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Abstract Insects are the most diverse animal group, with remarkable and critical ecological roles, but the understanding
of the taxonomic diversity, distribution, and biology of the
overwhelming majority of lineages remains in its incipient
stages. One means of addressing the lack of reliable distributional data for many groups is to predict probable records
using species distribution models (SDMs), and this is particularly useful for generally undersampled and rarely encountered groups. Here, we use existing distribution records for
species and genera of Mantophasmatodea (Insecta:
Notoptera) to generate SDMs and discuss their utility for future sampling efforts. We used two different algorithms
(Envelope Score and MaxEnt) to generate potential distributions and indicate areas for future field surveys for some of the
genera and species of Mantophasmatodea with at least 10
unique occurrence records. The models showed good predictive capability (true skill statistics >0.9), with different taxa
exhibiting variables, endemic ranges largely in southern and
southwestern Africa, areas under considerable risk from

climate change. South and Southwest Africa are the best
places to focus sampling efforts for empirical data on current
occurrences and any possible future shifts, as well as the potential for discovery of previously unknown species. These
results also highlight the need to study the smaller and lesser
known lineages of invertebrates that may not represent charismatic target taxa but nonetheless harbor unique life histories
with unknown ecological roles.
Keywords Africa . Ecological Niche models . Rare species .
Wallacean shortfall

Introduction
Despite their essential roles in virtually all terrestrial and freshwater ecosystems (e.g., pollination, resource cycling; Wilson
1987; Losey and Vaughan 2006), a complete understanding of
insect biodiversity remains riddled with vast information gaps
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when compared to other organisms, especially vertebrates
(Cardoso et al. 2011; Diniz-Filho et al. 2010). Linnean (i.e.,
lack of proper taxonomic identity) and Wallacean (i.e., lack of
proper distributional data) shortfalls (Whittaker et al. 2005) are
among the main issues hindering the proper assessment of
global insect biodiversity (Cardoso et al. 2011; Diniz-Filho
et al. 2010). Nonetheless, other data shortages (e.g.,
Prestonian, Darwinian, and Eltonian shortfalls) further hinder
any comprehensive assessment as to the extent of today’s entomological diversity (Cardoso et al. 2011; Diniz-Filho et al.
2013), especially in megadiverse countries (Bawa et al. 2004;
Hong and Lee 2006). Given the current concerns with species
conservation on the edge of an allegedly sixth mass extinction
event caused by humanity and its inherent activities (Barnosky
et al. 2011; Lewis and Maslin 2015), many species are expected
to be extinct before they have even been recognized properly or
have had their distribution and biology elucidated (Rafael et al.
2009; Wheeler 1990), and insects are perhaps the most impacted lineages (Ollerton et al. 2014; Thomas et al. 2004).
Usually, the effectiveness of broad-scale conservation actions is dependent on accurate knowledge of species’ geographic distributions (Whittaker et al. 2005). Nonetheless, even
among the best known insect groups for which knowledge of
their biology and ecology is relatively well-documented (e.g.,
butterflies, ants, and bees), there remains major taxonomic and/
or distributional lapses (Cardoso et al. 2011; Diniz-Filho et al.
2010). As a general rule, those species with small sizes and/or
are inconspicuous or cryptic, and those organisms naturally
occurring in areas remote from or only near low-density human
populations, such as tropical forests and deserts, have been
sampled with a dramatically lower intensity when compared
to other charismatic species (Graham et al. 2004; Newbold
2010; Pyke and Ehrlich 2010). Nonetheless, such often ignored
species still play vital roles in the health of global ecosystems,
and an understanding of their diversity, biology, and ecology is
of just as great importance.
Recent methods and approaches regarding species distribution models (hereafter BSDMs^) provide important support for
the effective application and development of practical conservation actions for insect species (Diniz-Filho et al. 2010;
Graham et al. 2004; Newbold 2010). These methods associate
known occurrences of target species with widely available climatic variables to estimate the broad-scale environmental space
used by the species, and then project suitable but generally
unsampled regions as potentially occupied by the target species
(Guisan and Thuiller 2005; Guisan and Zimmermann 2000).
For instance, these methods have been consistently used to (1)
highlight suitable areas for new field surveys for the sampling
and discovery of rare or even new species (e.g., Raxworthy
et al. 2003; Pearson et al. 2007; De Siqueira et al. 2009; Silva
et al. 2013); (2) discuss the boundaries between different taxonomic entities (e.g., Raxworthy et al. 2007; Martínez-Gordillo
et al. 2010; Tocchio et al. 2015); (3) guide and optimize future
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biological surveys (Hinojosa-Diáz et al. 2006; Sousa-Baena
et al. 2014); (4) indicate important areas to be considered in
the development of practical conservation actions for areas potentially affected by climate change (e.g., Nóbrega and De
Marco Jr 2011; Lemes and Loyola 2013; Ferro et al. 2014);
(5) indicate suitable areas to be invaded by exotic species (e.g.,
Hinojosa-Diáz et al. 2005; 2009; Silva et al. 2014; Strange et al.
2011); and (6) generate alternative biogeographical hypotheses
in phylogeographic studies (e.g., Richards et al. 2007). In the
majority of published accounts, these studies have focused on
charismatic taxa, while underappreciated elements of the biosphere have remained neglected.
The insects of the clade Mantophasmatodea, regarded either
as a distinct order (e.g., Klass et al. 2002) or as a suborder along
with Grylloblattodea in Notoptera (e.g., Engel and Grimaldi
2004; Arillo and Engel 2006), are among those lineages lacking charismatic appeal but have nonetheless garnered some
significant attention owing to their relatively recent discovery
(e.g., Picker et al. 2002). There are generally 18 extant species
included in Mantophasmatodea, collectively known as Bheel

