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ARTICLE INFO ABSTRACT
Keywords: Overcoming the Linnaean and Wallacean shortfalls is an urgent task for biologists. It has been estimated that
Biodiversity only a small fraction of the biodiversity on Earth is known, while geographic ranges of already described species
Linnaean shortfall are poorly documented. We performed a systematic review and modeling on species descriptions of Brazilian
ls\kfmrtal h‘it?ry amphibians to evaluate the taxonomic knowledge on this group, to estimate the number of new species that
cientometric

remain to be described, and to identify description trends and relevant information for guiding future studies. All
descriptions made between 1758 and 2017 of amphibian species and anuran tadpoles in Brazil, the country with
the richest amphibian fauna, were gathered and characterized (species, year of description, number of authors
per article, and coordinates of the collecting site). We found 1,119 amphibian species reported occurring in
Brazil. The number of descriptions of both amphibian species and anuran tadpoles, as well as the number of
authors per article, has exponentially increased over time. Phylogenetic regression analysis revealed that species
with smaller body length and distribution area were described later, and that these two species traits are also
correlated. According to two predictive models and several scenarios, we estimated that at least 25% of the
Brazilian amphibian species have not yet been described. Our findings highlight the maintenance of significant
Linnaean and Wallacean shortfalls in the knowledge of Brazilian amphibian species, despite of the increasing
research efforts. The northern (Amazon) and central region (Cerrado) of Brazil should be priority areas for
herpetological research. Society and the scientific community must commit to a greater investment in biodi-
versity knowledge to improve conservation strategies before the described and undescribed species become
extinct.

Taxonomy
Herpetology

Linnaean shortfall (Hortal et al., 2015), has been investigated using

taxonomic knowledge and statistical techniques (May, 1988; Guiry,

1 Introduction 2012; Costello, Wilson and Houlding, 2012; Nabout et al., 2013). Be-

sides, deficient knowledge on the geographic distribution of the species

The estimated number of non-microbial species in the world cur- generates an additional shortfall, termed Wallacean shortfall (Lomolino

rently ranges from 2 to 50 million (Scheffers et al., 2012), implying that and Heaney, 2004; Whittaker et al., 2005), which affects the para-

the number of already described species (1.8 million species; Roskov meters used to quantify biodiversity and examine biogeographic pat-

et al., 2019) is a small fraction of the species diversity on Earth. The terns, such as species richness, endemism and beta-diversity (Bini et al.,
uncertainty about the number of species in a taxon, also termed 2006; Yang, et al., 2013).
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Causes and consequences of knowledge shortfalls on biodiversity are
diverse and can affect taxa differently (Hortal et al., 2015). New methods
that enable the modeling of species discovery curves have recently been
used as a major tool for estimating global and regional species richness
(Wilson and Costello, 2005; Solow and Smith, 2005; Bebber et al., 2007;
Costello and Wilson, 2011; Joppa et al., 2011b). These methods should
take into account historical, economic and technological contexts, as well
as the effect of taxonomic efficiency (Gaston et al., 1995b; Essl et al.,
2013; Randhawa et al., 2015; Lu and He, 2017).

Systematics and taxonomy provide an empirical basis for con-
ducting biodiversity inventories and understanding biological evolu-
tion, but multiple challenges still hamper the progress of the taxonomic
study (“taxonomic impediment”; de Carvalho, 2005; Ebach et al.,
2011). Understanding morphological diversity, mastering taxonomic
descriptions, and clarifying phylogenetic and biogeographic relation-
ships requires time, advanced study, professional training, and in-
stitutional commitment (Ebach et al., 2011). Analysis of species de-
scription in some animal groups has shown that larger or conspicuous
species are discovered earlier than species with small body size or
narrow distribution ranges (Gaston et al., 1995a; Cardoso et al., 2015;
Higgs and Attrill, 2015). Some species currently known to be widely
distributed may belong to groups of cryptic species that have similar or
identical morphological characteristics (e.g., Gehara et al., 2014). Many
species are known only by the type locality, and there are still many
taxonomic uncertainties among sympatric species, especially in highly
biodiverse groups, as is the case of amphibians (e.g. Thomé et al.,
2012). Moreover, despite the necessity of increasing our knowledge on
biology, distribution and phylogenetic relationship among taxa, in
terms of conservation it is also necessary to know more about the
number of species on different scales (Adams and Muths, 2019).

