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ABSTRACT

Aim The knowledge of biodiversity facets such as species composition, distribu-
tion and ecological niche is fundamental for the construction of biogeographic
hypotheses and conservation strategies. However, the knowledge on these facets
is affected by major shortfalls, which are even more pronounced in the tropics.
This study aims to evaluate the effect of sampling bias and variation in collec-
tion effort on Linnean, Wallacean and Hutchinsonian shortfalls and diversity
measures as species richness, endemism and beta-diversity.

Location Brazil.

Methods We have built a database with over 1.5 million records of arthro-
pods, vertebrates and angiosperms of Brazil, based on specimens deposited in
scientific collections and on the taxonomic literature. We used null models to
test the collection bias regarding the proximity to access routes. We also tested
the influence of sampling effort on diversity measures by regression models. To
investigate the Wallacean shortfall, we modelled the geographic distribution of
over 4000 species and compared their observed distribution with models. To
quantify the Hutchinsonian shortfall, we used environmental Euclidean distance
of the records to identify regions with poorly sampled environmental condi-
tions. To estimate the Linnean shortfall, we measured the similarity of species
composition between regions close to and far from access routes.

Results We demonstrated that despite the differences in sampling effort, the
strong collection bias affects all taxonomic groups equally, generating a pattern
of spatially biased sampling effort. This collection pattern contributes greatly to
the biodiversity knowledge shortfalls, which directly affects the knowledge on
the distribution patterns of diversity.

Main conclusions The knowledge on species richness, species composition and
endemism in the Brazilian biodiversity is strongly biased spatially. Despite dif-
ferences in sampling effort for each taxonomic group, roadside bias affected
them equally. Species composition similarity decreased with the distance from
access routes, suggesting collection surveys at sites far from roads could
increase the probability of sampling new geographic records or new species.

Keywords
beta-diversity, endemism, Hutchinsonian shortfall, Linnean shortfall, species
distribution models, species richness, Wallacean shortfall.
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Sampling bias on biodiversity knowledge

INTRODUCTION

The knowledge on species composition, distribution and ecolog-
ical niche is fundamental for the construction of biogeographic
and macroecological hypotheses and to support effective conser-
vation actions (Hortal ef al., 2015). The main sources of biodi-
versity information are specimens deposited in scientific
collections and taxonomic publications (Meyer et al, 2004;
Sousa-Baena et al., 2014), from which we can have the distribu-
tion of each taxa based on the localities where they were col-
lected. However, these data are incomplete and may not
represent adequately the actual biodiversity (Dennis et al., 1999;
Moerman & Estabrook, 2006; Vale & Jenkins, 2012; Yang et al.,
2013). Furthermore, these data do not represent an adequate
sampling of biodiversity because they are often biased in differ-
ent ways (Moerman & Estabrook, 2006; Vale & Jenkins, 2012;
Sousa-Baena et al., 2014). These problems are even more pro-
nounced in the tropics (Kier et al., 2005; Collen et al., 2008),
which holds most of the planet’s biodiversity. This is further
aggravated by the lack of resources for taxonomic studies and
accelerated rate of destruction of natural ecosystems in these
regions.

The intensity and the spatial variation of sampling may affect
the biodiversity knowledge (Moerman & Estabrook, 2006;
Grand et al., 2007; Yang et al., 2013), generating shortfalls of
biological knowledge such as an excess of undescribed species
(Linnaean shortfall), poorly known species geographic distribu-
tion (Wallacean shortfall; Lomolino, 2004; Whittaker et al.,
2005) and the lack of knowledge about the responses and toler-
ances of species to abiotic conditions (Hutchinsonian shortfall;
Hortal et al., 2015). These shortfalls can directly affect the
parameters used to quantify biodiversity, as species richness,
endemism and beta-diversity (Yang et al., 2013), compromising
studies on Dbiogeography, macroecology and conservation
(Moerman & Estabrook, 2006; Grand et al., 2007; Yang et al.,
2013). However, few studies quantify and evaluate the effects of
those biases in biological knowledge using empirical data.

