians or reptiles, lizards or snakes). Thus, we com-
piled data sources separately for anuran, lizard, and snake assemblages
in the Atlantic Forest (AF). We searched herpetofaunal inventories
available in the public literature, either published (articles and books)
or not (theses, dissertations, environmental impact assessments, man-
agement plans), including unpublished data from several researchers.
To reduce potential biases due to methodical differences in sampling
procedures, all inventories met the following criteria: (i) present at least
five species of the respective group (i.e. amphibians, lizards, or snakes),
(ii) samplings in two or more seasons (dry and rainy seasons), and (iii)
at least two out of 10 sampling methods: active search/transect, funnel
traps, pitfall traps, quadrat plots, museum records, auditory surveys
(only for anurans), glue traps (only for lizards), collected by local col-
lectors (only for snakes), artificial shelters, and road survey/casual
encounters (only for reptiles). Exceptions were made for long-term in-
ventories (> 4 years) whose sampling procedure did not necessarily
cover more than one sampling method.

Briefly, the number of surveyed sites in our dataset comprised 376
sites for anurans, 150 for lizards, 235 for snakes (see Appendix A – Data
Sources). Overall, we compiled 15,348 occurrence records for herpe-
tofaunal species in the AF (9317 of anurans, 1753 of lizards, 4278 of
snakes). We critically reviewed the species composition of each in-
ventory before entering them into the database. Whenever necessary,
we contacted the authors and/or collectors of the respective data source
to confirm the reliability of doubtful records. Species not identified to
the species level were not included in the database. After data checking,
our dataset included 8604 occurrence records of 556 anurans species,
1534 occurrence records of 108 lizard species, and 3904 occurrence
records of 210 snake species (see Appendix B for the total species lists).

Fig. 1. Accumulated number of species descriptions for terrestrial vertebrates.
Description years extracted separately for birds (Gill and Donsker, 2017), mammals
(IUCN, 2016), reptiles (Uetz and Hošek, 2017), and amphibians (IUCN, 2016;
AmphibiaWeb, 2017).
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We found inventories near one another or even multiple sources for an
identical location. Since we were interested in broad scale patterns
emerging from the species assemblage data, we pooled species occur-
rence data for inventories distant from one another by<5-km (for
anuran assemblages) or< 20-km (for lizard and snake assemblages),
and used their average latitude and longitude as geographical co-
ordinates. The different spatial constraints (5-km or 20-km) were due to
the trend of anuran inventories to cover smaller areas (i.e. sampling
points of a given inventory were more clumped in the landscape, likely
reflecting the survey of local water bodies and surroundings) relative to
reptile inventories. Consequently, anuran assemblages were at least 5-
km apart whereas reptile assemblages were at least 20-km apart.

Once the data on species assemblages was completed, we computed
the average description date (our response variable) for species in each
assemblage of anurans, lizards, and snakes. Since widely distributed
species tend to be described earlier than narrowly distributed species
(Blackburn and Gaston, 1995; Colli et al., 2016; Diniz-Filho et al., 2005)
and be over-represented in local assemblages relative to small range
species (Jetz and Rahbek, 2002), we applied a null model to calculate
how the average year of description deviates from a null expectation.
Our null model kept the internal structure of the presence-absence
matrix constant (e.g. species occurrence frequency, species richness,
and co-occurrence patterns) while randomizing the year of description
of species (Swenson, 2014). The null model also included a weighted
sampling scheme where the probability of selecting a given species
description year was inversely proportional to the number of occur-
rence records associated to it (i.e. to down-weight widespread species).
We repeated this procedure 1000 times to build a null distribution of
the average year of description in each species assemblages and then
calculated the standardized effect size (SES=observed−mean (null)/
SD (null)). Negative values indicate geographical assemblages domi-
nated by earlier-described species whereas positive values indicate as-
semblages holding more recently described species than expected by
chance. Computations were performed in R 3.3.3 (R Core Team, 2017).

2.2. Quantification of geographical and socioeconomic factors

We used 10 predictor variables to represent our five hypotheses.

1. Human occupation: we used the total human population in 2010
and the year of creation (enactment) of the municipality. Data were
extracted from the Instituto Brasileiro de Geografia e Estatística – IBGE
(www.cidades.ibge.gov.br) for municipalities in Brazil, from the
Instituto Nacional de Estadística y Censos – INDEC (www.indec.gov.
ar) in Argentina, and from the Dirección General de Estadística,
Encuestas y Censos – DGEEC (www.dgeec.gov.py) in Paraguay.

