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Abstract
Different methodologies had been developed for species management and conservation based on modelling of potential bio-
diversity at regional scales. However, most of these models were fitted for umbrella species (e.g. big mammals) rather than 
micro-fauna. Beetles should be included to improve conservation strategies due to their functional roles and vulnerability in 
arid environments. The maps of potential biodiversity (MPB) based on different potential habitat suitability (PHS) maps are 
useful to indicate high biodiversity areas. Firstly, we aim to elaborate a MPB of darkling beetles (Coleoptera: Tenebrionidae) 
based on 10 species PHS maps inhabiting Santa Cruz Province (Argentina). Then, we analysed the MPB an environmental 
gradients and land-use variables. We explored 41 potential variables to develop PHS maps. The MPB was included into 
a GIS project, and was analysed considering climatic and topographic variables, ecological areas and soil organic carbon 
(SOC) stock, also sheep density, desertification and protected area network. The modelled showed great variability in their 
habitat requirements (e.g. temperature), where marginality (PHS differs from the available conditions) and specialization 
(environmental condition range of PHS) determined three species groups. MPB increased from grasslands in the NE to 
shrublands in the SE, and was higher with SOC, sheep density and desertification degree. Protection areas included lower 
MPB for darkling beetles, where provincial reserves have a major conservation role compared with national parks. MPB 
allowed us to understand the potential trade-offs with the environment and human uses. This gave us a tool to development 
new strategies (e.g. land-sparing) for management and conservation.
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Introduction

Several methodologies and software were developed to 
define habitat modelling at global and regional scales (e.g. 
MaxEnt and Biomapper; Hirzel et al. 2001; Phillips et al. 
2006; Rodríguez et al. 2007). These models describe the 
relationships between environmental characteristics (cli-
matic, topographic and landscape variables) and the occur-
rence of species in a particular area (Guisan and Zim-
mermann 2000; Hirzel et al. 2002; Soberón and Peterson 
2005; Elith and Leathwick 2009). Most of these studies 
were conducted for umbrella species (mainly for big mam-
mals or emblematic birds) in areas with a large quantity 
of reliable long-term data and available environmental 
cartography (Rodríguez et al. 2007). The modelling of 
potential habitat of inconspicuous species (e.g. insects) is 
necessary for a more effective biodiversity conservation 
(Buse et al. 2007; Samways 2007; Tognelli et al. 2009; 
Bosso et al. 2018). Models of habitat species distribution 
were fitted for darkling beetles elsewhere, and they were 
useful for studies about: (i) ecology of the species (Buse 
et al. 2007), (ii) climatic change and habitat modification 
in future scenarios or past climatic conditions (Homburg 
et al. 2014), and (iii) potential geographic distribution in 
new or unexplored regions (Bosso et al. 2018). These mod-
els also can be applied to determine the requirements of 
individual species. During the last few years several stud-
ies had been conducted in areas with scarce data based 
mainly on remote sensing, and maps of potential biodi-
versity (MPB) by combining potential habitat suitability 
(PHS) maps of different taxa (Martínez Pastur et al. 2016; 
Rosas et al. 2018). MPB can synthetize the information 
of several species, allowing to define better management 
and conservation planning, as well as to assess the effec-
tiveness of the current networks of protected areas (Rosas 
et al. 2018).

Darkling beetles are abundant in arid and semiarid 
environments (Matthews et al. 2010) such as in Patago-
nia, where ecological information for these groups were 
limited (Carrara and Flores 2013). In this area, 122 spe-
cies of Tenebrionidae were listed (Carrara and Flores 
2015) mainly belonging to subfamilies Pimeliinae (tribes 
Nycteliini, Praociini and Trilobocarini) and Tenebrioninae 
(tribe Scotobiini) (Sackmann and Flores 2009; Carrara and 
Flores 2013). Patagonian steppe presents high endemism 
at species level of darkling beetles (Carrara and Flores 
2013). Tenebrionidae was the most studied group due to 
their vulnerability and extinction risks, where available 
information were related to their general ecology, end-
emism check-lists, and biogeography (Mazia et al. 2006; 
Domínguez et al. 2006; Ruggiero et al. 2009; Sackmann 
and Flores 2009; Carrara et  al. 2011a, b; Carrara and 

