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Abstract: Our understanding of the impacts of ongoing global warming on terrestrial species has
increased significantly during the last several years, but how climatic change has affected, and will affect,
the distribution of earthworms remains largely unknown. We used climate niche modeling to model the
current distribution of the giant earthworm Rhinodrilus alatus - an endemic species of the Cerrado Domain
in Brazil, which is traditionally harvested and commercialized for fishing bait. R. alatus is sensitive to
environmental changes because climate, in synergy with soil attributes, determine its annual reproductive
cycle and distribution. The paleoclimatic reconstructions predict important geographical shifts from LGM
(~21,000 yBp) to the present potential distribution of R. alatus: range expansion, fragmentation, and
shrinkage of the current core area. Further, the 2070 scenarios predict substantial shrink and losses of
stable areas. Our results indicate that climate change will not only affect the extent of the distribution, but
will also promote significant fragmentation and a geographical shift to outside of the currently recognized
geographical boundaries. In this context, populations of R. alatus would decline and traditional harvesting
would collapse, requiring immediate implementation of management and conservation measures for the
species and economically sustainable alternatives for the local community.

Key words: Climate change, ecological niche modeling, giant earthworm, harvesting, management, Rhi-
nodrilus alatus.

INTRODUCTION

Climatic change is causing important changes in
the spatial occurrence and distribution of species
worldwide and has been the focus of researchers

seeking to anticipate how species, communities
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and ecosystems will respond (e.g., Parmesan 2006,
Faleiro etal. 2013, Anadon et al. 2014, IPCC 2014).
Environmental factors (e.g., soil type, temperature)
generally exhibit heterogeneous patterns, and
if a species is affected by these factors, their
geographical distribution should, theoretically,
reflect environmental patterns associated with the
constraints of their physiology and life history
(Pulliam 2000, Sexton et al. 2009). In this context,
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strong ecological specialization and restricted
distribution can make species susceptible to
long-term climate change (Thackeray et al. 2010,
Barbraud et al. 2011). Furthermore, understanding
how climate fluctuations of past glacial cycles
could have influenced the current distribution
of species can help anticipate their sensitivity to
future climate scenarios (Sérsic et al. 2011, Mellick
et al. 2012, Forester et al. 2013). In South America,
particularly, the joint use of phylogeographic and
paleoclimatic reconstructions has corroborated the
sensitivity of distinct taxonomic groups to climate
change based on their patterns of geographic
expansion and contraction (see Turchetto-Zolet et
al. 2013 for a review).

Inferring the geographical distribution of
biological species has been done mainly using
Ecological Niche Models (ENMs; also referred
to as ‘Species Distribution Models’, Elith et al.
2011, Aratjo and Peterson 2012). These models
have been used extensively to describe the current
distributions of species and to project them into past
and future climatic conditions (Aratijo and Peterson
2012), based on the projection of occurrence records
onto a spatially interpolated climate surface of a
given area (i.e., environmental predictors, Guisan
and Zimmermann 2000). This modeling approach
assumes that species are in quasi-equilibrium with
their environmental requirements over the time
period (under assumptions of niche conservatism,
Warren et al. 2008) or that their distributions are
determined mainly by the environment (Norberg et
al. 2012). However, the inherent assumptions and
simplifications of ENMs (i.e., not considering other
important factors such as soil properties, species
interactions, physiological and behavioral plasticity,
and dispersal capability) may overestimate or
underestimate the climatic tolerances of species
(Norberg et al. 2012, Fordham et al. 2013).
Therefore, this approach may be more effective
with species that have climatically defined range
limits, so that errors due to physiological adaptation
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or from estimates of paleoclimate have less affect
on predicted spatial distributions (Hugall et al.
2002). In spite of this, ENMs can be employed as
a tool for forecasting species’ responses to climatic
change taking on their limitations (Parmesan 2006,
Mellick et al. 2012).

