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ABSTRACT. In this paper, the potential distribution of the Mesopotamian harvestman Discocyrtus dilatatus Sgrensen,
1884 is modeled, and the species’ bioclimatic profile is described. Models were built with the presence-only methods
Maxent and Bioctim, using 85 unique records (of which 49 are new) and 11 non-correlated bioclimatic variables as
predictors. Both Maxent and Biocum supported the Mesopotamian-Yungas disjunct pattern observed in D. dilatatus, and
confirmed the hypothesis that the sub-xeric Dry Chaco is an effective barrier for the two portions of the range. Similarly
to results of previous studies on other Mesopotamian harvestmen, temperature variables proved more relevant than
precipitation variables in the final models. In the combined overall score obtained with MaxenT, bc4-temperature sea-
sonality ranked as the most relevant, and only one precipitation variable (bc18-precipitation of warmest quarter, in
second place) ranked among the top five. In the Most Limiting Factor analysis, which identifies the relevant variables in
a local scale, temperature variables were again more determining than precipitation variables in most of the range. One
single variable, bc5-maximal temperature of warmest month, proved critical near the boundaries of the modeled range
and the Dry Chaco, suggesting that extremely high temperatures (and not the supposed aridity) are responsible for the

450 km distribution gap.
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While knowledge of the geographical distribution of a
species starts with its actual records, correlative modeling meth-
ods help to identify the role of environmental variables in the
shape of ranges, and to predict potential presences where sam-
plings are still incomplete (RaxworrtHy et al. 2003, EritH &
Leatnwick 2009, Pearson 2010). In recent years, several contri-
butions have gradually improved our understanding of the
distribution patterns of the harvestmen inhabiting the
“Mesopotamian sensu stricto” opiliogeographical area, as de-
fined by Acosta (2002). The harvestmen assemblages of this
area comprise not only the Argentinean Mesopotamia (i.e., the
region enclosed by the Uruguay and Parana rivers), but also
adjacent regions in eastern Paraguay, the provinces of Formosa,
Chaco and Santa Fe, along with a large westward projection
into the plains of the province of Cérdoba (Acosta 2002, see
also Fig. 1). Our increased knowledge about species distribu-
tions results not only from gathering “more dots on a map”,
but also from the implementation of Species Distribution
Models (SDM), using bioclimatic variables as predictors, on
several typical Mesopotamian harvestmen: Discocyrtus
prospicuus (Holmberg, 1876), Gryne orensis (Serensen, 1879) and
Discocyrtus testudineus (Holmberg, 1876) (Acosta & GUERRERO

2011, Acosta & VErRGARA 2013, Acosta 2014). Aside from provid-
ing predictive models for these species, SDMs (frequently re-
ferred to as “ecological niche models”) have allowed us to learn
more about their bioclimatic requirements and tolerance
ranges, which were mostly unknown for Neotropical harvest-
men (Acosta 2008, 2014, Acosta & Guerrero 2011). When based
on climatic constraints, SDMs allow the “bioclimatic profile”
of a given species to be inferred, i.e., the suite of optimal cli-
matic conditions in which the populations of a species can be
maintained. A projection on the map of this partial represen-
tation of the “bioclimatic niche” displays all areas deemed suit-
able for the species, under the parameters used, even if effective
records do not cover the entire area (GuisaN & ZiMmMERMANN 2000,
Pearson 2010).

As stressed elsewhere, Discocyrtus dilatatus Serensen, 1884
is probably the harvestman species that best defines the
Mesopotamian s.s. distribution pattern (Acosta 2002, Fig. 1).
Its distribution is rather continuous over an extensive area,
from eastern Paraguay to the south of the provinces of Santa
Fe and Entre Rios, also entering the plains of the province of
Coérdoba (where it becomes one of the most frequent harvest-
men), reaching the base of the central Sierras (Acosta 1995,
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Figure 1. Records of Discocyrtus dilatatus (dots), plotted over the relevant ecoregions, as defined by Olson et al. (2001): Yungas (Yu), Dry
Chaco (Ch), Humid Chaco (hCh), Espinal scrubland (Esp), Humid Pampean steppe (PS), Uruguayan savanna (UrS), Southern Cone
Mesopotamian savanna (scM), Alto Parana Atlantic Forests (APF), Araucaria moist forests (AMF); the narrow area along the Parana river
course represents the Parana flooded savanna. “Mesopotamian sensu stricto” (MES s.s.) and the Misiones (MIS) opiliogeographical
areas in Argentina are indicated (based on Acosta 2002); black dashed line: west limit of MES s.s.; yellow dashed line: limit between
MES s.s. and MIS. Inset: location of the depicted area in South America.