Flores 2013, 2015; Lescano et al. 2017). Southern Patago-
nia presents different landscapes with extreme environ-
mental conditions, from arid steppes to dense temperate 
forests (Peri et al. 2016), and with different levels of natu-
ral and human impacts (e.g. livestock grazing or deserti-
fication) that can greatly affect darkling beetles (Newbold 
et al. 2014; Liu et al. 2016; Li et al. 2018). The objectives 
of this work were to: (i) elaborate a MPB of darkling bee-
tles (Coleoptera: Tenebrionidae) based on PHS maps of 10 
species inhabiting Santa Cruz Province (Argentina) using 
environmental niche factor analysis (ENFA), and (ii) ana-
lyse it performance across environmental and land-use gra-
dients. The hypothesis was that darkling beetles potential 
biodiversity changed across the environment, climatic and 
vegetation gradients. Additionally, MPB can be used to 
detect potential trade-offs with natural and human induced 
processes (e.g. desertification and livestock), or to test the 
effectiveness of the current natural reserve networks.

Methods

The study was carried out in Santa Cruz Province (Argen-
tina) (46°00′ to 52°30′S, 66°00′ to 73°00′W), which covers 
243,943 km2 (Fig. 1a). The main ecological areas are domi-
nated by steppe and shrublands, while sub-Andean grass-
lands, Nothofagus forests and alpine vegetation occupy a 
narrow fringe in the west (Oliva et al. 2004) (Fig. 1b). Soil 
organic carbon (SOC) stock decreased from South to North, 
and from forests to dry steppes (Peri et al. 2018) (Fig. 1c). 
Sheep grazing was one of the main economic activity in the 
province, where density presented the highest values close 
to coasts and southern areas (Pedrana et al. 2011) (Fig. 1d). 
Most of the study area presented a moderately and severely 
degrees of desertification, while slightly degrees of deser-
tification were associated to the mountains (Del Valle et al. 
1998) (Fig. 1e). Finally, national parks mainly preserve for-
ests and ice fields close to the mountains (e.g. Perito Moreno 
National Park), while provincial reserves mainly protect 
special features in the steppe landscape (e.g. Punta Gruesa 
Provincial Reserve) (Fig. 1f).

We elaborated a MPB of darkling beetle (Coleoptera: 
Tenebrionidae) in Santa Cruz Province following the meth-
odology proposed by Martínez Pastur et al. (2016) and Rosas 
et al. (2018). We used a database of darkling beetles based 
on 757 species geographic locations. This database was con-
structed in base on tenebrionid specimens housed in CEI 
(Entomological collection of Instituto Argentino de Inves-
tigaciones de las Zonas Áridas, IADIZA). Occurrence data 
were visualized in a GIS project, and we erased repeated 
record for the same location. Then we selected ten species 
with the highest occurrence in the province (final occurrence 
points were presented between brackets): nine were endemic 
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to Patagonian steppe (Carrara and Flores 2015): Epipe-
donota lata Waterhouse (n = 36), E. tricostata Burmeister 
(n = 30), Nyctelia bremi Waterhouse (n = 43), N. corrugata 
Curtis (n = 15), N. darwini Waterhouse (n = 46), N. fitzroyi 
Waterhouse (n = 14), N. sallei Fairmaire (n = 25), Praocis 
bicarinata Burmeister (n = 33) (Pimeliinae subfamily), 
and Emmallodera multipunctata (n = 46) (Tenebrioninae 
subfamily), and one that is distributed across all Patagonia 
steppe and adjacent areas, Mitragenius araneiformis Curtis 
(n = 22) (Pimeliinae subfamily) (Tognelli et al. 2009).