Most of the new species recently described have been discovered in
Asia and South America (Costello et al., 2013). Tropical regions gather
the highest species diversity, with South America being the richest
continent in amphibian species (Vasconcelos et al., 2019a) and Brazil
the country with the highest occurrence and rate of description of
amphibian species in the world (Segalla et al., 2019). In amphibians, it
is foreseeable that the large number of species annually described in-
dicates a noticeable Linnaean shortfall, especially in the tropics, where
wide areas remain unsampled (Oliveira et al., 2016). Moreover, am-
phibian species are sensitive to environmental changes (Becker et al.,
2007; Blaustein et al., 2011; do Amaral et al., 2019) and many species
can become extinct without being described (Fouquet et al., 2012).

The amphibians from the Neotropical region are a suitable model to
represent the Linnaean and Wallacean shortfalls, since they contain a
large number of species and new species are annually described. Here,
we used Brazilian amphibians as models both to verify the effectiveness
of taxonomic research and to estimate the total number of remaining
undescribed species in this group. Based on an extensive systematic
review and statistical modeling (general and phylogenetic regressions
and species discovery curves), we characterized all descriptions of
amphibian species and anuran tadpoles occurring in Brazil, published
between 1750 and 2017, and we answered the following specific
questions: (i) have the descriptions of new species and tadpoles in-
creased over time? (ii) do body size and range size influence the timing
of species description? (iii) what is the estimated number of un-
described amphibian species in Brazil? (iv) when is this Linnaean
shortfall likely to be overcome? Our findings were analyzed with regard
to the regions in which species were described and general guidelines
for future taxonomic and herpetologist research provided.

2 Materials and methods
2.1. Literature search

Scientific literature about the species of amphibians and anuran
larvae with distribution ranges in Brazil was searched in databases of
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published articles, textbooks, and online sources. As we were only in-
terested in the general patterns of species description, we selected the
amphibians described until 2017. The amphibian species list was gath-
ered from Segalla et al. (2019). Tadpole species descriptions were
gathered from Supplementary material of Provete et al. (2012), which
was frequently updated in an online spreadsheet by the authors. We also
carried out an additional search on described species in the Institute for
Scientific Information database (ISI; www.isiknowledge.com), Scientific
Electronic Library online (Scielo; www.scielo.org), Google (www.goo-
gle.com), Google Scholar (www.scholar.google.com), and Amphibia web
(http://www.amphibiaweb.org/). We searched scientific articles using
keywords combining the taxon name, including synonyms according to
Frost (2019), with the following terms: “amphibian” AND “Brazil” OR
“Brasil” OR “tadpole” OR “larvae” OR “girino” OR “larva”. Only studies
on external morphology of the tadpoles were considered. No filters (e.g.
range of years) were used during the search. The data were collected
from July 2018 through January 2019. We standardized taxonomic
names according to Frost (2019), which follows the more recent classi-
fications. For each study, the following metadata were recorded: name of
the species, coordinates of each described species (when available), year
of species description (first publication) and number of authors. When
the exact coordinates of the described species (type locality of the ho-
lotype) were not specified in the study, we recorded the coordinates of
the collection sites (e.g., one locality of paratype) or of the municipality
in which it was collected (when available).

We also gathered data on body size of adult males (snout-vent
length, SVL) for each species from articles of species descriptions
(checked in Frost, 2019), of call descriptions (checked in the
Supplementary material of Guerra et al., 2018), natural history studies
(e.g. Heyer et al., 1990; Lescure and Marty, 2000; Duellman, 2005;
Duellman, 1978) and specialized textbooks (e.g. Kwet, 2001; Haddad
et al., 2013). The species distribution areas were obtained from the
International Union for Conservation of Nature's Red List of Threatened
Species (IUCN, 2017) database. The polygons representing the dis-
tribution range of the Brazilian amphibian species were downloaded
from the IUCN website, and the areas (Km?) were subsequently calcu-
lated using the Quantum GIS software (QGIS, 2011). Although, in some
cases, the polygons used for the analysis may have outdated data re-
garding the distribution of species, they provide suitable estimates in
general and are still widely used by researchers to assess general pat-
terns in ecological studies (e.g. Kemppinen et al., 2020). The species
that lacked data on SVL, distribution range or phylogenetic relation-
ships, as well as exotic species, were excluded from the statistical
analyses. The data and literature used in this study are available in
Supplementary materials S1 and S2.