2002). The range of D. dilatatus is thus environmentally het-
erogeneous, stretching over several ecoregions (Fig. 1). In the
Mesopotamia (the core area), D. dilatatus is widely sympatric
with G. orensis and D. testudineus (Acosta & VErGArA 2013, Acosta
2014). One remarkable feature of the range of D. dilatatus is its
occurrence in the montane rainforests of northwestern Argen-
tina (Yungas ecoregion sensu OLsoN et al. 2001), about 450 km
away from the species’ core area (Acosta 1995, 2002, Fig. 1).
The gap in-between corresponds to the Dry Chaco ecoregion,
an extensive semi-arid environment that is deemed inhospi-
table for harvestmen from humid and sub-humid areas (Acosta
2002); thus, low precipitation appears at a first glance to be an
explanation for the discontinuity. The disjunct pattern has been
also documented for other Mesopotamian species (G. orensis,
also in D. prospicuus, “marginal” in the area), as well as for a
representative of the adjacent Misiones opiliogeographical area
(Fig. 1: MIS), Geraeocormobius sylvarum Holmberg, 1887 (Acosta
2002, 2008, Acosta & GuUErrerO 2011, Acosta & VERGARA 2013).
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Since several species are involved in what seems to be a more
general pattern of distribution, an explanation invoking Pleis-
tocene climatic cycles has been suggested: humid-warm peri-
ods (interglacials) may have enabled range expansions that
connected both parts of the present range; subsequent cool-
dry stages (glacial) might have caused range retraction and iso-
lation of the Yungas populations (Acosta 1995, 2002, Acosta &
GuUErrErO 2011, Acosta & VErGARA 2013; in accordance to the
“forest bridges” proposed by Nores 1992 for birds). This hy-
pothesis, however, remains to be tested.

Among the most characteristic Mesopotamian species,
D. dilatatus is the only one for which a SDM has not been
generated. For this reason, the primary goal of this paper is to
model the distribution of D. dilatatus using bioclimatic predic-
tors, and to assess which variables may influence the shape of
the species’ range more strongly. Particularly we wanted to
identify the climatic drivers responsible for the range gap
(Mesopotamia-Yungas disjunction) mentioned above. As
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stressed, aridity of the Dry Chaco seems to be an intuitively
straightforward explanation. However, in the case of other dis-
junct species (D. prospicuus and G. orensis), temperature vari-
ables proved to be decidedly more relevant than precipitation
variables, while a single variable (“maximal temperature of
warmest month”) has been considered a limiting factor close
to the boundaries of the Chaco (Acosta & GUERRERO 2011, AcosTa
& VErGArA 2013). We were particularly interested to find out if
these conclusions also apply to D. dilatatus. Descriptive state-
ments about the species’ bioclimatic profile, together with
analysis of the relevance of variables and the introduction of
many new presence records give a complete update on the dis-
tributional features of D. dilatatus.

MATERIAL AND METHODS

Presence data

All available records of D. dilatatus were considered in the
dataset used for modeling. Localities referred to in the literature
(SorenseN 1884, 1895, Roewer 1913, 1929, 1938, MuLLEr 1918,
RINGUELET 1959, SoaRrEs & Soares 1985, Acosta 1995, 2002) were
all carefully evaluated, discarding the records that could not be
identified or that were too imprecise to be georeferenced. New
records were obtained from fieldwork and specimens gathered

from different collections, resulting in a substantial increase of
the record set. Localities obtained from the literature and speci-
mens’ labels were identified and georeferenced with use of road
maps and digital gazetteers available on the Internet, chiefly
Google Earth® our own captures were georeferenced in situ,
using a Map-60 Garmin GPS. Collection acronyms are as fol-
lows: CDA: Catedra de Diversidad Animal I, Facultad de Ciencias
Exactas, Fisicas y Naturales, Universidad Nacional de Cérdoba
(conventional collection is indicated with a 000.xxx accession
number; freezer collection is denoted as CDA-F); LEA: Luis E.
Acosta collection, Cordoba; MACN: Museo Argentino de Ciencias
Naturales “Bernardino Rivadavia”, Buenos Aires; IML: Instituto
Miguel Lillo, San Miguel de Tucumén.

Climatic variables

Models were built using the climatic information con-
tained in WorldClim 1.4 (Hymans et al. 2005a). This database
comprises a set of values for current climate, averaging the 1950-
2000 period, in the form of 19 bioclimatic (bc) variables, refer-
ring both to temperature and precipitation (Table 1). Climate
surfaces were delimited between -73.541667°W/-47.966667°W,
and -19.125000°S/-41.30000°S, at the finest resolution avail-
able (30 arc second). To avoid overparametrization in the mode-
ling procedure, we discarded highly correlated variables

Table 1. Bioclimatic profile of Discocyrtus dilatatus (n = 85) (Biocuim): basic statistics of the 19 bioclimatic variables and description of the
cumulative frequency curves (cum. f.). Curves are characterized as normal (N), skewed towards the lower (sk-) or upper end (sk+), bimodal
(Bi) with high peak at the right (Bi*) or at the left (*Bi) and multimodal (M); the number of extreme low (left) and high (right) outliers
in the curves are provided. Temperature values are in Celsius degrees (°C), precipitation in millimeters. The 11 variables employed in the

MAxXENT models are asterisked.