Using ENFA (Hirzel et al. 2002), we performed a series 
of spatially explicit PHS models for each darkling beetle 
species using Biomapper 4.0 software (Hirzel et al. 2004). 
ENFA compares the eco-geographical variables distribution 
for a presence data set consisting of locations where the spe-
cies has been detected with the predictor distribution of the 
total study area (Hirzel et al. 2001). Also, ENFA calculated 
two index: (i) the global marginality (from 0 to 1) where the 
lower values indicates that the species tends to live in aver-
age conditions throughout the study area, and (ii) the global 
tolerance or specialization (tolerance−1) (from 0 to infinite) 
where lower values represents a specialist species tending 
to live in a very narrow range of environment conditions 
(Hirzel et al. 2002; Martínez Pastur et al. 2016). We used 
a distance of geometric-mean algorithm to perform PHS 
maps, which provides a good generalization of the niche 
characterization (Hirzel and Arlettaz 2003). The result-
ing PHS maps had scores that varied from 0 (minimum) 
to 100 (maximum habitat suitability). The model evalua-
tion for these maps elaborated with data presence only was 
conducted comparing the obtained results with a random 
model (Hirzel et al. 2006). We evaluated the model using 
these cross-validation processes through: (i) Boyce index (B) 

(− 1 to 1) is the Spearman rank correlation on the Fi = Pi/
Ei, which measure of the monotonicity of the curve, where 
Pi are validation points and Ei is a box (by default, b = 4), 
and where each box covers a portion of the total area. Posi-
tive values indicate that the predictions model are consistent 
with the presences distribution in the evaluation dataset, and 
values close to zero mean that the model is not different from 
a random model. Furthermore, negative values indicate an 
incorrect model. (ii) The continuous Boyce index (Bcont) 
is defined as the Boyce index based on a moving window. 
(iii) The proportion of validation points (P) are those obser-
vations left out during the cross-validation process (Boyce 
et al. 2002; Hirzel et al. 2006). (vi) The absolute validation 
index (AVI) is defined as the proportion of presence evalu-
ation points falling above a fixed PHS threshold (e.g. 0.5) 
varying from 0 to 1 where higher values indicate trust mod-
elling. And, (v) the contrast validation index (CVI) which is 
defined as AVI minus the AVI − AVI > 50, and which vary-
ing between 0.0 and 0.5 (zero means that model accuracy 
does not outperform a random model) (Hirzel and Arlettaz 
2003; Hirzel et al. 2004). For modelling, we explored 41 
potential explanatory variables (Appendix 1), which were 
rasterized at 90 × 90 m resolution using the nearest resa-
mpling technique on ArcMap 10.0 software (ESRI 2011). 
For further details of climatic, topographic and landscape 
variables (Del Valle et al. 1998; Hijmans et al. 2005; Farr 
et al. 2007; ORNL DAAC 2008; Zomer et al. 2008; Zhao 
and Running 2010; McGarigal et al. 2012; Peri et al. 2018; 
Rosas et al. 2017, 2018).

PHS maps of each species were visualized in a GIS pro-
ject with the same resolution of 90 × 90 m, and a mask based 
on the normalized difference vegetation index (NDVI) was 
used (less than 0.05) to detect bare soil, ice-fields and water 