2.2. Data analysis
2.2.1. Trends in description of Brazilian amphibians

To evaluate whether the number of described species and number of
authors in the description studies of amphibians from Brazil increased
over the years, we applied Generalized Linear Models (GLM) with
Poisson log-link function (McCullagh and Nelder, 1989). Specifically,
four GLMs were fitted using the annual number of described amphi-
bians (1 - all species and 2 - anuran tadpoles) and the number of au-
thors per study (3 - all species and 4 — anuran tadpoles) as response
variables and the year of publication as a fixed variable. Considering
that more than one species can be described in the same study, for the
analysis of the number of authors per year, each article was counted
only once (amphibians, n = 718; tadpoles, n = 372). The statistical
assumptions were carefully checked for each model. Leverage values as
well as DFBeta values indicated no obviously influential cases (Quinn
and Keogh, 2002; Field, 2005). Overdispersion was identified in the
models that verified trends in the annual number of descriptions of
species and tadpoles (dispersion parameter = 5.36, chi-2 = 837.6,


http://www.amphibiaweb.org/

V. Guerra, et al.

df = 156, p < 0.001; dispersion parameter = 4.12, chi-2 = 255.6,
df = 62, p < 0.001, respectively), but not in the other two models. To
correct for overdispersion, estimated regression coefficients were mul-
tiplied by the square root of the overdispersion parameter and then the
statistics and the p-value were recalculated. All models were fitted in R
version 3.5.3 (R Core Team, 2019) using the function glm. We assumed
p = 0.05 as significance levels for our analyses.

2.2.2. Bias in the description of Brazilian anuran species

To estimate the effect of body size (cm) and range size (Km?) on the
description date of Brazilian anurans, we used a phylogenetic gen-
eralized least squares (PGLS) regression (Grafen, 1989). As most species
of the Orders Caudata and Gymnophiona are classified by IUCN as Data
Deficient and lack data on distribution range, we used only species of
the Order Anura for these analyses. To control for the phylogenetic
relationships among species and to test the presence of potential phy-
logenetic signal, we used PGLS and estimated Pagel’s A parameter on
the residual phylogenetic covariance matrix (Pagel, 1999; Freckleton
et al., 2002). When A is closed 0, no phylogenetic structure on regres-
sion residuals is observed, whereas A closed 1 indicates phylogenetic
structure on residuals as expected by a stochastic Brownian motion
process of evolution. Thus, we allowed the model to automatically
control for phylogenetic structure when it was necessary, correcting the
potential Type 1 error of regression coefficients (Revell, 2010). The
phylogenetic covariance matrix was calculated according to the phy-
logeny of Amphibians proposed by Pyron and Wiens (2011). Previously,
we had pruned from the phylogeny all the species not included in our
database, and thus we applied the PGLS on 300 species (Supplementary
material S3). We checked for homoscedasticity and normal distribution
on model residuals, and log-transformed the SVL and distribution area
to meet the assumptions (Zar, 1999). The PGLS was performed using
the Caper package (Orme et al., 2014) implemented in software R
version 3.5.3 (R Core Team, 2019). We assumed p < 0.05 as sig-
nificance levels for our analyses.

2.2.3. Brazilian amphibian species estimation

We used two different approaches to estimate the expected total
number of species occurring in Brazil. In the first approach, we fitted
two non-linear models of species descriptions that control for taxo-
nomic effort. These models improve fitting in species description curves
since they account for historical contexts and changes in taxonomic
effort (Costello et al., 2012; Lu and He, 2017). They are based on the
negative exponential model (AS = k (Stot — Scum)), in which AS is the
number of species described within a time span, S, is the estimated
total species richness, S ., is the accumulated described species and k is
a description efficiency parameter. If k = T (a + bt), where T is the
number of taxonomists within the time span, and t is the year of de-
scription, this model becomes the Joppa model AS = T (a + bt)
(Stot — Scum)- If the Joppa model (Joppa et al., 2011b) is modified by
substituting bt by bScum, this becomes the Lu & He model (Lu and He,
2017). We fitted the models using generalized nonlinear squares im-
plemented in gnls function of R package nlme.

Residual variance was fitted as a power function of residual mean to
account for overdispersion or underdispersion of residuals. We ranked
the model by second-order Akaike Criterion Information (AICc) and
inferred the total species richness (S, and the cumulative species
description curve by averaging the four models using their AICc weights
(Burnham and Anderson, 2002; Dormann et al., 2018). Thus, we con-
sidered the uncertainty of model estimates. Our analyses were run by
removing the procedure of fitting model by time slices of the original
script of Lu and He (2017). We fitted the models considering all time
series since 1758 until 2017.