2. Economic development: we used the human development index
(HDI) and gross domestic product (GDP, in BRL currency). HDI is a
composite statistic based on life expectancy, education, and income,
and it follows a standardized protocol established under the United
Nations Development Programme, allowing comparisons world-
wide. GDP measures the monetary value of goods and services
produced within a region in a given year. We used HDI and GDP at
the municipality level extracted from IBGE for Brazil, both values
for the year 2010. We could not locate data on annual GDP of
Argentinian and Paraguayan municipalities. For Argentina, we were
able to localize GDP at the provincial level (equivalent to the state
level in Brazil) for the years of 2010 and 2014, and at municipal
level in 2014, according to Instituto Provincial de Estadistica & Censos
– IPEC (www.ipecmisiones.org). For Paraguay, we found GDP at the
departmental level (equivalent to the state level in Brazil) in 2002
and 2008, and at municipal level in 2002, according to DGEEC. To
avoid confounding effects of interannual variability in GDP, we used
the temporal data available at higher administrative level to obtain
the annual rate of change in GDP in a given province/department
and then estimated the municipal GDP in 2010. The conversion of

GDP from ARS/PYG to BRL currency followed the mean exchange
ratio of the year in which GDP was originally obtained. HDI of
Argentinian municipalities was extracted from INDEC for the year
2010, and that of Paraguayan municipalities was obtained from
DGEEC for the year 2002.

3. Accessibility: for each geographical assemblage we extracted in-
formation on the estimated time to travel to cities with a popula-
tion > 50,000 (Nelson, 2008). Considering that 90% of cities cov-
ered by the Atlantic Forest have<50,000 people (https://
censo2010.ibge.gov.br/), we also included distance to the nearest
road (straight line in km) as a complementary measure of on-ground
accessibility (CIESIN et al., 2013).

4. Biodiversity appeal: the influence of protected areas on average
species description dates was assessed using the distance to (in km)
and size (km2) of the nearest protected area. As our focus was on
preserved regions, we only used areas strictly protected from human
interference that did not include the use of natural resources (ca-
tegories I–IV of International Union for Conservation of Nature).
Protected area data were extracted from the World Database on
Protected Areas (IUCN and UNEP, 2017).

5. Expertise availability: we argue that the density of undergraduate
courses in biology may be a proxy for the training of taxonomists.
Our rationale is that biologists – regardless of their level of training
in taxonomy – are more likely to collect and redirect unknown
species to proper institutions than non-biologists. Hence, we used
the number of undergraduate courses in biology within a buffer of
50-km radius of the target geographical assemblage as a measure of
‘expertise availability’. The geographical distribution of under-
graduate courses in biology/biological sciences was extracted from
Ministério da Educação (http://emec.mec.gov.br) in Brazil,
Departamento de Información Universitaria (http://guiadecarreras.siu.
edu.ar) in Argentina, and Ministerio de Educación y Ciencias (www.
mec.gov.py/cms) in Paraguay. We also computed the distance to the
nearest institution offering an undergraduate course in biology.

For the aforementioned socioeconomic predictors no yearly data
was available at fine spatial scales. Therefore, the value of each pre-
dictor does not have a perfect temporal match with the year in which
inventories were conducted. However, given the nature of our pre-
dictors and considering that 96% of the inventories compiled were
conducted in the 21th century (Appendix A), we do not have reasons to
believe that predictor variation across time is higher than across space.
Because many herpetofaunal inventories fall near boundaries of two or
more municipalities, we avoided the extraction of ‘human occupation’
and ‘economic development’ predictors based on the municipality
where the geographical assemblage fell inside. Instead, we rasterized
those predictors at 30 arc-sec resolution at the municipality level and
calculated their mean value according to the spatial constraints in
which the geographical assemblages were compiled. That is, using a
buffer of 2.5-km radius around anuran assemblages and of 10-km radius
for lizard and snake assemblages. In doing so, we extracted socio-
economic values based on all surrounding municipalities expected to
affect species description date of a given geographical assemblage. The
distance between geographical assemblages and the nearest road/pro-
tected area/biology course was computed using the South America
Equidistant Conic projection. Computations were performed in ARCGIS
9.3 and R 3.3.3 using the ‘raster’ package (Hijmans, 2015).