Bioclimatic Variable Median Min-Max Range SD cum. f. Outliers
(bc 1) Annual mean temperature 18.50 15.76 - 24.97 9.20 2.33 ~Bi 0-0
(bc 2) Mean monthly T° range 13.33 10.74 -15.37 4.63 1.22 sk+ 0-0
(bc 3) *Isothermality (2/7 x 100) 50.09 46.77 - 57.11 10.34 2.70 sk- 0-0
(bc 4) *T° seasonality (STD x 100) 442.00 311.87 -592.29 280.43 52.14 N 0-0
(bc 5) *Max T° of warmest month 31.70 27.00 - 34.40 7.40 1.90 sk+ 4-0
(bc 6) *Min T° of coldest month 5.00 0.80 — 14.60 13.80 3.69 ~Bi 0-0
(bc 7) *T° annual range (5-6) 26.00 19.40 - 31.10 11.70 2.35 sk+ 0-0
(bc 8) *Mean T° of wettest quarter 23.33 20.00 - 28.13 8.13 1.78 N 0-2
(bc 9) *Mean T° of driest quarter 12.65 10.38 - 20.97 10.58 2.80 sk- 0-0
(bc 10) Mean T° of warmest quarter 24.27 20.00 - 28.50 8.50 2.14 M 0-0
(bc 11) *Mean T° of coldest quarter 12.65 10.32 -20.92 10.60 2.81 sk- 0-0
(bc 12) Annual precipitation 900 369 - 1757 1388 297.32 N 0-0
(bc 13) Precipitation of wettest month 140 80-187 107 23.59 N 0-0
(bc 14) *Precipitation of driest month 22 2-111 109 22.10 sk- 0-3
(bc 15) *Precipitation seasonality (CV) 51.78 16.83 -115.16 98.33 26.47 ~Bi 0-2
(bc 16) Precipitation of wettest quarter 365 209 - 493 284 60.67 Bi 0-0
(bc 17) Precipitation of driest quarter 71 6 —356 350 75.29 sk- 0-3
(bc 18) *Precipitation of warmest quarter 348 204 - 476 272 60.37 ~Bi 0-0
(bc 19) Precipitation of coldest quarter 71 6 —356 350 75.84 sk- 0-3
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(Pearson > 0.75) by conducting pairwise analyses separately
for temperature and precipitation variables (RissLer & Aropaca
2007, Kozak et al. 2008, Acosta & Guerrero 2011). The correla-
tion was calculated on the bc values of 770 random points
over the studied region (covering central and northern Argen-
tina, Paraguay, Uruguay and southern Brazil). In view of the
lack of prior biological information on the environmental pref-
erences of D. dilatatus, the choice of a variable in a highly cor-
related pair was based on its relative contribution in preliminary
MaxenT models (see below), carried out with all 19 variables;
by doing this, our aim was to avoid the exclusion of poten-
tially relevant predictors. Eleven uncorrelated bc variables were
then used to build the models (Table 2).

Calibration and evaluation of models

The potential range of D. dilatatus was modeled with two
presence-only, correlative algorithms, Maxent and Brocrim.
Maxent models were built using version 3.3.3.k of the software
(PuiLuies et al. 2011). As defined by Puiuips et al. (2006), this
method allows the estimation of a target probability distribu-
tion by finding the probability distribution of maximum en-
tropy (i.e., that is most spread out, or closest to uniform), subject
to a set of constraints that represent our incomplete informa-
tion about the target distribution. Since suitability in Maxent
prediction maps is expressed in a continuous range (from O to 1
in the logistic output, here used), a threshold rule was used to
define a limit between suitable and not suitable cells. In this
study, the “maximum training sensitivity plus specificity” thresh-
old was applied (Lwv et al. 2005, Rusio & Acosta 2011). Most
settings were left in their default (recommended) values, but
maximal number of background points was set to 25000, and
maximum iterations to 3500. The Maxent model of Fig. 3 dis-
plays suitability levels based on a single run. That of Fig. 2 is a
binary prediction, i.e., “present/absent”. Following Acosta

(2014), binary maps summarize 30 replicate runs, using the
“crossvalidation” option of replicate type; “random seed” was
selected, and 10% of the points were used to test in each run.
The final binary prediction was obtained by overlapping the 30
single binary maps, retaining as suitable those cells shared by
60% of the individual runs (Fig. 2). BiocLiv models were prima-
rily built to contrast the results obtained in Maxent. This method
was run in the software Diva-Gis (Hymans et al. 2005b). In this
paper, only the binary (“true/false”) BiocLiM prediction was con-
sidered, with a cutoff at the 1.25 percentile (Fig. 2). Accuracy of
the models obtained in Maxent and BiocLiM was evaluated
through the AUC (area under the curve) value, calculated in a
ROC (receiver-operating characteristic) graph. AUC values over
0.8 are deemed to reflect a “good” model performance; above
0.9 the accuracy is considered “high” (Luoro et al. 2005).