Fig. 1   Characterization of 
the study area: a location of 
Argentina (dark grey) and 
Santa Cruz Province (black), 
b main ecological areas (light 
grey = dry steppe, grey = humid 
steppe, medium grey = shrub-
lands, dark grey = sub-Andean 
grasslands, black = forests and 
alpine vegetation) (modified 
from Oliva et al. 2004), c soil 
organic carbon (light grey  
≤ 4.5, grey = 4.5–5.5, black  ≥ 
5.5 kg m−2) (Peri et al. 2018), 
d sheep density (light grey  
≤ 0.3, grey = 0.3–0.6, black  ≥ 
0.6 sheep ha−1) (Pedrana et al. 
2011), e desertification (light 
grey = slightly, grey = moder-
ately, black = severely) (Del 
Valle et al. 1998), and f protec-
tion areas (grey = provincial 
reserves, black = national parks)
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bodies (Lillesand and Kiefer 2000). Finally, the obtained 
PHS maps (n = 10) were combined (average values for each 
pixel) and one MPB was obtained for darkling beetles spe-
cies in Santa Cruz Province. This map had scores that varied 
from 0 to 68% (average values of PHS for all the studied 
species), so, it was re-scale by a lineal method from 0 to 
100%. For the comparisons, we classified the MPB as: (i) 
low potential biodiversity (1–30%), (ii) medium potential 
biodiversity (31–55%), and (iii) high potential biodiversity 
(56–100%), where the limits were defined into three classes 
containing an equal quantity of pixels for the entire study 
area. We characterize these three quality classes through 
their: (i) climate and topographic variables compared with 
the whole study area, (ii) the occurrence at different envi-
ronments, (iii) vegetation and land-use areas, and (iv) the 
occurrence inside and outside the protected natural areas 
(national parks and provincial reserves).

Results

Potential habitat suitability maps

For the PHS modelling, we finally selected five environ-
mental variables with the lowest correlation among them, 
based on the Pearson’s correlation index (Appendix 2): 
annual mean temperature, minimum temperature of the 
coldest month, annual precipitation, elevation, and NDVI. 
The Pearson’s correlation index varied between 0.25 and 
0.85, where the lowest correlation was between annual 
mean temperature and minimum temperature of cold-
est month (− 0.25), and the highest values were found 
between the elevation and the minimum temperature of 
coldest month (− 0.85), and between elevation and annual 

precipitation (0.69). The outputs of PHS models explained 
100% of the information (average eigenvalues of the first 
four axes were 198.80 > 68.46 > 7.41 > 2.00) (Appendix 3). 
Cross-validation indicated that the models presented the 
following fitting: (i) Boyce index (B) varied between 
0.04 and 0.75, (ii) P(B = 0) varied from 0.21 to 0.65, (iii) 
Bcont(20) varied between − 0.02 and 0.41, (iv) AVI varied 
between 0.45 and 0.67, and (v) CVI varied between 0.23 
and 0.58. The worst performance were obtained for N. 
sallei, where: (i) B = 0.04 indicated that this model is not 
different from a random model, which is coincident with 
obtained values of AVI = 0.45 and CVI = 0.23 that indicate 
the species is a generalist species. The remaining species 
presented higher values of Boyce index, that indicate these 
models were consistent with the database, and presented 
higher values of AVI and CVI, which indicate that models 
predictions were consistent (Appendix 4).

Marginality and specialization indexes (Fig. 2) allowed 
to separate the species in three groups: (i) the first group 
(N. darwini, N. sallei, E. lata and M. araneiformis) showed 
low marginality (0.57–0.65) and specialization (4.96–7.46) 
values, (ii) a second group (E. multipunctata, P. bicari-
nata, E. tricostata, N. bremi and N. corrugata) showed 
high marginality (0.76–0.89) and low specialization 
(4.29–8.35) values, and (iii) a third group with a single 
species (N. fitzroyi) presented a medium marginality value 
(0.74) and the highest specialization value (13.57). PHS 
maps (Fig. 3) presented different distribution and habitat 
requirements: (i) in the East, N. darwini, N. sallei, E. lata 
and M. araneiformis presented the highest values of PHS 
(Fig. 3a–d), (ii) N. fitzroyi presented the highest values in 
the North-East (Fig. 3e), and (iii) in the South the highest 
values were found for E. multipunctata, P. bicarinata, E. 
tricostata, N. bremi and N. corrugata (Fig. 3f–j).