Fig. 1 Occurrences for all Mantophasmatodea (Notoptera) divided by a
genera and b species. The inset map highlighted in a was increased in b
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walkers^ and occurring in southern Africa (e.g., Zompro et al.
2002; Klass et al. 2003; Eberhard et al. 2011; Wipfler et al.
2012), as well as several fossil species that form a bipolar
distribution with their living counterparts (e.g., Engel and
Grimaldi 2004; Arillo and Engel 2006). Since their discovery,
numerous efforts have been made to elucidate their morphology and phylogenetic relationships (e.g., Klass et al. 2003;
Damgaard et al. 2008; Predel et al. 2012; Buder and Klass
2013; Wipfler et al. 2015), behavior (e.g., Eberhard and
Eberhard 2013; Roth et al. 2014), and distribution (e.g.,
Eberhard et al. 2011), as well as to more fully document their
diversity in sub-Saharan Africa (e.g., Picker et al. 2002).
Comparisons have even been drawn between the distributions
of mantophasmatodean species and the Khoisan-speaking peoples of southern Africa (e.g., Procheş 2014). Biotic surveys
continue in efforts to develop a comprehensive understanding
of this relict group. In this context, we describe the potential
distribution of extant Mantophasmatodea and indicate possibly
interesting areas for future field surveys of heel walkers.

Methods
Mantophasmatodean occurrences dataset
We obtained available occurrences for all mantophasmatodean
genera and species to generate potential distributions (Fig. 1),
with localities extracted from pertinent published sources (refer
to the Supplementary Information for the complete list and
Table 1 Leave-one-out
results obtained for both
ENV and MAX for all
genera and species
considered in this study
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references). For those occurrences found lacking specific geographic coordinates, we used Google Earth (Google Inc. 2015)
to acquire surrogate information based on the nearest city hall
coordinate. We considered a genus or a species as eligible to
have its potential distribution modeled only if it had at least 10
unique occurrence records on the African continent and when
considered against our applied grid-cell size (see below). From
the reduced dataset of taxa with suitable data, we modeled the
potential distribution for six species in five genera
(Austrophasma rawsonvillense, Hemilobophasma montaguense,
Karoophasma biedouwense, Karoophasma botterkloofense,
Lobatophasma redelinghuysense, and Namaquaphasma
ookiepense). The amount of unique occurrences (provided in
Table S1) for the genera was higher than that available for the
modeled species once species with less than 10 unique occurrences were assembled into the dataset. Thus, in addition to the
species models, we attempted to model genera as groups and
were therefore also able to include the genus Mantophasma a
group, since there was insufficient data available to adequately
model a given species within that clade. This resulted in six
generic-level models and six specific-level models, the only
non-overlapping group being that of Mantophasma.
Environmental layers, modeling procedures, thresholds,
and evaluation
We considered all 19 environmental predictors available at
WorldClim (http://www.worldclim.org/; Hijmans et al. 2005)
and ran a principal components analysis (PCA) to derive

Modeling algorithm
Modeled taxa

Genera
Austrophasma
Hemilobophasma
Karoophasma
Lobatophasma
Namaquaphasma
Mantophasmaa
Species
Austrophasma rawsonvillense
Hemilobophasma montaguense
Karoophasma biedouwense
Karoophasma botterkloofense
Lobatophasma redelinghuysense
Namaquaphasma ookiepense
a