2.3. Data analysis

With exception of time of municipality creation and human devel-
opment index, all remaining predictor variables vary over many orders
of magnitude. We log10 transformed those predictors to meet the as-
sumption of normality of model residuals and to improve the linearity
of models. We initially examined multicollinearity in our predictor
variables using the Variance Inflation Factor (VIF). Predictors holding
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VIF values> 10 are regarded as having strong multicollinearity and
should be removed from the model (Kutner et al., 2004). As none of our
predictors achieved VIF > 3.3 (See Table C.1 in Appendix C), we kept
all of them for the subsequent analysis.

The spatial proximity among geographical assemblages is expected
to produce positive spatial autocorrelation in the species composition
and therefore in our response variables (average description year and
its respective standardized effect size). If spatial autocorrelation re-
mains in model residuals, it can lead to violation of the independence
assumption and biases in standard errors of model coefficients
(Dormann et al., 2007). To avoid this issue, we used simultaneous au-
toregressive models (SAR) under a multimodel inference framework to
investigate the relative importance of each hypothesis (human occu-
pation, economic development, accessibility, biodiversity appeal, and
expertise availability) in explaining the average description date of
anuran, lizard, and snake assemblages. More specifically, we used the
spatial error SAR model (SARerr), which assumes that the autoregressive
process is found only in the error term (Cressie, 1993). SARerr models
have been shown to outperform other types of SAR models, producing
reliable estimates of model coefficients (Kissling and Carl, 2008).
Briefly, any SAR model (including SARerr) starts specifying a neigh-
bourhood matrix based on a criterion defined a priori (e.g. number of
adjacent cells in gridded data, k nearest neighbours, neighbours within
a given distance radius). The neighbours can then be weighted ac-
cording to their distance to each focal site, giving higher weights to
closer neighbours and lower weights to the more distant ones. We used
the maximum distance from the minimum spanning tree connecting all
sites as neighbourhood criterion (Borcard and Legendre, 2002). We
then weighted the neighbourhood matrix according to an inverse dis-
tance weighting function (1/dijp; where d=distance between points i
and j, p=power exponent). Our previous simulations indicated that
using the exponent ‘2’ produced SARerr model residuals without spatial
autocorrelation. In using the exponent ‘1’, model residuals could be
spatially autocorrelated to some extent, whereas exponents greater than
‘2’ did not produce further improvements. We used the Akaike's in-
formation criterion corrected for small sample sizes (AICc) as model
selection criterion, and Akaike weights (wAICc) to evaluate the model-
selection uncertainty (Burnham and Anderson, 2002).

The different hypotheses investigated here likely interact with each
other, affecting average description dates in a synergistic manner.
However, if model selection involves a higher number of models, it may
be difficult to find an overwhelmingly supported model as any ‘best’
predictor will have its importance diluted among multiple models
(Burnham and Anderson, 2002). Since it is unlikely that a single model
be overwhelmingly supported among all model combinations
(210–1= 1023 models), we passed the predictors through a model
averaging procedure (Johnson and Omland, 2004). For each herpeto-
faunal group, we obtained an average model weighted by the wAICc,
and used standardized coefficients of the weighted model to compare

the effect size across explanatory variables (Burnham and Anderson,
2002). We examined the spatial structure of the residuals from the
averaged model through spatial correlograms of Morans' I coefficients,
calculated at n distance classes (see Fig. C.1 in Appendix C), n defined
according to Sturges (1926).

Computations were performed in R 3.3.3 using the adespatial (Dray
et al., 2017), MuMIn (Barton, 2015), and spdep (Bivand et al., 2017)
packages.

3. Results

In the Atlantic Forest (AF), species discoveries were, on average,
more recent for anurans (mean ± SD=1956 ± 57.3), followed by
lizards (1912 ± 76.1) and then snakes (1887 ± 75.4), with a similar
trend being observed for the average description year calculated at the
assemblage level (Avg.year= 1892 ± 21.6 for anuran, 1851 ± 20.5
for lizard, and 1837 ± 18.7 for snake assemblages). However, this
trend was reversed when considering the standardized effect size of the
average description year (SES.Avg.year), with species in anuran as-
semblages showing earlier than expected description years relative to
species in lizard and snake assemblages (Fig. 2 and C.1). Geographical
variation in SES.Avg.year were similar to those verified for the Avg.-
year, with these two variables being positively correlated for all her-
petofaunal groups (Fig. C.1, Table C.2). The geographical pattern in-
dicated that assemblages of anurans, lizards, and snakes have earlier-
described species in the southeast of the AF, particularly along the coast
(Fig. 3). In addition, anuran assemblages were composed of earlier-
described species in the southwestern AF, whereas assemblages of li-
zards and snakes showed earlier descriptions dates in mid-northeast AF.