Fig. 2   Specialization (low species’ variance compared to global vari-
ance of all sites) versus marginality (large difference of species’ mean 
compared to the mean of all sites) of the darkling beetles, grouped 
according to their similarity. NYDA Nyctelia darwini, NYSA N. sallei, 

NYFI N. fitzroyi, NYBR N. bremi, NYCO N. corrugata, EPLA Epipe-
donota lata, EPTR E. tricostata, MIAR Mitragenius araneiformis, 
EMMU Emmallodera multipunctata, PRBI Praocis bicarinata 
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Environmental characterization of the map 
of potential biodiversity

The combination of the PHS maps of the different species 
allowed us to obtain a MPB of darkling beetles for the 
whole study area (Fig. 4), where higher potential biodiver-
sity occurred in the Eastern and South-Eastern areas, and 
decreased towards a gradient from East to West. Beside 
this, alluvial valley of the main rivers and the closeness to 
water bodies (e.g. big lakes near to the Andes Mountains) 
increased the potential biodiversity, while the closeness to 
ice-fields and forests decreased it.

The environmental characterization determined that 
potential biodiversity (from low to medium–high qualities) 
increased with the temperatures variables (e.g. annual mean 
temperature), except with the mean temperature of driest 
quarter (Table 1). Potential biodiversity increased when 
rainfall related variables decreased (low > medium > high) 
(e.g. annual precipitation) as well as with topographic 
variables (elevation and slope). In others rainfall variables, 
potential biodiversity increased with the variables (e.g. pre-
cipitation of driest month), but from low to medium–high, 
as well as the global aridity index. Finally, potential biodi-
versity increased when global potential evapo-transpiration 

Fig. 3   Potential habitat suitability (PHS) maps of darkling beetles in 
Santa Cruz Province, where light grey showed the lowest potential 
and black showed the highest potential areas (0–100%). a Nyctelia 
darwini, b Nyctelia sallei, c Epipedonota lata, d Mitragenius aranei-

formis, e Nyctelia fitzroyi, f Emmallodera multipunctata, g  Praocis 
bicarinata, h Epipedonota tricostata, i Nyctelia bremi, and j Nyctelia 
corrugata 
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increasing. In general, the higher potential biodiversity 
occurred in areas with higher temperatures and lower rainfall 
(semiarid and arid environments) compared to the average of 
the entire study area, and in areas with lower elevation and 
slopes (plain landscapes).

NDVI, as a proxy of vegetation, decreased from forests 
to dry grasslands. NDVI where partially correlated with 
the climatic variables employed in the modelling (0.58 
with annual mean temperature, − 0.55 with min tempera-
ture of coldest month, and 0.51 with annual precipitation) 
(Appendix 2). The ecological areas greatly affected the 
potential biodiversity quality of darkling beetles (Table 2). 
The highest qualities were found in shrublands (81% of the 

area corresponded to high MPB) and humid steppes (58%). 
These ecological areas represented 20% of the Province. 
The dry steppe presented the large areas (68% of the study 
area) and included 43% of medium and 28% of high quali-
ties potential biodiversity categories. Forests, alpine veg-
etation and sub-Andean grasslands had the lowest values 
in the MPB (86–100% of the area corresponded to low 
quality potential biodiversity values). SOC stock also had 
influenced the MPB (Table 2), where greater SOC showed 
higher potential biodiversity values (47% of the area with 
SOC > 5.5 kg m−2). Medium SOC (4.5–5.5 kg m−2) also 
presented higher potential values (medium 37% and high 
42% of the area) compared with low SOC (< 4.5 kg m−2).