ENVSC

MAX

Success rate

p value

Success rate

p value

0.916
0.812

p<0.05
p<0.05

0.958
0.937

p<0.05
p<0.05

0.850
0.928
0.900
1.000/0.968

p<0.05
p<0.05
p<0.05
p<0.05/p<0.05

1.000
0.928
0.950
1.000/0.920

p<0.05
p<0.05
p<0.05
p<0.05/p<0.05

0.923
1.000
1.000
1.000
0.928
0.900

p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05

0.846
0.937
0.909
1.000
0.933
0.950

p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05

The numbers before and after the slash correspond to each independent value considering both LPT and ROC thresholds,
respectively
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principal components (hereafter BPCs^) to be used as new environmental variables, as described in Silva et al. (2014). This
method is indicated as a way to decrease the collinearity among
the environmental variables used to predict the modeled species’
potential distributions (Jiménez-Valverde et al. 2011). We considered as our environmental predictors seven (Table S2) of the
initially 19 produced PCs, which accounted for almost 96 % of
the observed variation of the raw environmental data. The gridcell size we used was 2.5 arc-min, which corresponds to cells
with sides of 4 km in the tropical region (∼0.041°). As far as we
are aware of, this is the first study evaluating the potential distribution of mantophasmatodeans ever produced. Given this context and considering that these insects were just recently properly
described by science, here, we considered a broad and wide
study extent for the allocation of background data (the whole
Afrian continent), especially for the use of one of the two algorithms used here (MaxEnt, see below). A large study extent may
indeed produce distribution models with artificially high performance metrics (Anderson and Raza 2010; Barve et al. 2011;
VanDerWal et al. 2009). However, since the occurrence data
for the mantophasmadean insects is limited and clustered to a
small area in the African continent, we decided for this bigger
extent to discover potential areas in the continent where future
surveys may take place to gather new occurrences.
Considering the data variability and inherent biases existent in
the methods available to determine species potential distribution
(Barry and Elith 2006; Diniz-Filho et al. 2009; Elith et al. 2006;
Rocchini et al. 2011), we used different modeling methods to
predict the distribution of the modeled species. We considered in
our modeling procedures the following algorithms: (1) Envelope
Score (ENVSC; Nix 1986; Piñero et al. 2007), a quantitative
version of Bioclim and (2) Maximum Entropy (Phillips and
Dudík 2008; MAX; Phillips et al. 2006). ENVSC is a
distance-based method which is a simpler algorithm that usually
only considers presence data to generate species potential distributions (Rangel and Loyola 2012). Conversely, MAX is an artificial intelligence method which is generally more complex and
tends to correctly predict the known occurrences more successfully than other methods (Rangel and Loyola 2012). While
ENVSC is implemented in openModeller Desktop (Muñoz
et al. 2011), MAX is implemented in MaxEnt (Phillips et al.
2006). Once MaxEnt’s parameterization may improve or deteriorate the predicted ranges for the modeled taxa (Anderson and
Gonzalez 2011; Muscarella et al. 2014), we only allowed both
Linear and Quadratic features (the LQ MaxEnt), rather than
using it in a full default version.
Given the limited availability of suitable occurrence data for
several of our modeled taxa, we used the Jackkniffe approach,
also known as leave-one-out (Pearson et al. 2007), to produce
n subsets with n-1 occurrences to be used to predict their potential distributions with each individual algorithm. Later, these very
same subsets were used to evaluate the resulting distributions.
We considered the lowest presence training threshold (LPT;
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Pearson et al. 2007) to transform the suitability matrices obtained
for all algorithms into presence-absence maps for each
modeled taxon. For the genus Mantophasma, the group with
the highest collective number of unique occurrences in our
dataset, in addition to the LPT threshold, we also considered
the receiver operating characteristic (ROC) threshold, which
balances for both omission and commission errors, to generate
the presence-absence maps. We also used true skill statistics
(TSS; Allouche et al. 2006), a threshold dependent statistic that
varies from −1 to +1, to evaluate our predicted distributions.
According to this evaluation procedure, values ranging from
−1 to near zero represent distributions that are no better than
random, while distributions with values equal to +1 represent a
perfect agreement between the observed and modeled distributions. Similar to the interpretations for the area under the