Earthworms are ecosystem engineers and
play a key role in the physical structure of
soils, modulation of nutrient availability and
modification of the rate at which soil microbes
carry out important ecosystem processes such as N
mineralization (Eijsackers 2011, Arnone et al. 2013,
Garcia-Palacios et al. 2014). In this work, ENM
was used as a tool to understand the environmental
determinants that control the distribution of the
Brazilian giant earthworm, Rhinodrilus alatus
(Righi, 1971), and its sensitivity to climatic change,
by projecting its current distribution into future and
paleoclimatic scenarios. Rhinodrilus alatus is an
endemic of the savanna formation in southwestern
Brazil (Cerrado Domain), which is restricted to
the southern portion of the Sdo Francisco River
Basin. This species can be found in different
savanna physiognomies, as well as in pastures and
eucalyptus plantations (Drumond et al. 2013).

Different climate models with different
greenhouse gas emission rates, great reductions
in rainfall (35%) and increase in mean annual
temperature (+ 4.0 °C), have been forecast for
the Sdo Francisco River Basin by 2080 (Marengo
et al. 2012), and increases of 1 to 4 °C or 2 to 6
°C have been predicted for South America by the
year 2100 (Nuiez et al. 2009, IPCC 2014). These
scenarios may have a negative impact on the life
cycle of R. alatus, affecting its aestivation, foraging
and reproductive cycles with consequences for its
survival and reproductive performance (Drumond
et al. 2013) since, as in other earthworms, they
are strongly influenced by the duration of dry and
wet seasons, and intensity and regularity of rains
(Jiménez et al. 2000, Barbraud et al. 2011, Arnone
et al. 2013). In addition, ectothermic animals are
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especially prone to be affected by climate change as
a result of their particular ecological requirements
(Sinervo et al. 2010, Sahlean et al. 2014), limited
acclimation ability, low tolerance for warming,
especially if their dispersal abilities are limited
(Williams et al. 2008, Deutsch et al. 2008, Travis
etal. 2013).

Rhinodrilus alatus is traditionally used as bait
for amateur fishing, and in the last 80 years its
harvest, concentrated in the dry season, is the main
source of employment and income for some rural
communities, particularly those of afrodescent
(“Quilombola”, Drumond et al. 2015). However,
this historical practice of exploitation can make this
giant earthworm, and the communities that depend
on their extraction (ca. 3,000 people), vulnerable
to climate changes (Drumond et al. 2015) in the
absence of long-term management that takes into
account the possibility of population declines and
changes in areas of occurrence due to climate
change (Marengo et al. 2012, IPCC 2014).

Our objectives in this study were: (i) to evaluate
the environmental factors that determine the current
distribution of the giant earthworm Rhinodrilus
alatus, (ii) assess its potential geographic
distribution until the Last Glacial Maximum
(LGM), and (iii) assess the impact of future climate
change on its geographic distribution. To achieve
these objectives, we modeled the spatial distribution
of R. alatus using climate data and employed the
latest climate-change scenarios provided by the 5th
Assessment Report of the IPCC (Taylor et al. 2012)
to reconstruction of past scenarios until the LGM
and to forecast how the distribution of this species
will change by the year 2070.

MATERIALS AND METHODS

MODELING THE POTENTIAL DISTRIBUTION OF
RHINODRILUS ALATUS

Occurrence records of R. alatus (n = 670) were
obtained by collecting individuals directly from the
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soil in all the know distribution area, during April
2006 to July 2011 (Figure 1 and 2, Table SIII). All
samples were collected by a team of biologists and
local extractors who hold the traditional technique
of manual giant earthworms extraction. Permission
to collect on private property was obtained verbally,
while permission to work with wild fauna was
granted by the Authorization and Information
System in Biodiversity (SisBio), from Chico Mendes
Institute for Biodiversity Conservation (ICMBio,
authorization number: 30164-4). We minimized
the main sources of error in ENM modeling: (i)
taxonomic uncertainty — the specimen identification
was based on morphologic criteria proposed by
Righi (1971) and phylogenetic analysis (COI and
ITS1-5.8S-1TS2 regions, see Siqueira et al. 2013 for
more details), (ii) inaccurate georeferenced data for
the species — we employed only occurrence records
obtained in situ, and (iii) biased sample — records
that cover the total distribution and altitudinal range
of the species were obtained. Another source of
significant uncertainty in ENM projections is the
choice of a single general circulation model (GCM)
for climate forecasting (Buisson et al. 2010). For
this reason, different combinations of GCMs that
represent alternate possible states of the system
being modeled should be used (Aratijo and New
2007). When these are combined, using consensus
methods (see below), they can form a more accurate
projection that outperforms single GCM models
(Forester et al. 2013).