In the second approach, we estimated the total number of species by
Jackknife2 estimator, and then we used a logistic model to simulate
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different scenarios of species description in order to estimate the time
when all species would be described (for more details, see Gotelli, 2008;
Ota et al., 2015). For this, we considered the amphibian species de-
scribed between the years 1960 and 2017. We chose that period as most
of the Brazilian amphibian species were described after 1960, and it
was also when studies on natural history (call and tadpole descriptions
in anurans) began to be most frequently published (Guerra et al., 2018).
The logistic model was simulated in two periods of time until all species
description had been completed (50 or 100 years) and six scenarios
(0.05, 0.1, 0.2, 0.3, 0.4 and 0.5) of description rates constructed (r). The
curve that showed a sigmoid form when the simulated and real values
converged was considered the most realistic scenario (Ota et al., 2015).
All analyses were implemented in R version 3.5.3 (R Core Team, 2019).

3 Results
3.1. Trends in description of Brazilian amphibians

The species list amounted to a total of 1,119 amphibian species in
Brazil (until December 2017), five of which were salamanders
(Caudata), 38 caecilians (Gymnophiona) and 1076 anurans (Anura).
Two anuran species are considered exotic (Eleutherodactylus johnstonei
Barbour, 1914 and Lithobates catesbeianus (Shaw, 1802)) and were thus
excluded from further analyses. We found three studies providing de-
scriptions of Caudata species that were published between 1874 and
2013, 33 studies with descriptions of Gymnophiona species published
between 1802 and 2015, and 718 studies with descriptions of anuran
species between 1758 and 2017. Furthermore, we found 437 studies on
tadpole descriptions between 1876 and 2017, of which 372 first de-
scribed the larvae of an anuran species. Among the Brazilian anuran
species described until 2017, 82.3% (919 spp.) have a larval stage
(indirect development), within which only 57.9% (532 spp.) have a
description of their tadpoles, with 19.4% (103 spp.) having the tadpole
description included in the original species description. In species that
did not have the larvae described in the original description, the tad-
pole was described an average of 69.5 years later ( * 55.6; range
0-220). The first described tadpole was Pipa pipa (Linnaeus, 1758) in
the work of Parker (1876), and the first tadpole description together
with the species was for Scinax rizibilis (Bokerman 1964).

An exponential increase in the number of descriptions of new
Brazilian amphibian species (estimate + SE = 0.009 = 0.0001,
z = 16.17, p < 0.001, df = 156) and anuran larvae (estimate
+ SE = 0.01 * 0.002,z = 9.04, p < 0.001, df = 62) has been
observed over time (Fig. la). The annual discovery rate in the first
decade of the 21st century was on average 18 species per year, while
between 2008 and 2017 this rate increased to 25 species per year. The
annual number of authors per article also followed a similar historical
pattern (Fig. 1b). An increase in the number of taxonomists authoring
the studies that describe amphibian species (estimate = SE = 0.008 =

0.0004, z = 17.04, p < 0.001, df = 1112) and anuran tadpoles
(estimate + SE = 0.004 + 0.0005,z = 9.77,p < 0.001, df = 529)
was found. From all amphibian species with distribution area in Brazil,
847 species (78.9%) were described within the country (Fig. 2), mainly
in the southeastern region (398 species — states of Espirito Santo, Minas
Gerais, Rio de Janeiro and Sdo Paulo), and in the northeastern (93
species — state of Bahia), northern (51 species — state of Amazonas) and
southern regions (51 species — state of Santa Catarina). Peru was the
country with the second highest number of described species (57 spe-
cies) that occurred in Brazil. Thus, most of the species were described in
the Atlantic Forest and Amazon rainforest (Fig. 2). In 2013, the greatest
number of new amphibian species described (32 spp.) was reached,
followed by 2012 and 2015 (30 spp.). In 1978, the greatest number of
tadpole descriptions (33 spp.) was reached, followed by 1990 (29 spp.),
2007 (23 spp.) and 2015 (22 spp.). The study by Spix (1824) presented
the highest number of amphibian species descriptions, with a total of 28
new anuran species for Brazil.



V. Guerra, et al.

30
1
>
8

wn |
N
o0
o oe
E [ o
N o oe

Number of described species
10 15

o

T T T
1900 1950 2000

Year

T T T
1750 1800 1850

Ecological Indicators 118 (2020) 106754

14
!

e0

B o8

12
!