In addition to the problems mentioned above, certain geo-
graphic locations and taxonomic groups have been neglected
in biodiversity studies, leading to higher shortfalls of
knowledge in these groups and areas (Whittaker et al., 2005;
Diniz-Filho et al., 2010). Arthropods, for example, have been
historically neglected (Gaston & May, 1992; Diniz-Filho et al,

2010), while it is assumed that vertebrates are better known.
This assumption is widely alleged to justify the choice of
groups in macroecology and biogeography studies, even with-
out actual empirical support (Cardoso ef al., 2011). Likewise,
the spatial distribution of sampling effort is widely recognized
as strongly biased, resulting in whole areas or ecosystems
poorly represented in scientific collections and biodiversity
databases. For instance, the Brazilian seasonally dry forests
(the Caatinga) is considered historically neglected by tax-
onomists and biogeographers (Santos et al., 2011). However,
no comparative study has demonstrated the effect of this
neglect on the knowledge on this biome, compared to others.
Moreover, possibly the most pervasive documented sampling
bias in biodiversity is the concentration of specimen records
near access routes, such as roads and navigable rivers and
major cities (Kadmon et al,, 2004; Moerman & Estabrook,
2006; Boakes et al., 2010; Vale & Jenkins, 2012; Sousa-Baena
et al., 2014; Tessarolo et al., 2014). This sampling bias is mostly
a result of financial resource limitation and access difficulty on
remote places, particularly in extensive tropical forests (Moer-
man & Estabrook, 2006; Boakes et al., 2010). Although it is
widely accepted that this bias can affect biodiversity assessment
in large spatial scales (Nelson et al, 1990; Freitag et al., 1998;
Moerman & Estabrook, 2006; Boakes et al, 2010), its effects
have never been quantitatively evaluated. Thus, although it is
known that some places and taxa have been neglected, it has not
been determined how lesser known they actually are.

In this study, we evaluate sampling bias and collection
effort of different groups of arthropods, vertebrates and
angiosperms in the Brazilian biomes and quantify the influ-
ence of those problems on biological knowledge. We quanti-
fied the relationship between sampling effort and parameters
that are commonly used to quantify biological diversity, as
species richness, endemism and beta-diversity. Furthermore,
we check the effect of collection bias on Linnean, Wallacean
and Hutchinsonian shortfalls.

METHODS

Dataset

We compiled occurrence data of terrestrial angiosperm,
arthropods and vertebrates in Brazil. To avoid biasing our

Diversity and Distributions, 22, 1232-1244, © 2016 John Wiley & Sons Ltd 1233

85U8017 SUOWWOD BA .0 ceot|dde ays Aq peusenob are sapie VO '8N JO Sa|nJ 10} Ariq1T8UIIUO A8]IM UO (SUOHIPUD-pUR-SLLBI WD A3 | 1M Afeq| U 1|0/ :SAHY) SUORIPUOD PuUe SWB | 8y} 88S *[£202/20/0T] Uo Areiq)Tauliuo A8|IM ‘S3d VD Aq 68Y2T  IPP/TTTT OT/I0P/W00 A3 1M Afe.q 1 Ul |UO//SARY WOl papeojumoq ‘2T ‘9T0Z ‘Zhovz.iT



U. Oliveira et al.

analyses by angiosperm groups that occur predominantly in
specific biomes, we included only the most species rich and
widely distributed families in Brazil: Asteraceae, Bromeli-
aceae, Fabaceae, Melastomataceae, Myrtaceae, Orchidaceae,
Poaceae and Rubiaceae. For the arthropods, we compiled
data for bees, spiders, polydesmid millipedes, flies, tiger
moths, dragonflies and Orthoptera. Vertebrates were repre-
sented by data on birds, mammals and amphibians.

We compiled occurrence data from the following online
databases: GBIF (http://www.gbif.org), SpeciesLink (http://www.
splink.org.br), Birdlife International (http://www.birdlife.org),
Herpnet (http://www.herpnet.org), Nature Serve (http:/
www.natureserve.org) and Orthoptera Species File (ortho-
ptera.speciesfile.org). We also compiled data contained in
the taxonomic literature and biodiversity inventories. All
data were checked for accuracy and validity of the geo-
graphic coordinates through data crossing with databases of
political units of Brazil in a GIS, totalling 1,144,629 georefer-
enced records (see details in Appendix SI1 and S2 in Sup-
porting information). Records that lacked geographic
coordinates or presented georeferencing errors were georefer-
enced based on databases of localities and municipalities of
IBGE (http://mapas.ibge.gov.br). All data were reviewed for
the validity of taxonomic names through specific catalogues
(Appendix S1) and direct review of data by experts on each
group, resulting in 882,468 records with valid names
(Appendix S1). The data without taxonomic identification
or valid names were used only in the analyses of sampling
effort and collection bias. Comparative analyses were per-
formed for the whole dataset and separately for each data
partition (angiosperms, arthropods and vertebrates). All sta-
tistical analyses were performed using R software (http://
WWW.r-project.org).