Bioclimatic profile

To describe the bioclimatic conditions that are favorable
to D. dilatatus, the set of values for all 19 bioclimatic variables
were extracted using the Modeling > Bioclim > Envelope > Ex-
tract command of Diva-Gis. Environmental preferences of the
species were then characterized through the maximum, mini-
mum, average and range values for each variable (Table 1).
Distribution frequency features of the variables were tackled
through the inspection of the cumulative frequency curves
(classified following Acosta 2014); box-plot diagrams (obtained
with the InfoStat package; D1 Rienzo et al. 2013) were used to
assess distribution outliers.

Relevance of variables

Different estimators, available in Maxent, were used to
measure the overall relevance of each variable in the predic-
tive models of D. dilatatus. The “percent contribution” and
the “permutation importance” were calculated by default by

Table 2. Relative importance of the 11 bc variables used to build the Maxent model of D. dilatatus. Estimators include: (a) percent
contribution of each variable to the model; (b) permutation importance; (c) jackknife analysis, training gain with each variable set aside
at a time; and (d) jackknife, training gain with each variable run in isolation. Variables are ordered according to an overall scoring (last
column), computing all four estimators (a+b-c+d). In each column, the five highest values are in bold and the highest one is underlined.

Variable (a) Pgrce_nt (b? Permutation (© Tra‘ining gain (d) Trfaining gain Overall
contribution importance without with only score

bc4 — T° seasonality 15.8468 33.3324 2.0054 0.6669 47.8407
bc18 - Precipitation of warmest quarter 22.4484 7.9319 1.9799 0.6949 29.0953
bc11 — Mean T° of coldest quarter 10.0974 18.7511 2.0435 0.7335 27.5385
bc9 — Mean T° of driest quarter 6.2910 18.7582 2.0198 0.7572 23.7866
bc6 — Min T° of coldest month 7.4027 10.7705 1.9852 0.3217 16.5097
bc15 - Precipitation seasonality 9.8947 2.4110 2.0130 0.2226 10.5153
bc8 — Mean T° of wettest quarter 7.9686 2.0939 2.0300 0.5085 8.5410
bc7 — T° annual range 6.5079 2.8311 2.0249 0.5594 7.8735
bc3 - Isothermality 7.5586 1.5685 2.0184 0.5289 7.6376
bc5 — Max T° of warmest month 5.5620 1.3066 2.0403 0.2861 51144
bc14 - Precipitation of driest month 0.4220 0.2448 2.0522 0.2103 -1.1751
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Figures 2-3. Distribution models of Discocyrtus dilatatus, calibrated with the 11 bc selected variables. (2) Overlap of binary models obtained
with Maxent and Biocum (true-false, 1.25). Darker: overlapping areas; lighter: predicted only with MaxenT; intermediate tone: predicted
only with BIOCLIM; Dots: training records. References for selected localities: RA: Rio Apa, Co: Concepcién, Y: Yapey(, Z: Zelaya; Argentinean
provinces: Mis: Misiones, Corr: Corrientes, ER: Entre Rios, SF: Santa Fe, BA: Buenos Aires, For: Formosa, Ch: Chaco, Cérd: Cérdoba, SE:
Santiago del Estero, Ju: Jujuy, Sal: Salta, Tu: Tucuman, Cat: Catamarca. (3) Model calibrated with MaxenT, showing suitability levels in four
steps (from lighter to darker: 0.178-0.3; 0.3-0.5; 0.5-0.7; above 0.7). Dots: training records. References for selected localities: RA: Rio Apa,
A: Asuncién, Re: Reconquista, VL: Valle de Lerma, SB: Sierra de Santa Barbara, Co: Concepcion, Y: Yapey(, Z: Zelaya.

the software. The former is a heuristic estimation obtained by
adding or subtracting (in each iteration of the training algo-
rithm) the increase or decrease of regularized gain to the con-
tribution of the corresponding variable (PuiLLirs et al. 2011).
The “permutation importance” results from values of each
environmental variable in training presence data and back-
ground points being randomly permuted; the model is then
reevaluated on the permuted data and the resulting drop in
training AUC is normalized to percentages values. In addition,
importance was also evaluated with the “jackknife test”, which
considers the training gain when the model is run with either
one variable removed at a time or using that variable in isola-
tion. The bc that decreases gain the most when omitted is
deemed to have the most information not present in other
variables; the bc with highest gain when run in isolation is
considered to bear the most useful information by itself (PHiLLIps
et al. 2011). The mentioned measures of relevance normally
do not rank variables in the same order; therefore, the ranking
shown in Table 2 reflects an overall scoring, following Acosra
& VErRGARA (2013) and Acosta (2014). This overall score is calcu-
lated as: (a) percent contribution + (b) permutation importance
- (c) jackknife test, without that variable + (d) jackknife test
using the variable in isolation (a+b—c+d). As stated, the vari-

ables ranking for relative overall contribution, obtained in a
preliminary run with all 19 variables, was used as a criterion to
retain relevant predictors of a correlated pair.