10
]
-

© ©
d ©

© - * . . o caceld
* [ i ® o okh

< 4 . o RO AL SN -

Number of authors per study

T T T
1900 1950 2000

Year

T T T
1750 1800 1850

Fig. 1. The annual number of descriptions of Brazilian amphibian species (A) and the annual number of authors in each study of species description (B) published
between 1750 and 2017. Regression lines fitting the number of new described species over the years are shown. Adults (Amphibia) depicted as filled circles and

dashed line. Tadpoles (Anura) depicted as unfilled circles and continuous line.

3.2. Bias in the description of Brazilian anuran species

Phylogenetic Generalized Least Squares (PGLS) regression analysis
showed a significant positive linear relationship between body size and
distribution range size of Brazilian anuran species (estimate =+

SE = 0.012 = 0.005;t = 2.409; r> = 0.015; F = 5.806; df = 1, 295;

p < 0.01; Fig. 3A), with phylogenetic signal in the model residuals
(A = 0.98). Large-sized species mostly occupy wider distribution
ranges, whereas small-sized species are distributed across all range
sizes. We also found a negative relationship between body size and the
year of species description (estimate + SE = —0.001 = 0.001;
t = —5.34;r> = 0.08; F = 28.52;df = 1,298;p < 0.01; Fig. 3B), and
between distribution and the year of species description (estimate =
SE = —0.019 * 0.001;t = —9.74; r> = 0.24; F = 94.91; df = 1,
295; p < 0.01; Fig. 3C). Both body size (A = 0.97) and distribution
(A = 0.83) presented a phylogenetic signal in the model residuals.

3.3. Brazilian amphibian species estimation

In the first approach, the Joppa model concentrated all support to
explain the species description curve (Table 1). Consequently, the
average model is, in fact, inferred from the Joppa model, as can be vi-
sualized in Fig. 4. The average model estimated a total of 1473 species
(CI = 1259-1687), suggesting that 76% (CI = 0.66 — 0.89) of the total
number of species had been already described. By plotting the cumula-
tive number of described species weighted by taxonomic effort, it is seen
that the rate of description of new described species is decreasing and the
ratio of new species to taxonomists is beginning to stabilize (Fig. 5).

According to the second approach, Jackknife2 estimated a total of
2073 amphibian species in Brazil. If we add 414 species discovered before
1960 (prior to our time series), the absolute total would be 2487 species.
Hence, this model predicts a description of 1370 (55.1%) additional new
species. For both time possibilities (50 and 100 years), the best description
rate (r) to describe the observed species accumulation curve was 0.1 (a line
that showed the overall shape of the curve closer to a sigmoid; Fig. 6).
However, for the 50-year period, it is only with an r value of 0.15 that the
curve reaches an asymptote (approximately in the year 2060). For the
100-year period, the asymptote is reached about year 2095 (Fig. 6).

4 Discussion

4.1. Trends in description of Brazilian amphibians

Brazil is the richest country in amphibian species in the world, and
the anurans are the most representative group. Admittedly, many ef-
forts have been made to know more about the existing species diversity,
as shown by the exponential-like increase in the number of taxonomists
and subsequent accumulation curve of described species over time. A
similar pattern was found when considering South American amphi-
bians (Vasconcelos et al., 2019a), likely guided by Brazilian description
efforts. However, many gaps still need to be filled. For instance, more
than 40% of Brazilian anurans with aquatic free-swimming larvae still
lack a description of the tadpole (Provete et al., 2012). Guerra et al.
(2018) verified that there is a significant lack of knowledge on the
advertisement calls of the Brazilian anuran species, suggesting a
Raunkiaeran shortfall (see Hortal et al., 2015) regarding an important
trait for reproduction and territory defense. Overall, the lack of
knowledge on species diversity and traits affects groups other than
amphibians, and many taxa have shown a similar pattern (Bebber et al.,
2007; De Clerck et al., 2013; Ota et al., 2015).

Since Linnaeus proposed his taxonomic classification (Linnaeus,
1753), which is currently used, scientists have been working for more
than 200 years in an attempt to describe all species on the planet.
Species delimitation has traditionally been based on morphological
differences, but an integrative taxonomic approach, including bioa-
coustics, ecology, behavioral, morphology, biochemical, ultrastructural
analyses and molecular genetics (barcoding and phylogeography) has
been used to taxonomically facilitate a complete appraisal of biodi-
versity, especially on identifying cryptic species (Ortega-Andrade et al.,
2015; Ferrao et al., 2016; Komarek, 2006; Rojas et al., 2016; Vacher
et al., 2017). The emergence of technological (e.g., tools for genetic and
call analysis) and interdisciplinary research has resulted in an increase
in the number of scientists involved in species descriptions (Costello
et al., 2012; Bebber et al., 2007). Consequently, the number of authors
in the studies has increased, despite the evidence of a decrease in re-
source effort and number of taxonomists over time (Nabout et al.,
2015). Recently, amphibians have undergone major taxonomic
changes, including the revision and adjustment of taxonomic classifi-
cation (Duellman et al., 2016; Dubois, 2017), and several groups of
amphibians encompassing species of very similar morphology have also
been recently reviewed due to the existence of cryptic species (e.g.
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Fig. 2. Map showing the collection site of 879 species of amphibians that have been described between 1768 and 2017, and with distribution range in Brazil.