Collection bias and sampling effort

To check whether distribution records are biased regarding
the proximity of access routes (streets, roads and navigable
rivers), we tested whether the density of records was higher
near access routes than expected from a random sampling of
data. Access route maps were assembled from online data-
bases (Brazilian streets, roads and navigable rivers — http://
www.openstreetmap.org/;  http://www.dnit.gov.br;  http://
www.ibge.gov.br/). We created a null model of sampling by:
(1) randomly plotting on the map the same number of
points present in each database and (2) calculating the dis-
tance of these points to the nearest access route. We then
compared the distance of null model points to access routes
to the distances observed from empirical data. The distance
from the nearest access route to each of the random sampled
points and the empirical points was quantified in Arcais 10.1
(ESRI, Redlands, California). We compared the distribution
of the empirical data with the null model through a Mann—
Whitney test. This procedure was repeated 1000 times to
quantify the percentage of tests in which the difference was
significant (o0 = 0.001).

To test for differences in sampling effort intensity in differ-
ent groups, we used the number of records in 0.5° grid cells as
a surrogate of sampling effort and compared the different
groups by Kruskal-Wallis test. To test whether the better sam-
pled sites correspond to sites with greater availability of access
routes, we performed a Pearson correlation with corrected
degrees of freedom (see Clifford et al., 1989) between the den-
sity of records and the density of access routes. The density of
records and access routes were estimated through kernel inter-
polation in Arcais 10.1. To establish the search radius of kernel
estimation, we used the average distance between points of
occurrence. To compare different biomes regarding their col-
lection intensity, we classified the density maps in five cate-
gories according to the kernel index.

Relationship between diversity, endemism and
sampling effort

We checked the influence of spatial distribution of the collec-
tion effort on different biodiversity parameters through Spear-
man correlation with corrected degrees of freedom between
the number of records and those parameters in 0.5° grid cells.
The effect of collection effort on known species richness was
analysed through the correlation between the number of spe-
cies and the number of records on each cell. To compare the
beta-diversity with sampling effort, we use the mean Serensen
index between each grid cell and its eight nearest neighbours.
To analyse the relationship between endemism and sampling
effort, we used the index of weighted endemism (WE; Wil-
liams & Humphries, 1994). The endemism was expressed both
through the sum of WE index for all species within each cell,
obtaining the general pattern of endemism, and by the average
index in the cell, indicating the predominant distribution pat-
tern of the species.

Linnean/Wallacean shortfall and sampling bias

Estimating directly the Linnaean shortfall is hampered by the
need of reliable estimates of total species richness. As it is
difficult to directly estimate how many species are not yet
described, we used an indirect approach to estimate which
locations should probably hold more unknown species. We
follow other studies (Bini et al., 2006; Reeder et al., 2007;
Brito, 2010) and consider that less sampled sites that have
greater difference in species composition, compared to better
sampled sites, should harbour more undescribed species. We
understand that this assumption is not always true. However,
considering our results on the collecting bias and the large
composition differences observed among the better sampled
areas (borders of access roads) and the least sampled sites, it
is plausible to consider that this may be an acceptable, albeit
crude first approach to this complex problem. As the same
poorly sampled sites could harbour both undescribed species
and new records of already known species, we treat our
index as a measure of a mixture of Linnean and Wallacean
shortfalls.
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As our findings indicate a strong sampling bias (see
‘Results’ below), we also tested whether the species composi-
tion varies more among samples distant from access routes
than along the same routes. We established a 500 m buffer
as sampled area along the access routes. From this buffer, we
sampled species composition in buffers positioned from 1 to
over 50 km away from the route. This procedure was
repeated for every one degree grid cell. For each sampling
buffer, we quantified the percentage of species also recorded
on the 500 m buffer. For comparison, we performed the
same test with samples taken along the routes, at the same
distance categories from the intersection of the route at
the cell border (Fig. 2 in Appendix S2). The potential influ-
ence of the number of records in each sampling buffer and
its percentage of similarity in species composition with the
route was analysed through Pearson correlation with cor-
rected degrees of freedom (Clifford et al., 1989). As the cor-
relation values obtained were always low (Table 3 in
Appendix S2), we felt safe to disregard these factor in the
analysis. The effect of the distance from the access route, and
the distance from the focal point along the route, on the spe-
cies percentage of similarity was analysed by Kruskal-Wallis
test.