Fig. 2 Summed distribution maps for the potential distribution of all
modeled genera in this study
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receiver-operator curve (AUC; Fielding and Bell 1997), acceptable models have TSS values ranging from 0.5 and 0.7,
while models with values higher than that are considered excellent. We considered 10,000 random pseudoabsences in the
testing procedures for both of the models.
A strict mean consensus was obtained from the potential
distributions produced and to represent the modeled final distribution of each taxon. This method was considered to be best
to delimit the final distribution of a given taxon obtained with
several different modeling algorithms (Marmion et al. 2009).
Considering the summed consensus distributions for both genera and species and their available occurrences, we built a 200km buffer around them to designate interesting areas to be
considered in future sampling surveys. In these maps, for the
genus Mantophasma, we considered the predictions produced
with the ROC threshold to better optimize future surveys.
Finally, considering the same occurrences, we employed a network of Thiessen polygons (Schulman et al. 2007) to describe
t h e s a m p l i n g e ff o r t e m p l o y e d s o f a r t o c o l l e c t
mantophasmatodeans. Finally, considering the produced distributions, we used WWF’s shapefile on world ecoregions (http://
www.worldwildlife.org/publications/terrestrial-ecoregions-ofFig. 3 Summed distribution for
the Mantophasma genus for both
ENVSC (a and b) and MAX
(c and d) either considering the
LPT (a and c) and ROC (b and d)
thresholds
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the-world) to depict two of the most anthropized African
ecoregions that are covered by the potential distribution of the
mantophasmatodeans (Karoo-Namib Zone (KNZ hereafter)
and Cape Floral Kingdom (CFK hereafter)) to discuss these
organisms’ conservation.

Results
In general, the potential distributions generated for all
modeled genera and species showed excellent predictive capability, always achieving TSS values higher than 0.90
(Table S3). All models for both genera and species we considered here reaches p values lower than 0.05, according to the
leave-one-out method, what indicates the produced distributions are better than distributions produced in a random fashion (Table 1). As the simpler method used here, ENVSC
showed the biggest distribution for the modeled taxa in all n
−1 subsets used to predict mantophasmatodeans distribution
ranges. Otherwise, MAX tended to produce more concise distributions, than ENVSC.
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Considering all modeled genera of Mantophasmatodea,
Karoophasma (Fig. 2e) and Mantophasma (Fig. 3a, b) were
those which showed the largest potential distributions, while
the remainder (Austrophasma, Hemilobophasma,
Lobatophasma, and Namaquaphasma; Fig. 2a–d) exhibited
variable distributions, mainly restricted to southwestern
South Africa. Regarding Mantophasma specifically, its distribution was the widest among all modeled genera, independent
of the threshold considered to produce the binary distribution
maps. When we consider the modeled species,
K. botterkloofense (Fig. 4) had the largest distribution of all.
As observed for the modeled genera, all modeled species were
mainly distributed within southwestern South Africa (Figs. 2,
3, and 4).
The Thiessen polygon network showed that the gathered data
on Mantophasmatodea are aggregated in small areas in southwestern Africa and southwestern South Africa (Fig. 5a). We
indicate areas all over south and southwestern Africa for future
surveys and model evaluation of genera (Fig. 5b) and species
(Fig. 5c) of Mantophasmatodea. Finally, both the predicted potential generic and specific for the mantophasmatodean taxa covered much of the anthropized KNZ and CFK African ecoregions
(Figs. 5b, c).

Discussion
Here, we presented the first suite of modeled potential distributions for a diversity of genera and species of heel walkers in
southern Africa, and although the available data are presently
limited, the results were generally robust. The occurrence data
we gathered and that was suitable for analysis was mostly focused in south and southwestern Africa and, not surprisingly, the
potential distributions that resulted were largely confined to the
same regions, reflecting the general endemism of those particular
groups. It was interesting that none of the genera showed potential occurrence well outside of these areas, highlighting the restricted ecological tolerances of the modern Mantophasmatodea
by comparison to taxa once living in the subtropical environments of Europe during the middle Eocene (e.g., Arillo and
Engel 2006), analogous to other relict sub-Saharan insect lineages that also occurred in the Paleogene of Europe (e.g.,
Rhachiberothidae among the Neuroptera; Grimaldi and Engel
2005). Hopefully, these models might be used to target future
sampling strategies and to expand upon the known distribution
of given taxa, as well as aid the biodiversity discovery process.
As more data becomes available, it should be possible to significant expand upon the current work and incorporate such data
into phylogeographic studies and conservation efforts.
Maintenance of collections and museums has extreme importance for biodiversity research (Bebber et al. 2010; Kim
1993). In the case of Mantophasmatodea, an unpublished specimen collected in 1890 labeled as BOgrabiesa ferox n.g & n.sp^