Pimenta et al., 2014; Ribeiro et al., 2015). All those efforts, such as
taxonomic revision and complexity in species description, have become
more common and easily accessible among researchers because of di-
gital communication, which improves the stability of species hypothesis
and enables more reliable estimates of total species richness (Bebber
et al., 2007).

Overall, most of the amphibian species occurring in Brazil were
described in the southeast region (states of Rio de Janeiro, Sdo Paulo,
and Minas Gerais) and in the northeast region (state of Bahia), mainly
in the Atlantic Forest biome. The southeast and northeast regions of
Brazil were colonized earlier and have the oldest universities, museums,
and research institutes, and hence those regions were the target of the
first scientific expeditions by researchers. In addition, the Atlantic

Forest has one of the highest species richness and endemism rates of the
continent (Carnaval et al., 2009; Haddad et al., 2013; Guerra et al.,
2018). The northern (states of Acre, Amapa, Roraima, Rondonia, and
Tocantins) and northeast (states of Ceard, Maranhio, Paraiba, Per-
nambuco, and Piauf) regions of the Brazil, particularly in the Amazon
and Caatinga Biomes, are those with the fewest described species.
Consequently, it can be expected that species descriptions will increase
in the coming years if more research efforts are allocated to these un-
sampled areas. Moreover, there is also a high bias in species descrip-
tions and species distribution knowledge concerning the location of
access routes (Oliveira et al., 2016), with a general pattern of amphi-
bian species being described along the rivers. Large sampling gaps are
observed in the northern, central, and southern states of Brazil,
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area (Km?), (B) body size (cm) and year of species description, and (C) dis-
tribution range size area (Km?) and year of species description for a total of 300
Brazilian anuran species.
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corresponding to the Amazon, Cerrado and Pampa Biomes and other
transition zones that are challenging to access.

Since Brazil is a country with large territorial size and much di-
versity in phytogeographic regions, there are still broad areas that have
not been sampled for amphibians (de Affonso et al., 2015; Oliveira
et al., 2016; Guerra et al., 2018; Vasconcelos et al., 2019b). The lack of
data on species distribution is also a major problem in the im-
plementation of public policies and conservation programs for amphi-
bians (Young et al., 2004), especially in regions that are suffering severe
habitat destruction (Becker et al., 2007). Even in known vertebrate
groups, the least conservative estimates of the known species distribu-
tion were lower than potential distribution predicted by species dis-
tribution models (Oliveira et al., 2016). Consequently, journals pub-
lishing distribution notes and natural history attributes of species, such
as Herpetology Notes and Check List, have been gaining prominence, as
they are important vehicles of publication of these observational stu-
dies.

As previously reported, we found that the number of authors of
species descriptions has been increasing over the years (Guerra et al.,
2018; Vasconcelos et al., 2019a). Decreasing travel and communication
costs, as well as the increasing number of researchers, have likely sti-
mulated collaboration in studies encompassing different areas (Hsu and
Huang, 2011; Vermeulen, Parker and Penders, 2013). Collaboration
among multiple authors allow researchers to address more complex
biological questions, to reduce research costs, and even to build multi-
taxa studies with other researchers specialized in different taxonomic
groups (Nabout et al., 2015; Guerra et al., 2018). As data on the biology
of the species have become easier to acquire, mainly because of the easy
access to new technologies, it is possible to make more detailed ana-
lyses on diversity: such as by assessing how anthropogenic impacts
affect species directly (e.g., urbanization; Scheffers and Paszkowski,
2012) and indirectly (e.g., global warming; Llusia et al., 2013). Even so,
almost all tropical amphibians still lack basic information about their
natural history.