Wallacean shortfall and sampling bias

As a way to estimate the Wallacean shortfall, we compared
the known distribution of species with the prediction of spe-
cies distribution models (SDM). As the results of the SDMs
can be affected by Hutchinsonian shortfall, SDMs of poorly
known species tend to be less accurate, predicting smaller
areas of distribution (Loiselle et al., 2007). Thus, this analysis
was relatively conservative, because new data for the poorly
known species would lead to an even greater difference
between the known and the modelled distributions.

The known distribution of each species was estimated
through three procedures, the sum of 10 and 50 km buffers
around distribution records and minimum convex polygons
(MCP) constructed through the points of occurrence of the
species. To access the sensitivity of the results to differences
in SDM methods, the analysis was implemented with species
distribution predicted through seven algorithms: Bioclim,
Domain, Mahalanobis distance, Maxent, Generalized Linear
Model (GLM), Generalized Boosting Model (GBM or
Boosted Regression Trees) and Support Vector Machine
(SVM; Franklin & Miller, 2009).

The prediction of SDMs can be influenced by the number
of records and the quality of georeferencing (Loiselle et al.,
2007). Thus, we analysed only 4344 species that presented
more than 15 occurrence points accurately georeferenced by
locality (Appendix S3). In addition, we partitioned the data
into three groups based on number of records: more than
15, 40 and 80 records to determine the effect of sample size
on the test conducted with SVM. SDMs were based on the
first four axes of a correlation matrix PCA performed on 19
bioclimatic (http://www.worldclim.org/) and two topographic

Sampling bias on biodiversity knowledge

variables, altitude (from Worldclim) and slope, derived from
altitude data in Arccis 10.1. We used the lowest value of
suitability in training points as a threshold. The Principal
Component Analysis (PCA) were implemented in ARrcacis
with 5 km pixels. To exclude models that presented random
predictions, we used the area under the curve (AUC)
through pseudo absences. We compared estimated species
distribution only to areas predicted by models with AUC
over 0.7, using Kruskal-Wallis test. To assess the direct effect
of Hutchinsonian shortfall on distribution models, we tested
the correlation of the sum of the models with the access
route density and the collection density.

Hutchinsonian shortfall and sampling bias

To estimate the Hutchinsonian shortfall, we started from the
assumption that large groups, like bees, birds, vertebrates
and arthropods, occur throughout the Brazilian territory.
Thus, these groups should occupy all the existing terrestrial
environmental conditions in Brazil. In this way, we com-
pared the environmental similarity of sampling sites for these
large groups with all conditions within the raster map reso-
lution of climatic conditions in Brazil. We used the shortest
Euclidean distance between each 5 km pixel in Brazil and the
most environmentally similar sample point for each group
(Appendix S2). The environmental conditions were estimated
through PCA axes of topographic and climatic variables, as
explained above. The resulting similarity maps were classified
into seven classes, which were used to assess how well sam-
pled are each Brazilian biome in environmental conditions,
for each group. We also analysed whether the environmental
representability are spatially correlated with sampling effort
through Pearson correlation with corrected degrees of free-
dom with the density of access routes and distribution
records, estimated through the kernel procedure described
above.

RESULTS

Collection bias and sampling effort

The highest peaks of record density, for all groups and
biomes, are located at <1 km from the access routes
(Fig. 1). The distribution of record density along the distance
from access routes was significantly different from the null
models in all groups and biomes in 99% of the analyses.
Additionally, the distribution of record density in relation to
distance from access routes showed similar results between
groups and biomes (Fig. 1). Sampling effort intensity was
significantly different among groups, as there is a significant
difference between the number of records per grid cells in
different groups (K = 1592.804; P = 0.00001). The correla-
tion between the density of access routes and the density of
records was strong in the analysis with all groups and mod-
erate for the analysis of angiosperms, arthropods and verte-
brates separately (Fig. 2). The density of records showed
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Figure 1 Observed and expected frequency of distribution records at differing distances from access routes for angiosperm, vertebrates

and arthropods in Brazil. Colours indicate observed data from each biome, and the black lines show the results from null models.