The environmental data consisted of 19
predictor for further modeling from WorldClim
dataset (Hijmans et al. 2005), trimmed to the
state of Minas Gerais. We selected five variables
with the least autocorrelation (pairwise 7<0.60,
correlation analysis employed ENMTools v.1.4.3
program (Warren et al. 2008). This procedure
was done to avoid overparametrization of our
modelling with redundant variables. In addition,
the resulting selection was ecologically meaningful
for R. alatus (Drumond et al. 2013). For example,
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Figure 1 - a) Earthworm with more than one meter in length; b) Detail of Rhinodrilus alatus, with laterally projected clitellum;

¢) Earthworms mating - arrows indicate the two individuals; d) a cocoon within the chamber; e) a recently born earthworm; f) an
immature; g) an adult (arrow shows the projected clitellum); h) earthworm removed from aestivation chamber (larger hole) - the
arrow indicates a gallery that leads to the chamber; i) gallery detail; j) earthworm with a mucus web excreted during the dry season.

duration of dry and wet seasons, and regularity of
rains co-determine the life cycle of R. alatus, as
in other earthworms, with a strong effect for its
survival and reproductive performance (Jiménez et
al. 2000, Barbraud et al. 2011, Arnone et al. 2013,
Drumond et al. 2013). The final selected variables
were: mean annual temperature (bio 1), mean
diurnal temperature range (bio 2), temperature
seasonality (bio 4), annual precipitation (bio 12)
and precipitation seasonality (CV, bio 15). All
layers were downloaded with a spatial resolution
of 2.5 arc-min, or roughly 4x4 km?.

We used the program Maxent version 3.3.3a
(Phillips and Dudik 2008) for modeling the
geographic distributions of R. alatus. The selection
ofMaxentalgorithm was done because the predictive
performance is consistently competitive with the
highest-performing methods presence-absence data
(see Elith et al. 2011). In addition, Maxent’s can
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be modelled with presence-only data (Phillips and
Dudik 2008). One presence record per pixel was
used for a total of 670 records. We used Maxent’s
auto-features: (i) default regularization multiplier
parameter (1.0), (ii) convergence threshold (107)
and (iii) maximum number of iterations (500). We
also used 70% of the localities for model training
with replicate sample sets chosen by sampling
with replacement (bootstrap, 100 replicates), and
contrasted them with 10,000 background points
sampled from the remainder of the study area to
determine the Maxent distribution and test model
performance. Maxent’s logic is based on the
assumption that the potential geographic range of
a species can be determined by a set of spatialized
covariates (such as mean annual temperature
and rainfall, and duration of the dry season) that
define its fundamental niche, under assumptions of
niche conservatism (Norberg et al. 2012). Species
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Figure 2 - Geographic distribution of the Rhinodrilus alatus (black dots, n = 670) and potential distribution model
under Current scenario using the MaxEnt algorithm (Phillips and Dudik 2008). Warmer colours (red/yellow)
of the logistic output correspond to regions with a higher probability of occurrence. The cubic convolution
interpolation technique was employed. Drainage of the southern portion of the Sdo Francisco River (purple) and
tributaries (pink), and Cerrado, Atlantic Forest and Caatinga Domains in Minas Gerais State, Brazil are shown.

occurrences appear as high probabilistic clusters
against a climatic/geographic background that has
the maximum entropy permitted by the information
not available and associated with randomly
sampled localities (see Phillips and Dudik 2008,
Elith et al. 2011). We used area under the curve
(AUCQ) to infer the accuracy of the models, which
has been employed extensively with ENMs (Elith
etal. 2011, Jiménez-Valverde 2012).