4.2. Bias in the description of Brazilian anuran species

As shown by regression models, Brazilian amphibians follow a long-
established macroecological pattern, i.e. body size is positively corre-
lated with species distribution area. This allometric relationship may
have several mechanistic explanations. It might be expected that larger
species generally show higher dispersion capacity (Gaston and
Blackburn, 1996; Wollenberg et al., 2011), greater fertility (Van
Bocxlaer et al., 2010) and broader diet (Brown and Maurer, 1989). As
proposed by the energy constraint on minimum range size hypothesis
(Agosta and Bernardo, 2013), larger species require larger areas to
obtain resources for their survival, implying larger geographic terri-
tories to maintain viable population sizes (Brown and Maurer, 1989). In
addition, it is expected that larger species have open populations with a
high gene flow (Diniz-Filho et al., 2005).

It might be argued that another explanation for this pattern is the
fact that the first species described could accumulate more records over
time and therefore show a greater geographic distribution (Costello and
Wilson, 2011). However, as found in marine species (Higgs and Attrill,
2015), we believe that this is not the case for Brazilian amphibians,
since there are many endemic groups, such as brachycephalids in the
Atlantic Forest. Our results also support the hypothesis that the range
size-body size pattern occurs on a macroevolutionary scale, since these
characteristics showed a significant phylogenetic signal. These factors
directly affect conservation strategies, since large-bodied species with a
relatively small geographical range are expected to be more prone to
extinction risk due to the low total size of the population (Gaston and
Blackburn, 1996; Diniz-Filho et al., 2005).

We also found that larger-sized species, consequently widely dis-
tributed, have a tendency to be described sooner than small species, and
this is in accordance with studies carried out in other animal groups
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Table 1
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Descriptive statistics of Joppa (Joppa et al., 2011a,b) and Lu and He (Lu and He, 2017) species discovery models for Brazilian amphibian species described from 1758
to 2017. Abbreviations: S,, = estimated total species richness, 95% CI = 95% confidence interval, a and b = estimated parameters, AAIC = Akaike Criterion

Information, WAIC = AIC weights.

Model Stot Lower 95% CI Upper 95% CI a b AAIC WAIC
Joppa's model 1473.23 1257.48 1688.98 1.64*10 2 —-7.69%10°° 0 99.9¥1072
Lu and He's model 1230.58 1165.01 1296.16 1.45%*1073 1.61*107° 15.4 4.6*10™*
Average model 1473.12 1258.93 1687.31 - - - -
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Fig. 4. Observed and predicted accumulation curve of descriptions of Brazilian
amphibian species over time. Lines depict curves based on different predictive
models, namely that constructed by Joppa et al. (2011), by Lu and He (2017)
and an average model.

A

100 150 200 250 300
I I 1 1 |

50
1

Cumulative species description ratio (richness/taxonomist)

1800

T T

T
1900 1950 2000

Year

T
1850

(e.g. Gaston et al., 1995a; Cardoso et al., 2015; Higgs and Attrill, 2015).
In addition, although we have not analyzed the taxonomic status, we
can assert that as was found for North American butterflies (Gaston
et al., 1995a), the amphibian species described earlier have a greater
number of synonymies than those most recently described and there-
fore they have been more intensely studied. Overall, most species with
an easier description (more detectable and more distinct) are already
known and the current challenge is to identify small, cryptic, and en-
demic species, presumably with low detectability.

4.3. Brazilian amphibian species estimation

Our models to estimate the total richness of Brazilian amphibian
species showed that there are still many species to be described.
However, the exponential pattern of the species accumulation curve
also reflects an increase in effort of taxonomic studies. Therefore, ac-
cording to the species/taxonomist ratio curve, species description is
stabilizing. For instance, considering the total estimated richness of our
first analytical approach (1473 species) and the current average rate of
25 species discovered per year, it would take about 15 years to discover
all the amphibian species in Brazil. Nonetheless, that stabilization
should be viewed with caution, as research investments have been, as
said above, geographically biased, indicating that regions that histori-
cally prioritized research may have made their anuran diversity better
known in a short period of time, and thus investments should be di-
versified to cover unsampled regions. Our second analytical approach
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Fig. 5. Cumulative description ratio of Brazilian amphibian species per taxonomist over time (A) and variation in the rate of species descriptions over taxonomists

over time (B).
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was less conservative because it did not consider the taxonomic effort,
estimating a much higher species richness for Brazil. Thus, at least
40 years of studies would be necessary to describe all species.