Colour figure can be viewed at wileyonlinelibrary.com

similar proportions between the different groups, although
the angiosperms showed larger areas with higher density of
records than arthropods and vertebrates in all biomes
(Fig. 2). The highest record density for all groups was
observed in the Atlantic Rainforest and the lowest in the
Amazon (Fig. 2). The Pantanal showed higher record density
of vertebrates, while the same group presented lower density
in the Pampa (Fig. 2). Arthropods and vertebrates have low
record density in the Caatinga, when compared to angios-
perms (Fig. 2).

Relationship between diversity, endemism and
sampling effort

Species richness showed a strong relationship with the num-
ber of records in all groups (Fig. 3). Vertebrates showed the

1236

strongest relationship between the number of records and
species richness (R* = 0.94), while arthropods showed a
weaker relationship (R* = 0.70). The beta-diversity showed
virtually no relationship with the number of records for all
groups and biomes (Fig. 3). On the other hand, the sum of
the endemism index was moderately correlated with the
number of records (R* = 0.79-0.88). However, the mean of
the same index showed no correlation with the number of
records for all groups (Fig. 3).

Linnean/Wallacean shortfall and sampling bias

The similarity in species composition of all groups decayed
linearly with the increasing distance from access routes
(Fig. 4a). The similarity with the buffer around the routes
were remarkably low (~20%) even considering the smallest
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distance from the routes (1-5 km). However, the decay slope
varied between biomes, with lower values for the Atlantic
Rainforest and the highest for Amazonia, Caatinga and Cer-
rado (Fig. 4a,c,e,g in Appendix S2). The Pampa and Pantanal
showed no statistically significant effect of the distance from
the routes on the species composition similarity (Fig. 4i,k in
Appendix S2). The compositional similarity along the routes
showed no statistically significant variation (Fig. 4b). This pat-
tern was also observed for each biome separately, and the simi-
larity between samples along the routes was always higher than
the highest observed similarity of the ones collected off the
road (Table 5 in Appendix S2).

Wallacean shortfall and sampling bias

The SDM algorithms showed significant differences bet-
ween the median AUC’s, except Domain and Maxent,
which showed no significant differences between their
medians (Fig. 6 in Appendix S2). The SVM showed the
highest AUC values, while the Mahalanobis distance
showed the lowest. The predicted areas by Domain, Maha-
lanobis distance, Maxent and SVM were significantly
higher (Table 7 in Appendix S2) than the known distribu-
tion obtained for each of the three methods (10 and
50 km Buffer and MCP). Only Bioclim, GLM and GBM

showed a predicted area smaller than the MCP (Fig. 5).
Additionally, predicted areas of distribution were significantly
different between algorithms (Table 7 in Appendix S2). The
correlation of the sum of the models with the access routes
density and the collection density was relatively low (r > 0.28).
The results of the analysis with data partitions (above 40 and
80 records) showed no differences in the results obtained with
the models generated with over 15 records (Fig. 5).

Hutchinsonian shortfall and sampling bias

The similarity of environmental analysis indicated that the
majority of Brazilian territory presents more than 0.95 of
similarity with the points of occurrence of angiosperms and
the points in combined analysis of all groups (Fig. 6a,b). The
analysis of arthropods and vertebrates indicated that most of
the territory has similarity lower than 0.90 (Fig. 6¢,d). The
major areas with low environmental similarity are found in
Amazonia and Caatinga for all groups, with between 20%
and 55% of the area of these biomes showing similarity
below 0.90 (Fig. 6). Additionally, the Pantanal showed the
smallest areas with low environmental similarity (Fig. 6).
The maps of environmental distance showed low correlation
with the density of access routes and records (r between 0.07
and 0.15).
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DISCUSSION

In this study, we show large differences in sampling effort
among taxonomic groups throughout Brazil. However, inde-
pendent on the sampling coverage, all groups are equally
affected by a collection bias towards access routes. This pat-
tern generates similar biodiversity knowledge deficits, affect-
ing the perception of spatial patterns of diversity. Thus,
despite the preferential focus on certain taxa, based on the
assumption that they are ‘well known’ (e.g. Orme et al,
2005; Brooks et al., 2006; Lamoreux et al., 2006), all groups
showed similar sampling problems.