Geographical and socioeconomic factors explained, on average,
40% of the variation in Avg.year and SES.Avg.year in anurans, 31% for
lizards, and 35% for snakes (Table 1). The predictor with the strongest
effect size was consistent between the Avg.year and SES.Avg.year of
each herpetofaunal group. Distance to the nearest protected area was
the best predictor of geographical discovery trends in anurans. Density
of undergraduate courses in biology was the strongest predictor of
geographical variation in lizard discoveries whereas the human devel-
opment index emerged as the most important predictor of snake dis-
coveries (Table 1). Overall, all predictors were somewhat important to
explain variation of Avg.year and SES.Avg.year in a given herpeto-
faunal group. However, those predictors related to biodiversity appeal
emerged more often among the three most important predictors of each
response variable (Table 1, Table C.3).

According to our expectations, we observed earlier descriptions
dates for geographical assemblages of: (i) snakes from more populous
regions, (ii) snakes from economically richer regions, (iii) anurans and
snakes from regions near major cities, (iv) lizards, anurans (only for
SES.Avg.year), and snakes (only for SES.Avg.year) from regions with
higher density of biology courses, and (v) anurans (only for

Fig. 2. Frequency distribution of average description
year of species in assemblages in the Atlantic Forest.
Histograms of the (a) average year of description and
(b) standardized effect size (SES) of average year of
description in species assemblages. Dashed vertical
line denotes the mean value for each herpetofaunal
group. Negative SES values indicate geographical
assemblages dominated by earlier-described species
whereas positive values indicate assemblages holding
more recently-described species.
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Fig. 3. Geographical patterns of species description dates in herpetofaunal assemblages in the Atlantic Forest. (a–c) indicate the average description year of species in each assemblage,
(d–f) show the standardized effect size (SES) of the average description year. Negative SES values indicate geographical assemblages dominated by earlier-described species whereas
positive values indicate assemblages holding more recently described species. Symbol size is proportional to species richness and symbol colour follows the response variable being
mapped in each assemblage. The inset map in (a) shows the location of the Atlantic Forest hotspot in South America.

Table 1
Standardized coefficients of predictors in the average weighted simultaneous autoregressive (SAR) models. Predictors holding the greatest effect size are marked in bold.

Individual predictor Anurans Lizards Snakes

Avg.year SES.Avg.year Avg.year SES.Avg.year Avg.year SES.Avg.year

PopTotal 0.107a 0.009 −0.005 −0.070 −0.149a −0.173a

Time 0.031 0.018 −0.064a −0.166a 0.014 0.054a

GDP −0.003 0.012 0.095a 0.077a −0.088a −0.063a

HDI −0.088a −0.028 0.020 0.042 0.286a 0.210a

ETA50k 0.136a 0.047a 0.031 −0.054 0.157a 0.097a

DNR −0.022 0.019 0.019 −0.102a −0.054a −0.073a

DNPA −0.228a −0.113a −0.151a −0.034 0.048a 0.114a

ANPA −0.039a −0.102a 0.019 −0.063a 0.064a 0.021
DNBC 0.027 0.011 −0.033 −0.057 −0.082a −0.096a

BC5 0 km −0.004 −0.056a −0.174a −0.205a −0.030 −0.079a

Pseudo-R2 0.476 0.327 0.306 0.315 0.279 0.434

Variable abbreviations: PopTotal= total human population; Time= year of creation/enactment of the municipality; GDP= gross domestic product; HDI= human development index;
ETA50k= estimated time to travel to cities with> 50,000 people; DNR=distance to the nearest road; DNPA=distance to the nearest protected area; ANPA= size area of the nearest
protected area; DNBC=distance to the nearest undergraduate course in biology; BC5 0 km=number of undergraduate courses in biology within a buffer of 50-km radius. Pseudo-
R2= square Pearson correlation between the response variable and the estimated values of the SAR model.

a 95% unconditional confidence interval of the coefficient did not encompass ‘0’ (Avg Coef ± 1.96× [unconditional variance estimator]0.5).
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SES.Avg.year), and lizards (only for SES.Avg.year) nearby large-sized
protected areas. The direction of the effect of the most important pre-
dictors was not consistent across the herpetofaunal groups, and some
results diverged from our initial predictions. In contrast to our ex-
pectations, we observed earlier description dates for geographical as-
semblages of: (i) anurans from less populous regions (only for
Avg.year), (ii) snakes from regions with greater socioeconomic devel-
opment, (iii) anurans and lizards in or near protected areas, and (iv)
lizards and snakes from less accessible areas. Among those predictors
with averaged weighted coefficients significantly different from zero
(Table 1), only the proximity to major cities and distance to the nearest
road showed consistent direction of effect.