Models for R. alatus were projected onto
current conditions, paleoclimatic conditions and
the conditions of future climate-change scenarios
(See Supplementary Material - Table SI). Current
distributions were based on mean climatology
from the 1960 to 1990 baseline period (Hijmans
et al. 2005). Both the past and the future models

An Acad Bras Cienc (2019) 91(1)

were calibrated (bias corrected) using WorldClim
1.4 (release 3) as baseline of ‘current’ climate.
For the reconstruction of past scenarios, we
used three models of the Last Glacial Maximum
(LGM, ~21,000 years before present - yBp) and
nine of the Mid-Holocene (MH, ~ 6,000 yBp)
from downscaled global climate models (Coupled
Model Intercomparison Project Phase 5 - CMIP5).
These scenarios represent cool-dry (LGM) and
cool-wet conditions (MH) of the Quaternary
climate (Clapperton 1993, Behling 2002, Mayle
et al. 2004). Our rationale behind the selection of
the distinct paleoclimatic models was to assess
the sensitivity of R. alatus to climate variation
and its correspondence with observed haplotype
variation (see Siqueira et al. 2013 for details). For
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future scenarios, we used 17 models downscaled
from CMIP5 (See Table SI). For our projections we
selected the Representative Concentration Pathway
4.5 (RCP4.5) and 8.5 (RCP8.5) for the year 2070.
Within the Fifth IPCC Assessment Report (Taylor
et al. 2012), RCP4.5 represents the scenario with
the medium-low concentration of greenhouse
gases, with a predictive radiative forcing of
+4.5W m” and 1.8 °C (1.1 to 2.6 °C) global
mean temperature (closest SRES-B1 equivalent),
while RCP8.5 represents the scenario with the
highest concentration of greenhouse gases, with a
predictive radiative forcing of + 8.5 W m™, and 3.7
°C (2.6 to 4.8 °C) global mean temperature (closest
SRES-A2 equivalent) (see van Vuuren et al. 2011).
We not analyzed data for RCP2.6 scenario because
recent studies show that GCMs for RCP2.6 (so
called “negative emissions”) is unlikely (i.e., with
Global CO, emissions of ~4 PgCyr-' at 2050, Peters
et al. 2013) when compared with the most current
estimates (~10 PgCyr-! at 2017, Friedlingstein
et al. 2014, Le Quéré et al. 2018). The selection
of the best (unlikely) and worst (more plausible)
scenario is to examine whether areas presently
occupied by R. alatus will be climatically suitable
in the future, as well as to capture the directions
of changes (Anadodn et al. 2014). Average and
standard deviation of annual rainfall and annual
mean temperature from downscaled CMIP5 were
congruent with regional estimates (see Marengo et
al. 2012, Alvares et al. 2013).

MODELING THE EXTENT AND DISTRIBUTION
UNDER CLIMATE-CHANGE SCENARIOS

Models for R. alatus that indicate the presence
of suitable habitat were projected across current
and past climates and probabilistic output was
converted to presence/absence using minimum
training presence logistic threshold (MinTP=0.191)
as a cutting method for the models (Liu et al. 2005).
We sum the 13 presence/absence maps to assess
areas of historical stability and possible climate

An Acad Bras Cienc (2019) 91(1)

HIND- AND FORECASTING MODELS OF GIANT EARTHWORMS

refugia during the climatic oscillations of the
Quaternary (i.e., pixels that are classified as suitable
across Current, MH (9 models, ~ 6,000 yBp) and
LGM (3 models, ~21,000 yBp) scenarios). These
intersections of allmodels or with higher congruence
among models resulting in a consensual refugial
map (see Carnaval and Moritz 2008, and Werneck
et al. 2012 for examples). A similar approach was
employed in the building of the future consensus
probability maps to RCP4.5 and RCP8.5 scenarios,
summing all 17 presence/absence scenarios. Each
scenario was combined with slices of 20% or more
of the models (see Forester et al. 2013).

Quantification of current and future stable,
expansion and retraction areas of R. alatus was
analyzed. Stable areas are those that currently
correspond to R. alatus distribution and will
continue to do so in the future. Expansion areas are
those that do not correspond to R. alatus distribution
in the present but could potentially be colonized in
the future due to climate change. Retraction areas
are those that currently support R. alatus, but will
shrink in the future. We performed all geographic
information system (GIS) analyses in ArcGIS v. 10
(ESRI 2011).