Aside from these general measurements, in a local dimen-
sion it is clear that the relevance of the variables is not the same
in different portions of the range. To detect which predictor is
the most limiting in each sector, a Most Limiting Factor (MLF)
analysis was run using BiocLiv. MLF makes a grid-by-grid assess-
ment of the variables, indicating for each positive cell (0-100
percentile) the variable for which the percentile score was the
most extreme (lowest or highest; Hymans et al. 2005a).

RESULTS

Records of Discocyrtus dilatatus

The complete dataset comprised 85 unique localities, of
which 49 are new records (Appendix 1, also displayed in Fig.
1); at the resolution employed, all points remained in inde-
pendent grid-cells, i.e., all of them were effective records in
the modeling procedure. Two literature records were not in-
cluded in the dataset because they were not precise enough:
“Nordl. Argentinien” [Northern Argentina] (Roewer 1913) and
“Brazil, Santa Catarina” (Roewer 1929). The record for “Brazil:
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Sao Paulo, Alto da Serra” (Roewir 1929) needs verification
(Acosta 1995) and was also disregarded. The original locality
“La Zanja”, Paraguay (SorenseN 1884) could not be found (Acosta
1995). MrLro-Lerrao (1939) mentioned the occurrence of D.
dilatatus in “Uruguay”, but this location was questioned by
CarocasaLk (1968) and Acosta (1995). There is a mistaken refer-
ence for “Bahia Blanca” (Roewer 1929), followed by RINGUELET
(1959), but that record proved not to exist in Roewer’s collec-
tions (Acosta 1995). Finally, Roewer (1929) cited the species for
“Argentinien (Rio Salado)”, which was attributed to the prov-
ince of Santiago del Estero by RinGueLer (1959); however, labels
of the original material (stored at the Muséum National
d’Histoire Naturelle, Paris) read “Paraguay: Rio Salabro” (Acosta
1995). We assume here that the latter is a misspelling of Rio
Salado, a tributary stream of the Paraguay River, 20 km N of
Asuncion (Appendix 1). The material collected by us substan-
tially increased the number of known localities in the prov-
inces of Corrientes, Santa Fe, Formosa, Cérdoba and Salta, and
recorded the species for the first time in the provinces of
Misiones, Entre Rios and Catamarca. Records obtained in the
center of the province of Cérdoba (Los Molinos, Despefiaderos
1, Despefiaderos 2 and Villa los Aromos) represent the
westernmost localities for the species in the Mesopotamian s.s.
sector of the range. Our observations confirmed that D. dilatatus
is a frequent inhabitant of forested, humid and shady areas;
proximity of watercourses does not seem as essential for this
species, as it proved for some congeners (for instance D.
testudineus; Acosta 2014). As reported by Acosta (1995), we
caught the species preferentially under fallen trunks, and also
in abandoned buildings, under piles of bricks or rubbles.

Potential range

SDMs built with Maxent and BiocLiv were broadly con-
sistent, although the predictions of the latter were more per-
missive (Fig. 2). With MaxenT, the suitable area for D. dilatatus
concentrated more tightly around most records in the core area,
but left out some extreme points, for instance Yapeyt (on the
coast of Uruguay River), Zelaya (province of Buenos Aires),
Concepcion, and Rio Apa (Figs. 2, 3). In contrast, the wider
prediction of BiocLiM embraced the two former, Yapeyt and
Zelaya, but with the adopted cutoff, Concepcién and Rio Apa
(the western- and northernmost records, respectively) were also
excluded from suitable grid-cells. Both methods predicted the
disjunction between the core Mesopotamian area and the
Yungas sector of the range. In the BiocLiv model, a finger-like
projection extends into the Bermejo River basin, entering the
Chaco from the core area (Fig. 2); however, given that this
projection did not build a full bridge, the disjunction remained.
These results once again added support to the disjunct pat-
tern: like other Mesopotamian harvestmen, the semi-arid Chaco
appears to be an insurmountable region for D. dilatatus.

With MaxenT, two main sectors with higher suitability in
the Mesopotamian portion were distinguished (Fig. 3). One ex-
tends along the Paraguay and Parana Rivers, approximately be-
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tween Asuncién (A) and Reconquista (Re). The second high-
suitability zone spreads over the plains of the province of
Coérdoba and southern Santa Fe. These areas are not isolated,
but they are linked by a narrowed portion with lower probabil-
ity (Fig. 3). In the Yungas sector, the highest levels of suitability
concentrated in the Valle de Lerma, province of Salta (VL, Fig.
3) and the Sierra de Santa Barbara — El Rey, province of Jujuy
(SB). Localities placed on the borders of the Dry Chaco ecoregion
(Monte Lindo Grande, 30 km of Formosa, San Francisco de Laishi
and El Colorado, in province of Formosa; Presidente de la Plaza
in province of Chaco), as well as the single record in province of
Entre Rios (Rosario del Tala), appeared highly marginal in the
SDM and in the frequency curves (see below). As stated, some
extreme points (Rio Apa, Zelaya, Yapeyt, Concepcion) were left
outside the predicted area (Figs. 2, 3).