4. Discussion

We have shown that the geographic and socioeconomic context of
the Atlantic Forest (AF) hotspot can affect species discovery trends in
distinct ways for different herpetofaunal groups. The general trend of
finding later-described species of anurans relative to lizards and snakes
is likely due to late availability of electric flashlights, which were in-
vented only in late 19th century, making field surveys at night (when
most anurans are active) much easier. After controlling for the dis-
proportionate effect of widely distributed (usually earlier-described)
species, we found that anuran assemblages have proportionately more
earlier-described species than lizard and snake assemblages, and that
such pattern is more evident in species-rich assemblages (Fig. C.1,
Appendix C). This finding indicates that species-rich assemblages in the
AF accumulate more widely distributed and earlier-described species
than expected by chance, and this trend is stronger in anurans than in
lizards and snakes. These results showcase the importance of evaluating
the existence of range-restricted species independently from overall
richness in prioritization schemes of Atlantic Forest reptiles.

The two most consistent findings of this study are the earlier de-
scription dates of assemblages located in or around protected areas and
in regions near major cities. On-ground accessibility and distance to
protected areas have also been shown to drive other biodiversity
shortfalls (Colli et al., 2016; Oliveira et al., 2016). While the effect of
accessibility has a straightforward interpretation on the collection and
description of species, the role of protected areas may depend upon
regional context. We expected species being described first in or around
preserved areas, and therefore a positive relationship between average
description dates and distance to the nearest protected area; however,
we found the opposite pattern for anuran and lizard assemblages. Our
findings are likely connected to the impact of historical human colo-
nization on the regions that now harbour the reserve network of the AF.
Due to the massive anthropization of its natural landscapes, the AF is
now confined to<12% of its original extent, and most of the remaining
forest patches are restricted to higher elevations (Ribeiro et al., 2009;
Tabarelli et al., 2010). Consequently, at the time when protected areas
started to be established, lowland forest patches in the AF were already
scarce, which resulted in protection of highland forests mostly. In fact,
the mean elevation of all protected areas in the AF (IUCN categories I to
IV) is higher than 1500m; but why should protected areas in high
elevation regions be relevant for species discoveries? Mountainous re-
gions in the AF harbour higher levels of endemism (Bérnils, 2009; Cruz
and Feio, 2007), and many herpetofaunal species have been recently
described from protected highland forests, increasing, therefore, the
average description date of species in protected areas. Indeed, the
average description date of assemblages in highland protected areas
(> 1000m elevation) is greater than that of assemblages in lowland
protected areas (Welch two sample t-test, t=3.864, df= 19.505,
p=0.001 for Avg.year, and t=2.687, df= 21.132, p=0.013 for SE-
S.Avg.year). Of the 260 herpetofaunal species described in the 21st
century that occur in the AF, 82 have their type-locality above 1000m
elevation (see Table B.2 in Appendix B for the identity of those species).
Thus, herpetofaunal species occurring inside protected areas are still

being described in the AF, particularly in regions where on-ground
accessibility is higher.