While it is challenging to describe all Brazilian amphibian species in
the coming years, historical events may influence the number of re-
searchers and their efficiency in describing species, such as changes in
public research investment, economic crises and deceleration in tech-
nological advances (Gaston et al., 1995b; Essl et al., 2013; Randhawa
et al., 2015; Lu and He, 2017; Vasconcelos et al., 2019a). The steep rise
in species discoveries since the 1950 s was due to the increase in the
number of taxonomists (e.g. A. Lutz, B. Lutzi, A. de Miranda-Ribeiro, D.
M. Cochran, W. R. Heyer, W. C. A. Bokermann), investment in science
and the advent of molecular techniques (Vasconcelos et al., 2019a). In
fact, Brazil is currently freezing the budget of the Ministry of Science,
Technology, Innovation and Communication as well as that of the
Ministry of Education, severely impacting funding of research projects,
undergraduate and graduate grants and consequently decreasing the
training of new researchers (Fernandes et al., 2015; Magnusson et al.,
2018; de Area Ledo Pereirae et al., 2019; Escobar, 2019). All these
measures will likely slow down the current rates of species description.

Knowing the actual richness of a taxon group has been a major
challenge for researchers, but it is also crucial for setting conservation
priorities and analyzing biogeographic patterns (Joppa et al., 2011a,b;
Scheffers et al., 2012; Tedesco et al., 2014; Vasconcelos et al., 2019c).
Among vertebrate groups, birds (Bebber et al., 2007) and large marine
animals (Solow and Smith, 2005; Appeltans et al., 2012) present ac-
cumulation curves of described species as reaching an asymptote, with
the number of species currently described being close to the predic-
tions.

The predictive models used in this study can be viewed in the
context of pattern-oriented modeling (see Grimm, 2005). Overall,
models used to predict the species number are criticized due the nature
of the data, since it is difficult to formulate realistic predictions when
the number of described species is still far from the real number (Bebber
et al., 2007; Nabout et al., 2013). The best models are reached on local
scales rather than on regional and global scales, but it depends also on
the taxa of interest, with some taxa better estimated than others
(Gaston et al., 1995b; Gaston, 2000; Wilson and Costello, 2005; Bebber
et al., 2007; Joppa et al., 2011a,b; Appeltans et al., 2012; Lu and He,
2017). Although some problems may be associated with these models,
and the main drawback is geographic sampling bias, they do allow us to
understand that a wide number of species are waiting to be described.

5. Conclusion

There are significant Linnaean and Wallacean shortfalls in the
knowledge of Brazilian amphibian species. These shortfalls have a di-
rect effect on systematic conservation planning and may be particularly
serious for poorly known regions of Brazil, characterized by recent and
dense human occupation and, often, by very high biodiversity (Bini
et al., 2006; Hortal et al., 2015). Initially, the best way to circumvent
the Linnaean shortfall is to invest in biodiversity inventories (Balmford
and Gaston, 1999; Bini et al., 2006; Costello et al., 2012). Many regions
of Brazil are still poorly sampled, as is the case of the Amazon and
Caatinga. The Caatinga, as well as the Cerrado, although initially con-
sidered biomes poor in amphibians due the dry environmental and
climatic characteristics, both contain unique and endemic species and
should be explored intensively by researchers. We would also like to
encourage studies in the northern region of Brazil, and especially in the
areas of transition between biomes, which is located between the
Amazon and Cerrado, and presents areas of Ecological Tension and of
Pioneer Formations. Special attention should be directed to small-sized
species, which are more vulnerable to population fluctuations in-
dependent of density, so that the differential extinction (or contraction
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of the distribution area) of these species tends to be positively corre-
lated with size of area of distribution and body size (Gaston and
Lawton, 2006).

Knowledge about biodiversity and natural history of amphibian
species is important to identify present trends as a basis for future
studies (Toledo and Batista, 2012; Guerra et al., 2018). As knowledge
about biodiversity is incomplete and evident, we emphasize the need to
describe species, as well as to study the species composition of com-
munities. Morphological and environmental factors, such as skin per-
meability, dependence on moist and relatively well-preserved en-
vironments, make amphibians the most endangered group of
vertebrates in the world (Becker et al., 2007; Blaustein et al., 2011; do
Amaral et al., 2019). In developing countries such as Brazil, the adop-
tion of laws that provide amnesty for deforestation (Soares-Filho et al.,
2014; Escobar, 2018; Freitas et al., 2018) and the reduction of invest-
ments in education and research (Alves et al., 2018; Abessa et al., 2019)
may slow down the gathering of knowledge about biodiversity. In-
creasing our knowledge of biodiversity will allow scientists to establish
research networks, and will encourage society to invest in science,
technology, and education, and therefore in the preservation of natural
habitats.
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