In all Maxent models, the values of AUC were excellent.
In the single model made with all 85 records, the AUC was 0.970;
in the 30 replicates, training AUC averaged 0.9705 (range 0.9673-
0.9760). For Biocuiv, values of AUC revealed “good” accuracy
(0.868-0.917; mean = 0.894, 20 replicates using training data).

Bioclimatic profile

Table 1 summarizes the features describing the bioclimatic
preferences of D. dilatatus: maximum, minimum, average and
standard deviation for each variable, along with the type of dis-
tribution of cumulative frequency curves and the numbers of
outliers. The bioclimatic profile indicates that D. dilatatus in-
habits areas with temperate-warm climate, with mean annual
temperature between 15.76°C and 24.97°C, and annual rainfall
widely ranging from 369 to 1757 mm. Only six out of 19 vari-
ables showed outliers in the frequency distribution (Table 1):
bcS-maximal temperature of warmest month, bc8-mean tem-
perature of wettest quarter, bc14-precipitation of driest month,
bcl5-precipitation seasonality, bc17-precipitation of driest quar-
ter and bc19-precipitation of coldest quarter.

Localities in Paraguay, in conjunction with records of
the nearby province of Formosa, were the warmest and most
thermally stable (Appendix 1): they were at the upper end in
most cumulative frequency curves of absolute temperature
variables (bc1, bc3, bc5, be6, be8, b9, be10, bc11), and showed
the lowest values for variables that measure temperature varia-
tion (bc2, bc4, bc7). Rio Apa, in Paraguay, the northernmost
record for the species, is accordingly the warmest locality, with
the highest values for bcl, bc3, be6, be8, be9, bel0, bell (Ap-
pendix 1) and the lowest seasonality (bc4). The most humid
locality was Trinidad, in southern Paraguay, with the highest
value for annual precipitation (bc12) and other four absolute
precipitation variables (bc14, bc16, bcl7, bcl9). Moreover,
Trinidad, together with Posadas and “Posadas-UC”, also bore
the upper outliers for bc14, bc17 and bcl9; additionally, the
latter locality had the lowest value of precipitation seasonality
(bc15). These results revealed that this area (the boundary be-
tween Paraguay and province of Misiones) is the wettest por-
tion of the range, with high rainfall during the entire year. As
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expected, median values for most temperature variables were
concentrated in localities around the center of the core area,
especially in provinces of Santa Fe and Coérdoba (Silva: bc7;
Lehmann: bcl, bc9 and bcl1; Estancia Yucat: bc2; Monte lefia:
bc3; Marcos Juarez: be5; Brinkman: be6; Villa del Transito: bc8)
(Appendix 1). The coldest climate in the species’ profile was
represented by NWA localities (bcl, bcS, bc6, bc8 and bc10),
Bell Ville in Cérdoba (bc9) and Zelaya in Buenos Aires (bc3,
bc11) (Table 1). The prevalence of a cooler climate in NWA
localities can be attributed to their altitude, the highest in the
entire range of the species. This region is also, in general, char-
acterized by strong thermal fluctuations: NWA records were at
the upper ends of bc2-mean monthly temperature range and
bc3-isothermality. In general, NWA localities have strong rain-
fall seasonality, with precipitation mostly concentrated in the
summer. El Corte-El Paraiso showed the highest values for bc
13 (precipitation of wettest month) and bc18 (precipitation of
warmest quarter), while 2 km from Virrey Toledo, 5 km from
Virrey Toledo, Rosario de Lerma and Quebrada de Tilidn had
the lowest bcl4 values (precipitation of driest month);
Quebrada de Tilidn had also the strongest precipitation sea-
sonality (bc1S5), as well as the lowest values for bc17 (precipita-
tion of driest quarter) and bc19 (precipitation of coldest
quarter). The most “severe” climate for the species seemed to
be in Concepcioén (Catamarca), with the highest temperature
seasonality (bc4) and annual temperature range (bc7), and also
the lowest values for four absolute precipitation variables (bc12,
bc13, bcl6, bel8). It is worth noting that no locality of the
core sector bordering the Dry Chaco (provinces of Chaco and
Formosa) appeared at or near the driest end on the correspond-
ing frequency curves, thus suggesting that precipitation fea-
tures in this sector are not as critical as previously thought. In
contrast, a single temperature variable (bc5) was extreme for
San Francisco de Laishi (Formosa) and around the highest end
in several neighboring sites; as shown below, it is likely that
this variable has a limiting role in this portion of the range.