RESULTS

ENVIRONMENTAL PREDICTORS AND MODEL
EVALUATION

ENMs estimated under current climate conditions
had mean AUC values >0.98 (£ 0.003 SD),
indicating a very good ability to discriminate
between locations of presence and absence of R.
alatus. This metric was >0.83 for all models with
any of the five predictors (Table SII). The resulting
predictive distribution map is shown in Figure
2. Our model showed high accuracy (correctly
classified 97% of presences). Based on Maxent
jackknife scores, annual precipitation (42.8% of
variance), temperature seasonality (19%) and mean
annual temperature (19%) were the most important
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predictors of R. alatus distribution. R. alatus occurs
in environments with narrow ranges of temperature
seasonality and annual rainfall (Figure S1).

FROM LGM TO CURRENT CONDITIONS

Our models predict important geographical shifts
in the potential distribution of R. alatus, from dryer
and cooler conditions during LGM and cool-wet
conditions in the MH to the current moist and warm
conditions (Figure 3). A fragmented narrow-range
potential distribution during LGM (Figure 3a) gave
place to a more widespread, large range, but also
a fragmented distribution in the moderate cool-
wet Mid-Holocene (Figure 3b), extending to the
northwest of the State. From the Mid-Holocene to
the present, the potential distribution of R. alatus
contracted towards a central region of the state of
Minas Gerais, with medium size fragmented ranges
in the mid-north; the northwest range disappeared.
Some areas in the core distribution of R alatus
showed a high probability of climatic stability
from LGM to current scenarios (Figure 3c). These
historically stable areas most southwards, scattered
in Minas Gerais state, showed higher haplotypic
diversity (Figure 3c).

FROM CURRENT CONDITIONS TO 2070

All 17 GCMs for RCP4.5 (r = 0.400 to 0.914; n
= 91 comparisons) and all RCP8.5 (» = 0.356 to
0.831) were positively and significantly correlated
(P<0.001). On the other hand, projections for
the RCP4.5 (Figure 4a) and RCP8.5 (Figure 4b)
scenarios did not differ substantially. In this case, the
concordance among multiple GCMs indicates their
convergence to a common spatiotemporal pattern,
with both showing dramatic losses of suitable
habitats (>90%) from the present range to 2070
(RCP4.5, Figure 4c; RCP8.5, Figure 4d). These
projections show contractions and fragmentation
of suitable habitat, and a southward latitudinal shift
and altitudinal shift of suitable locations to outside
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of'its currently recognized geographical boundaries
(Figure 4 and Figure S2).

DISCUSSION

The high sampling effort allowed a confident
characterization of the geographical and ecological
range of R. alatus, enabling acongruent ENM, which
confirms R. alatus as a savanna species associated
with the Cerrado Domain (after Ab’Saber 2003).
In spite of its geographical range, well-defined
temperature boundaries and seasonality in annual
rainfall determine the geographical distribution of
R. alatus and limit it from spreading (see Wiens and
Graham 2005). Narratives of the occurrence of this
species by earthworm extractors (Drumond et al.
2008), correspond to some potential areas outside
its core distribution, corroborating the predictive
power of the model and reinforcing the importance
of local knowledge in improving biological data, as
also stated by other researchers (Berkes and Folke
1998, Bender et al. 2014).