Fig. 4 Summed distribution maps for all modeled species of
Mantophasmatodea considering both ENVSC (left column) and MAX
(right column) algorithms

by Louis Péringueyi was only identified properly after 2002,
more than a hundred years after its collection. This Bshelf-life^
is quite common, independent of the biological group considered (Fontaine et al. 2012), although insects usually take longer
periods of time to be described than other invertebrates in general (Bebber et al. 2010; Fontaine et al. 2012). Many more
specimens are being identified and described from African museums and field surveys, and such taxonomic efforts then spur
investigations into their ecological, behavioral, and life history
traits (Eberhard 2009; Picker et al. 2002; Roth et al. 2014;
Wipfler et al. 2012), and all directly linked to the biological
research collections which harbor the original inspirations and
vouchers for such data. Nonetheless, despite this effort, the
Wallacean shortfall (i.e., the lack of proper biogeographic information regarding a species’ geographic distribution;
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Fig. 5 Sampling priority for
future surveys of
Mantophasmatodea (Notoptera).
a Thiessen polygons showing the
density of samplings of
Mantopasmathodea in
southwestern Africa. b Priority
areas for future generic surveys. c
Priority areas for future species
surveys. Both Karoo-Namib Zone
and Cape Flore Kingdom are also
depicted in b and c

Whittaker et al. 2005) remains one of the main data shortages
impacting entomological biodiversity studies, especially in
tropical areas (Cardoso et al. 2011; Diniz-Filho et al. 2010).
Such a lack of basic biological data is worrisome given the real
threats looming over most species and directly resulting from
human activities (Laurance et al. 2014; Tylianakis et al. 2008).
A greater investment in individuals inclined toward zoological
research and conservation, both as professionals and amateurs
(citizen scientists), certainly work toward reducing the data
shortfall (e.g., Kim 1993; Ebach et al. 2011; Wheeler et al.
2012) and may serve to drive efforts in more positive directions
than what is actually underway in some major biotas (Carvalho
et al. 2014; Rafael et al. 2009).
Given this disturbing scenario and limited resources for
scientific endeavors, any distribution estimate from which applied measures can be taken serves as a vital tool for both the
planning of new field surveys or even the support of practical
conservation actions. Previous examples have already demonstrated the utility of SDMs to unveil and better describe the
distributions of rarely-sampled species. For instance,
Raxworthy et al. (2003) used SDMs to describe the distribution of known species of the cryptic leaf-tailed gekkos of
Madagascar and even discovered new species through the
process. De Siqueira et al. (2009) generated SDMs that permitted the discovery of new populations of a threatened plant
species in Brazil, and SDMs allowed Silva et al. (2013, 2014)
and Hinojosa-Diáz et al. (2005, 2009) to discuss the distribution of native and exotic bees occurring in the Americas.
Lastly, these methods are also being used widely with insect
species to pinpoint important areas for the development of
conservation policies and the implementation of informed
protocols (Nóbrega and De Marco 2011) and to estimate

impacts of climate changes on their future distributions (e.g.,
Ferro et al. 2014; Martins et al. 2015; Rasmont et al. 2015).
Considering the current biodiversity crisis and those species
with poorly described distributions, we suggest the further use
of these methods to optimize future biodiversity surveys and
better understand the distributions of such species.
All of the above is certainly applicable to the monitoring
and long-term understanding of biotas in Africa, where empirical data is greatly needed and the potential for considerable
loss of biodiversity is significant (Jürgens et al. 2012), and
some Mantophasmatodea occur within the threatened KarooNamib Zone (KNZ) and Cape Floral Zone (CFZ) (Huntley
1988) and would undoubtedly be under the same risk as these
regions are in general (Mantyka-Pringle et al. 2015; von
Maltitiz and Scholes 2008). It is already known that protected
areas do not always conserve the diversity of non-target taxa
(e.g., Guareschi et al. 2015), the targets usually being more
charismatic or of direct use by humans, neither of which are
the case for Mantophasmatodea. The present models further
emphasize the restricted nature of mantophasmatodean distributions, potentially leaving them susceptible to habitat disruption. It is important to continue sampling efforts on
mantophasmatodean populations and learn as much as we
can from these specialized relicts. If we fail to understand their
natural occurrences before African biotas are permanently
augmented, then the lineage could be poised for loss only
decades after they were first discovered.
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