Relevance of variables

The final ranking of the overall relevance of the variables
tested, as calculated in Maxenr, is displayed in Table 2. On top
ranked bc4-temperature seasonality, which at the same time had
the highest “permutation importance” and the second highest
“percent contribution”. This variable is one measure of thermal
regularity during the year. In contrast, other variables indicat-
ing climate regularity (bc7-temperature annual range or bc15-
precipitation seasonality) were only moderately relevant (Table
2). When percent contribution alone is taken into account, bc18-
precipitation of warmest quarter ranked the highest, and sec-
ond in the overall rating (Table 2); this revealed the importance
of rainfall during summer, which is the most humid season in
most of the area. This variable (bc18) was also the climatic pre-
dictor that decreased the gain the most, when omitted in the
jackknife test without a variable (Table 2). As for the second
jackknife test (“with only”), the variable with the highest gain

when used in isolation was bc9-mean temperature of driest quar-
ter, which ranked the fourth in the overall score. It should be
noted that, of the five top ranked variables, four corresponded
to temperature variables, suggesting that these are in general
more influential in Maxent models. Only the sixth place is again
occupied by a precipitation variable, bc15-precipitation season-
ality, although with moderate overall importance (Table 2). This
seems to be in agreement with some informal tests we carried
out with BiocLiv (not shown in this paper), in which models
built using the temperature variables alone were more similar
to the default models (11 variables) than those calibrated with
precipitation variables. A striking result of the latter was the
disappearance of the Chaco disjunction when only precipita-
tion variables were employed.

Results of the MLF analysis supported the importance of
temperature variables, which were limiting in most of the
Mesopotamian sector, covering a large area across the prov-
inces of Formosa, Chaco, Santa Fe, Entre Rios and Coérdoba, as
well as the borders of the Yungas sector (Fig. 4). The local im-
portance of bc5-maximal temperature of warmest month seems
revealing in this analysis, since it was arranged in the bound-
aries between the species’ range and the Dry Chaco. As seen,
no precipitation variable posed a limit for the species to enter

Figure 4. Results of the Most Limiting Factor analysis (Biocuim) of
Discocyrtus dilatatus, performed with the 11 selected bc variables.
For clarity, map displays only the four more relevant variables (bc3-
isothermality, bc5-maximal T° of warmest month, bc8-mean T° of
wettest quarter, and bc14-precipitation of driest month). Other
less influential temperature and precipitation variables are dis-
played together as bcT® and bcP, respectively.
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the Chaco. In contrast, precipitation variables resulted more
critical than temperature variables in most of the Yungas, in
this case because of the influence of the reduction of precipita-
tions in the driest month (bc14). It is noteworthy that the same
variable (bc14) was also recognized as limiting at the eastern
borders of the core range, but there the constraint was a func-
tion of its high values (the region turning “too rainy” with
respect to this variable towards the East).

DISCUSSION

Despite their large areas of agreement, the models yielded
by Maxent and Biocuim for D. dilatatus have some noteworthy
differences (Fig. 2). Like for other modeled harvestmen (Acosrta
& Guerrero 2011, Acosta & VErGARA 2013, Acosta 2014), the
Biocuim results for D. dilatatus were clearly more permissive:
this method predicted large areas in the Mesopotamia (espe-
cially in provinces of Entre Rios and Corrientes) and in west-
ern Uruguay as suitable, while Maxent rated them as unsuitable
(Fig. 2); thereby, the BiocLiv model embraced one marginal
locality (Yapeyt) that was left outside in the more conserva-
tive Maxent model. BiocLiv also exceeded MAXENT in some por-
tions advancing into the Chaco, especially the “finger-like”
projection around the Bermejo River basin (Fig. 2). In contrast
with the results of BiocLiM, MaxenT added some small extra re-
gions in Paraguay, although predictions of both methods ended
around -24°S (San Pedro), thus leaving the northernmost record
at Rio Apa far outside. The predictions of both models strongly
agreed at the Yungas, with BiocLiM projecting a little more into
the eastern plains, and MaxeNT more continuously into the
North (Fig. 2). It is well known that no single modeling method
has the “absolute truth” (ELita et al. 2006, WARD 2007, MARMION
et al. 2009), so that looking for agreement areas is helpful to
find where the predictions are most likely accurate. One re-
markable discordance between models was observed in the
north of province of Santa Fe (Fig. 2), near the boundaries be-
tween two ecoregions, the Humid Chaco and the Espinal (Fig.
1). With Maxenr, prediction in this sector was assigned the low-
est suitability, and formed a somewhat narrow “corridor” be-
tween the two large high-suitability portions of the core range
(Fig. 3); such narrowing was not insinuated by BiocLim. At the
same time, records in this sector seem to leave a gap, which
may explain the weak local prediction of Maxent. The lack of
records there might not be just an artifact, but reflect edaphic
and physiognomic causes: the referred region corresponds to a
large depressed grassland area in the southern portion of the
Humid Chaco, the “Sub-meridional shallow plains” (GINZBURG
& Apimorr 2006), characterized by poor drainage and argilla-
ceous soils that contribute to it becoming a swamp for several
months in the rainy season (thereby appearing not really suit-
able for D. dilatatus).