PAST SCENARIOS: RANGE EXPANSION AFTER THE
LGM

Distribution patterns result from an amalgam of
historical and current processes (Peterson et al.
2011). Long term fluctuations in precipitation and
temperature during glacial periods have led to
cycles of contraction, fragmentation, expansion
and recolonization of the geographical ranges of
vegetation (see Behling 2002, Ledru et al. 2006,
Carnaval and Moritz 2008, Werneck et al. 2012,
Bueno et al. 2017, Costa et al. 2017 for changes in
Brazilian vegetation), followed by animal species
that dwell in them in the northern and southern
hemispheres. While the geographical range of
forest species was reduced, the response of species
of open domains was more variable, but with a
marked tendency to expand during dry periods
(Turchetto-Zolet et al. 2013).
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Figure 3 - Predicted occupancy across Minas Gerais State,
Brazil of Rhinodrilus alatus during: (a) Last Glacial Maximum
(LGM) 21,000 yBp (cool-dry) and (b) Mid-Holocene (MH)
6,000 yBp (cool-wet). Consensus refugial projection indicating
stability surface for Rhinodrilus alatus across the Quaternary
(¢) produced by overlapping predicted logistic outputs under
LGM, MH and current scenarios.
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In spite of being a savanna species, our
projections indicate that only a very small
proportion of the extant range of R. alatus, near
the periphery of the two actual core areas, would
have been climatically suitable in the cool-dry
conditions of the Last Glacial Maximum. However,
with the advent of moist and warmer conditions of
the Mid-Holocene (approx. 6 000 yBp), R. alatus
could expand its distribution towards discrete
habitats, mainly to the north and northwest of the
state of Minas Gerais. In addition, R. alatus could
select and/or displace its distribution towards
the boundaries of riverine forests that constitute
mesic enclaves within the Cerrado, even during
the driest phases of the last glacial period (Redford
and Fonseca 1986). As a result, its distribution
would become increasingly patchy even within
potential refugia. Fragmented distribution, variable
environments and low dispersive capability
compose the scenario for adaptive divergence
and reproductive isolation (Schluter 2009), giving
rise to several genetic lineages of R. alatus. The
match between refugia identified by the ENMs
and the phylogeographic analysis of Siqueira et al.
(2013) supports divergence in allopatry and niche
conservatism in R. alatus across the modeled time
span. In this sense, our paleo-ENM has provided
the explicit spatial argument needed to bring
together the complex phylogenetic population
structure and the paleogeographic history of this
giant earthworm. R. alatus was not detected in the
northwest of its potential range (Drumond et al.
2013), suggesting that the Sao Francisco River may
be a physical barrier to dispersal.

FUTURE SCENARIOS: GAIN AND LOSSES OF
AREAS

The 2070 scenarios predict substantial losses of
climatically suitable habitat across the range of R.
alatus. However, consensus projections anticipated
a gain in range to the south toward the Atlantic
Forest Domain, a more densely populated and

€20180308 8|13



FREDERIC M. HUGHES, JOSE EUGENIO CORTES-FIGUEIRA and MARIA AUXILIADORA DRUMOND

RCP 4.5 - 2070
(SRES-B1)

e

}?\

!
3

20 - 40%

]
I 40-60%
|

60 - 80%

Consensus
probability

80 - 100%

(c)

RCP 4.5 - 2070
(SRES-B1)

Change in
suitable habitat

HIND- AND FORECASTING MODELS OF GIANT EARTHWORMS

RCP 8.5 - 2070
(SRES-A2)

RCP 8.5 - 2070
(SRES-A2)

Figure 4 - Distribution models of (a) RCP4.5 and (b) RCP8.5 future scenarios for R. alatus. Red color represents areas
with higher probabilities of occurrence (current) and stability surface based on a cut-off of 20% of the models (future).
Change in suitable habitat from current to future for the (¢) RCP4.5 and (d) RCPS8.5 scenarios.

economically developed region. Although R. alatus
occurs in disturbed areas, such as pastures and
eucalyptus plantations, it is not probable that this
savanna species could expand its distribution into
agricultural land due to its sensibility to pesticides
(Drumond et al. 2015). In addition, the annual
life cicle of the R. alatus is strong associated with
seasonal precipitation condition, and its survival is
negatively affected by soils under high moist level
and with less than three consecutive dry months
per years (i.e., typical of Atlantic Tropical Forest;
Drumond et al. 2013). Consensus projections also
show a gain of suitable habitats along the eastern
sides of the Espinhaco Mountain Range (where
rupestrian grasslands over quartzite bedrock
predominate) and the Iron Quadrangle (where
rupestrian grasslands over ironstone predominate).
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However, displacements over long distances would
be unlikely, due to the low dispersal capacity
of terrestrial oligochaetes (Eijsackers 2011),
especially considering the short time span to 2070.
In addition, taking into account current records of
R. alatus in latosols and no records above 900 m, it
is unlikely that this species can adapt to the harsh
soil conditions of these two mountainous areas,
where shallow, hard, coarse-textured, dystrophic
soils derived from the nutrient-poor quartzitic and
ironstone bedrock (the latter with high levels of
heavy metals) predominate (Benites et al. 2007,
Jacobi et al. 2007, Schaefer et al 2016). These soils,
also characterized as being low in clay and organic
matter content, probably would challenge the
building of aestivation chambers and reduce their