All groups showed the same pattern of collection bias
despite large differences in sampling intensity between them.
Although angiosperms have a density of records higher than
arthropods and vertebrates, the best sampled sites are coinci-
dent between groups. This can be explained by the fact that
research centres, around which most biodiversity sampling is
concentrated, are usually located in the same urban centres,
leading to common patterns of distribution of records
among different taxa (Nelson et al, 1990; Moerman & Estab-
rook, 2006; Hopkins, 2007).

The sampling bias towards access routes mentioned above
was detected for all groups, in all Brazilian biomes. However,
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the sampling intensity was different between biomes. In the
Amazon and the Atlantic Forest, the density of access routes
appears to be related to the sampling intensity (Fig. 2). On
the other hand, the variation in sampling intensity is not
fully explained by the density of routes in others biomes. For
instance, the Cerrado, Caatinga and Pampa have a low pro-
portion of their area with a high sampling effort, despite
having a considerable density of access routes. Thus, this
indicates that the scarcity of biodiversity data for these
biomes is not caused by access difficulties, but by a negative
bias, compared to humid forest biomes, as suggested by Santos
et al. (2011) and Werneck (2011). The density of access routes
in the Pantanal is relatively high; however, only vertebrates
have higher collection intensity in this biome. This is possibly
explained by an inherent positive bias from taxonomists, who
tend to sample more intensely the places they expect to be
more diverse (Sastre & Lobo, 2009). As Pantanal is moderately
rich in vertebrate species, most of them relatively common
and easier to sample in this biome (Mittermeier et al., 2003),
vertebrate taxonomists should tend to sample this biome more
intensely. Thus, we can conclude, considering the assumptions
of our analysis, that regions further from access routes are
those with the lowest biological knowledge in general. How-
ever, some of the most neglected regions have little sampling,
even in the surroundings of access routes. This pattern of sam-
pling bias can reduce the effectiveness of conservation actions
(Grand et al., 2007). As these locations farthest from the access
routes have the lowest human impacts in the world (Laurance,
2009) and present distinct species composition, they should be
considered as priority areas for inventories.

Patterns of species richness and endemism are strongly corre-
lated, in all groups, with the sample effort, which in turn is

related to the collecting bias to access roads. Interestingly, verte-
brate species richness data has the same degree of correlation as
the arthropod data (Fig. 3). This contradicts the general expecta-
tion that vertebrate data are more complete, and thus more ade-
quate for biogeographic and conservation studies, if compared to
arthropods (Cardoso et al, 2011). It is possible that this conclu-
sion applies mostly for the tropics, where even vertebrates are
poorly known. On the other hand, the vertebrate fauna of North
America and Europe are probably much better known, due to
the presence of fewer species and a longer history of study. Any-
way, our results show that, at least in Brazil, vertebrates should
not be considered as better known than arthropods.

Our results show that the least sampled areas within Brazil
are those with higher Linnaean/Wallacean shortfall. This
means that these shortfalls are directly affected by the collec-
tion bias, which, as we demonstrated, equally affects all groups.
Clearly, some groups, such as arthropods, should be more
affected by this shortfall (Cardoso et al, 2011) because, as
invertebrate taxa are much more speciose than vertebrates,
they should have more species to be described. Furthermore,
we demonstrate that the variation in species composition
along the access routes is lower than the observed in distant
locations. This may be related to the impacts of access routes
on the local biota, affecting the natural patterns of species dis-
tribution (Laurance, 2009; Clark et al,, 2010; Caro et al.,
2014). This negative effect of human presence can be related
both to vehicle traffic as to direct impacts such as pollution,
edge effect and microclimate variation (Caro et al., 2014).
However, in the case of navigable rivers, this effect can be due
both to natural differences of these habitats, compared to ter-
restrial ones, and due to the impact of human activities on
these sites. Most biomes showed a tendency to increase the
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species dissimilarity in relation to the distance from the access
routes. However, this pattern was not observed in the Atlantic
Rainforest, Pampa and Pantanal. In the Atlantic Rainforest
and Pampa, this may be due to the high density of access
routes and major impacts suffered over the past few centuries
(Tabarelli et al., 2005). In the Pantanal, where the access route
density is much lower, this pattern can be caused by lower
actual variation in species composition. The differences in
sampling intensity observed between the groups did not affect
the general pattern of dissimilarity in species composition
observed in all groups in relation to the distance to access
routes. This indicates that the implementation of inventories
in regions distant from access routes should be more effective
in increasing knowledge about the species, as had already been
suggested from simulations (Sastre & Lobo, 2009).