As already supported by SDMs calibrated for D. prospicuus
and G. orensis, the other Mesopotamian harvestmen with a dis-
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junct range (Acosta & GuErrero 2011, Acosta & VERGARA 2013),
the distributional gap on the Chaco was also predicted by the
bioclimatic models of D. dilatatus. Thus, the disjunction does
not seem to be a mere sampling artifact. However, no matter
how sophisticated the modeling procedure is, actual records will
always have the last word to test the pattern (ELitH et al. 2006,
GuisaN & THutLLer 2005). As reported by Acosta & VERGARA (2013),
a collecting effort was carried out on a 500 km transect across
the Dry Chaco, most sampling sites placed on or near National
Highway 81. From East to West, localities included El Colorado
(-59.358182°W), Villa Rio Bermejito (-60.267152°W); meander
near Estanislao del Campo (-60.086645°W); near Las Lomitas (-
60.695801°W); Highway 39, bridge over Teuquito river (-
61.934790°W); 50 km S Ingeriero Juarez (-61.941029°W); and
Pichanal (-64.233733°W). Up to Las Lomitas, this transect was
also well-suited to survey along the “finger-like projection” into
the Chaco, as predicted by Biocuiv (Fig. 2). Except for El Colo-
rado, all sites were too xeric and resulted completely negative
for any Mesopotamian harvestman, D. dilatatus included (Acosta
& VErGara 2013). This empiric evidence for the disjunction seems
thus better depicted by the abrupt end of distribution predicted
by Maxent models in that area, than the more permissive results
yielded by Biocuim (Figs. 2, 3). The strength of the pattern was
revealed by a simple “counterfactual” exercise (not shown), us-
ing both BiocLiv and Maxent: with the same “trans-Chacoan”
localities included in the data set, as if they were positive records,
the models depicted suitable areas invading the Chaco, but al-
ways keeping the disjunction.

Like for other harvestmen previously modeled, different
lines of evidence indicate that temperature variables are the
main constraints in the distribution of D. dilatatus, more than
precipitation variables. The most relevant predictor (in MAXenT
model) was bc4-temperature seasonality (Table 2). This vari-
able, clearly expressing the thermal stability throughout the
year, also ranked on top for D. testudineus and G. orensis (Acosta
& VErGArA 2013, Acosta 2014), suggesting that its relevance
might be generalized to other Mesopotamian harvestmen. In
the case of D. prospicuus, whose range can be considered mar-
ginal in the area, bc4 ranked second in relevance (Acosta &
Guerrero 2011), thus still revealing a strong influence in the
final results. The second most relevant variable for D. dilatatus
was bc18-precipitation of warmest quarter, the only precipita-
tion predictor that ranked among the top-five (Table 2). There
was little agreement regarding the relevance of bcl8 in the
distribution models of other Mesopotamian harvestmen: in
D. testudineus and D. prospicuus its importance was quite mod-
erate (it was not used to model in G. orensis); instead, bc14-
precipitation of driest month, the least important for D.
dilatatus, ranked high and proved to be much more influential
for D. testudineus and G. orensis (Acosta & GUERRERO 2011, AcosTa
& VERGARA 2013, Acosta 2014). Interestingly, among the men-
tioned species, D. dilatatus seems to be the least dependent on
humidity (Acosta 2014), which most likely means that lower
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precipitation rates are not as critical for it as for the rest. Al-
though their ranges largely overlap and they are frequently
collected together, there is clear evidence of some differences
in the bioclimatic niches of these Mesopotamian harvestmen
(Acosta 2014).

The influence of temperature variables is also well re-
flected in the results of the Most Limiting Factor analysis, in
which they monopolize the largest portion of the core range
(Fig. 4). In a regional scale, bc5-maximal temperature of warm-
est month was recognized as the most critical in the bound-
aries with the inhospitable sub-xeric Chaco. Although not very
relevant in the overall analysis (Table 2), this variable might
explain the sudden end of the distribution observed in that
sector: as already pointed out by Acosta (2014), Mesopotamian
harvestmen appear to meet a rigid climatic constraint where
bcS reaches 34.40°C (D. dilatatus, D. testudineus) or 34.60°C (G.
orensis). Rainfall represents no limitation in the Chaco, as sug-
gested by the continuous range (no disjunction) obtained in
informal BiocLim runs using precipitation variables alone. High
maximal temperatures, instead of low precipitation, are clearly
the factor preventing these harvestmen from entering the Dry
Chaco. In fact, most of this ecoregion is embraced by the 47°C
isotherm of maximal temperatures (absolute record of 48.9°C
in eastern province of Salta), thereby denoted as the “South
American pole of heat” (Prapo 1993, Acosta & VErGara 2013).
It can be assumed that other kinds of variables, like evapo-
transpiration (not available in this study), might probably be
better suited to describe this climatic restriction. Despite the
incipient current knowledge, Santos (2007) suggested that
harvestmens’ inability to control water loss, based on several
morphological and physiological features, constitutes a major
weakness of most species. It looks that ecophysiological stud-
ies are needed to find out whether the supposedly negative
effects of bc5 on Mesopotamian harvestmen are direct or indi-
rect (e.g., by raising evapotranspiration rates). In any case, the
results of our bioclimatic modeling approach represent a valid
shortcut to a preliminary understanding of the bioclimatic
preferences of the species, otherwise completely unknown.
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