capability for water retention, hence reducing R.
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alatus survival, mainly in the dry season (Drumond
et al. 2013).

FUTURE SCENARIOS: POPULATION DECLINE AND
REFUGIA

The concensus of ENMs suggest that R. alatus will
be a very threatened species in the coming decades,
declining towards rarity or even becoming extinct,
even in the area of its current core distribution.
However, this worm may partially endure the
enhancement of rainfall decline and uncertainty
through behavioral adaptations that could change
these forecasts. In fact, local knowledge suggests
that the depth of the aestivation chambers increase
with soil dryness and temperature (Drumond et al.
2015). By building deeper chambers, where soil
humidity is higher and temperature lower, this
worm may reduce chances of death by desiccation.
In more vegetated woody areas within the Cerrado,
soil humidity may be higher, due to hydraulic
uplifting (Moreira et al. 2003, Oliveira et al. 2005,
Scholz et al. 2008), which, we suppose, would
benefit R. alatus in these patchy areas. However,
large Cerrado areas have been deforested, lowering
water tables and reducing or even drying water
courses (Scott and Lesch 1997, Dye 2000). On the
other hand, some suitable habitats predicted for
2070 (RCP4.5), are congruent with relict climate
localities that would have been maintained from
the mid-Holocene to the present. These stable
areas would fit the necessary conditions for the
conservation of this species but they are not legally
protected in the present.

Whatever the case, the traditional use of R.
alatus would be affected at different levels. The
predict changes in the distribution of R. alatus
would cause an intense decline in the practice of
extractivism. If this species adapts to changes by
building deeper chambers, extraction would become
harder, requiring increased effort and causing
increased impact on the environment. In order to
minimize these impacts, “ex situ” conservation
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measures should be implemented, although all
present attempts for this, based on captive breeding,
had not been successful (Drumond et al. 2008).

CONCLUSIONS

This study approach offers a climate framework
on the regional scale for evaluating the sensitivity
of R. allatus to paleoclimatic conditions, and
the impacts of ongoing global warming. We
confirmed that geographic-ecology distribution
of R. allatus is well-defined and related to mean
annual temperature and precipitation seasonality.
In addition, some suitable habitats predicted for
2070, are congruent with relict climate localities
during the Quaternary climatic fluctuations, and
should be considered as priority areas for the
establishment of protected areas. On the basis of
projected current and future potential distribution,
this approach illustrates to which extent these
giant earthworm could potentially decline, and we
alert to necessity of immediate implementation of
management and conservation measures for the
species and economically sustainable alternatives
for the local community.
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SUPPLEMENTARY MATERIAL

Table SI - list of the 17 global climate models downscaled
and calibrated Coupled Model Intercomparison Project Phase
5 (CMIP5) for 2070 under the RCP4.5 and RCPS.5 scenarios.

Table SII - AUC values for all models (n=100 replicates)
building with Training and Test data. In addition, AUC values
without one variable and with only one variable are present.

Table SIIT - Occurrence registers of Rhinodrilus allatus
employed to interpolation with scenopoetic predictors (spatial
resolution of 2.5 x 2.5 arcmin, or roughly 4x4 km?) by MaxEnt
algorithm. Longitude (Long) and Latitude (Lat) coordinates in
decimals degrees.

Figure S1 - Logistic output of the probability of presence for
all occurrence points of R. alatus.

Figure S2 - Stable surface from current to future for the
RCP4.5 scenario. Light and dark green represent stable areas
above and below of 900 meters a.s.l., respectively. Satellite
images of some stable areas are displayed. Scale bar equals
15 km.
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