We showed that the lack of knowledge about the distribu-
tion of species in Brazil is very large and equally affects all

groups. This similarity in knowledge deficits in all groups
contradicts the expected from Cardoso et al. (2011), which
postulates that arthropods are most affected by the
knowledge shortfalls. The SDM’s indicated a strong lack of
knowledge about the distribution of taxa. Considering that
models are affected by incomplete distribution data (Wisz
et al., 2008), as we know it is the case of our database, this
lack of knowledge about the distribution may be even higher
than we observed. Therefore, although our results indicated
strong Wallacean shortfall for all groups, that deficit could
be even higher. However, the models were not directly
affected by Hutchinsonian shortfall, as there is little relation-
ship between the models and the access routes or collection
density. The Wallacean shortfall is more worrying because,
even the less conservative estimate of the distribution of
known species (MCP) was still lower than the distribution
predicted by the models (Fig. 5), even in the supposedly
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well-known vertebrate groups. Thus, biogeographic studies
must take into account the uncertainty about the distribu-
tion of taxa, and SDM’s can be an alternative for estimating
this uncertainty.

Although our results show a weak correlation between
beta-diversity and average endemism, these parameters may
be affected indirectly by the Wallacean shortfall. Thus, the
collecting bias affects the spatial distribution of sampling
effort, affecting the different parameters that quantify the
diversity, directly or indirectly. This is worrying as this sam-
pling pattern does not allow a good representation of the
actual distribution of diversity (Sastre & Lobo, 2009). The
direct use of these data can affect the conclusions from
macroecology and conservation studies (Moerman & Estab-
rook, 2006; Grand et al., 2007; Yang et al., 2013). Thus, it is
also important to quantify and control this kind of problem
in macroecological analysis and conservation programs
through uncertainty mapping.

Unlike observed in other forms of biological knowledge
shortfall, the Hutchinsonian shortfall was the least affected,
directly, by collecting bias. Additionally, the intensity of the
Hutchinsonian shortfall differs between taxonomic groups,
suggesting that this shortfall is more influenced by the sam-
ple intensity, as suggested by studies of SDM (Wisz et al.,
2008). This is even more evident in arthropods and verte-
brates as the sample gaps in environmental conditions are
higher in these groups. The largest number of angiosperm
records seems to have a strong effect on the completeness of
knowledge about the ecological niche of members of this
group, despite the fact that angiosperm records are as biased
as those of vertebrates and arthropods. Thus, samples near
roads, but in somewhat different environmental conditions
of the sampled elsewhere, may have significantly contributed
to the lowest Hutchinsonian shortfall in plants. Considering
these results, SDM’s should provide a better overall predic-
tion for plants than for animals in Brazil. However, the
Hutchinsonian shortfall, in all groups, should vary greatly
between species of each group analysed, as well as between
species within the same taxonomic group.

In this study, we show that, despite the differences in
intensity of sampling effort, strong collecting bias affects
equally angiosperm, vertebrate and arthropod distribution
knowledge in Brazil. Our results suggest that macroecological
and biogeographic studies intended to identify processes that
determine the biogeographic patterns should consider the
direct consequences of biodiversity knowledge shortfalls.
Future studies should focus on understanding the differences
of Hutchinsonian shortfall between species and quantify
other biodiversity knowledge shortfalls not yet explored, as
Darwinian and Prestonian shortfalls. It is also worth men-
tioning that poorly sampled sites may present higher com-
bined Linnaean, Wallacean and Hutchinsonian shortfalls, as
unknown species may occur at these sites (Cardoso et al,
2011). These sites can be used to guide biological inventories,
optimizing resource use and significantly expanding the
knowledge about biodiversity. Additionally to solutions

already proposed for these shortfalls (e.g. Cardoso et al,
2011), we suggest that sites distant from access routes, par-
ticularly those with poorly sampled environmental condi-
tions, should be preferential targets for future biodiversity
surveys.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Detailed information on the database, includ-
ing data sources, georeferencing criteria, number of records
per group, number of species per group and taxonomic cata-
logues used to access taxonomic identity within each data
partition.

Appendix S2 Detailed results and information of database.

Appendix S3 List of species used in the SDM analyses, with
the sample size per species.
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