Among the predictors that show contrasting effects on geographical
discovery trends is human population. We expected a negative re-
lationship between average description dates and human population,
which is true for snake assemblages. However, our findings indicate
that anuran species descriptions are more recent in densely populated
regions, particularly along the Brazilian coast (Fig. 3). The unexpected
positive relationship between average description year of species in
anuran assemblages and human population may be linked to the bio-
geographical history of the AF. Coastal regions in the AF have been
highlighted as areas of endemism for several vertebrate groups, in
contrast to the interior regions, which are mostly occupied by widely
distributed species (Costa et al., 2000; Moura et al., 2017; Silva et al.,
2004). Endemic anurans in the AF coast are often associated to
mountainous regions, particularly in the southern half of this hotspot,
in the Serra da Mantiqueira and Serra do Mar mountain ranges (Cruz and
Feio, 2007). Such topographic complexity underlies great historical
climatic stability that has also been linked to endemism and biogeo-
graphical pattern of reptiles (Bérnils, 2009; Moura et al., 2017). Not
surprisingly, the geographical pattern of discovery trends of snakes
approximates that of anurans exactly over those mountain ranges in
southeastern AF (Fig. 3). Thus, the higher human population density in
the AF coast in concert with the greater numbers of undescribed en-
demic species in the coastal region of this hotspot (especially in high-
elevation sites) propelled taxonomic discoveries through time, parti-
cularly in southeastern AF. A similar geographical pattern is observed
for discovery trends in the neighbouring Cerrado hotspot, where den-
sely populated and topographically complex regions harbour many
recently described species of anurans (Diniz-Filho et al., 2005). Con-
versely, coastal regions in mid-northeast AF, although heavily popu-
lated, have a relatively flat relief. This lack of topographic complexity
in northeastern AF coast may have resulted in less reptile endemism
(and thus in fewer recently described species), explaining the negative
relationships between human population and average description dates
of snake assemblages. Most of the recently described anuran species
from these coastal-lowland regions in northern AF actually result from
the splitting of formerly described species (see Table B.3 in Appendix
B), instead of endemism in high-elevation regions. Discovery of en-
demic species in the AF has depended upon human occupation, parti-
cularly in topographically complex regions.

Divergent findings are also present among economic development
factors. Although richer regions can show higher inventory complete-
ness (Meyer et al., 2015), they may not necessarily hold earlier-de-
scribed species, at least according to our results. Following our ex-
pectations, snake species show earlier descriptions in AF regions with
greater gross domestic product (GDP) but the inverse occurs for lizards.
We suggest that such trend for lizards is connected to researchers' in-
terest on preserved areas located in regions with low GDP. Lizard as-
semblages in protected areas tend to show smaller GDP than assem-
blages outside protected areas (Welch two sample t-test, t=1.882,
df= 39.941, p=0.067). Another opposing finding of our study con-
cerns the influence of socioeconomic development. Increases in the
human development index (HDI) of developing countries often take
place at the expense of natural environments (Hanemaaijer et al.,
2008). If extirpation of natural environments is followed by accumu-
lation of biodiversity knowledge immediately after environmental
changes, species from regions with greater HDI should have older de-
scription dates. However, we find the opposite trend and only for snake
discoveries. A differential survey method for snakes, which have his-
torically been sampled mostly by local collectors, may explain this
finding. In Brazil, it is a common practice of laypeople to either kill or
capture snakes and bring them to scientific collections (Barbo et al.,
2011). Such behaviour became more evident in the mid XX century, at
the time when Vital Brazil (1865–1950) pioneered the epidemiology of
snakebite, contributing to the creation of Butantan Institute in the city
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of São Paulo, state of São Paulo, and the Vital Brazil Institute in Niterói,
state of Rio de Janeiro. For decades, snakes collected by laypeople have
been sent to scientific collections in those and other institutes. The
differential availability of snake specimens is perceptible through
formal descriptions (Table B.4, Appendix B). About half of specimens
used in snake descriptions between 2000 and 2017 were not collected
by any of the authors whereas this number is only 12% in lizards 25%
in anurans. Thus, socioeconomic development seems to drive species
discoveries if the displaced/rescued specimens are ultimately deposited
in scientific collections, after their original habitats have already faced
environmental changes.

We acknowledge that methodical differences among the inventories
may account for part of the variation in geographical discovery trends.
However, these differences should not change the general picture out-
lined here. Data sources were selected based on several a priori sam-
pling criteria that should largely minimize the lack of standardization
among local inventories. The number of sampling methods and sam-
pling period barely contributed to explaining the remaining variation in
geographical description dates (1.39% and 0.10% of the residual var-
iance in, respectively, Avg.year and SES.Avg.year for anurans, 0.64%
and 2.93% for lizards, and 1.49% and 2.95% for snakes). Overall, we
have shown that species description dates result from complex asso-
ciations among geographic and socioeconomic determinants. Although
economic power and regional expert availability are important factors
boosting species discoveries, many herpetofaunal species in the AF are
still being discovered in protected areas nearby major cities. Our find-
ings have important implications for future studies in the AF as they
indicate regions where the taxonomic impediment is stronger (Samper,
2004). In the AF hotspot, these regions coincide with low-populated
and higher-elevation areas, particularly in northeastern AF, where the
availability of local experts is limited. If we want to avoid extinction of
undescribed species, strong investments must be implemented in
mountainous regions that are currently threatened by the rapid ex-
pansion of urban areas.
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