Fig. 3   (continued)
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Land‑uses and protection status analyses 
of the map of potential biodiversity

Livestock (sheep density) presented similarities with the MPB 
(Table 2). Thus, low intensity uses (< 0.3 sheep ha−2) occurred 
in areas with low potential biodiversity (low 59% and medium 
32% of the area), and high intensity uses (> 0.6 sheep ha−2) 
occurred in areas with high potential biodiversity (medium 
25% and high 61% of the area). Desertification processes also 
showed matches with the MPB (Table 2), where severely 
impacted areas had the highest potential biodiversity (medium 
41% and high 35% of the area), and the slightly impacted 
areas presented the lowest qualities (low 79% of the area). 
Finally, when MPB values were analyzed according their 

protection status, we found that 24.6% of the protected areas 
(16,451.3 km2) corresponded to medium–high qualities (40% 
of medium and 60% of high quality). National parks included 
1175.9 km2 of medium–high qualities (11.8% of the total area) 
while provincial reserves included 2878.0 km2 (44.1% of the 
total area). National parks protected more areas than provincial 
reserves (× 1.5-fold), however these areas were less valuables 
to protect darkling beetles.

Fig. 4   Map of potential bio-
diversity of darkling beetles 
in Santa Cruz Province. Low 
potential = pale grey (1–30%), 
medium potential = grey 
(31–55%), high potential = black 
(56–100%)
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Table 1   Characterization (mean and standard deviation) of the cli-
matic and topographic variables according to the potential biodiver-
sity map of darkling beetles: total area represent values of the entire 

province, low potential (1–30%), medium potential (31–55%) and 
high potential (56–100%) classified according to the modelling

Variable Total area Low Medium High

Temperature
 Annual mean temperature (°C) 7.76 (2.40) 6.86 (2.50) 8.94 (1.66) 8.23 (1.57)
 Mean diurnal range (°C) 10.33 (0.62) 10.18 (0.74) 10.49 (0.54) 10.48 (0.39)
 Temperature seasonality (°C) 4.47 (0.44) 4.43 (0.50) 4.66 (0.33) 4.44 (0.32)
 Maximum temperature of warmest month (°C) 19.55 (3.16) 18.32 (3.34) 21.11 (2.20) 20.00 (2.09)
 Minimum temperature of coldest month (°C) − 2.65 (2.19) − 3.74 (2.19) − 1.75 (1.88) − 2.14 (1.58)
 Temperature annual range (°C) 22.21 (1.75) 22.08 (1.97) 22.86 (1.38) 22.14 (1.24)
 Mean temperature of warmest quarter (°C) 13.20 (2.83) 12.12 (3.01) 14.63 (1.94) 13.56 (1.89)
 Mean temperature of coldest quarter (°C) − 2.65 (2.19) 0.83 (2.17) 2.81 (1.59) 2.31 (1.42)
 Mean temperature of driest quarter (°C) 9.81 (3.71) 10.33 (3.32) 11.65 (3.31) 8.16 (3.11)
 Isothermality (%) 46.11 (1.52) 45.71 (11.36) 45.44 (1.17) 46.93 (1.43)
 Mean temperature of wettest quarter (°C) 5.67 (2.94) 5.71 (3.20) 5.57 (2.35) 6.08 (3.08)

Precipitation
 Annual precipitation (mm year−1) 245.91 (181.37) 273.08 (149.54) 195.18 (35.90) 191.22 (28.50)
 Precipitation of wettest month (mm year−1) 30.15 (18.89) 34.61 (15.31) 24.84 (4.74) 23.03 (3.86)
 Precipitation seasonality (%) 24.41 (6.56) 26.99 (7.24) 25.94 (6.14) 21.40 (4.05)
 Precipitation of wettest quarter (mm year−1) 79.81(53.23) 90.01(45.47) 66.11(14.18) 61.12(12.43)
 Precipitation of coldest quarter (mm year−1) 67.33 (46.02) 75.06 (40.06) 56.96 (14.20) 50.89 (11.89)
 Precipitation of driest month (mm year−1) 13.60 (12.51) 14.51 (10.46) 10.31 (2.47) 10.64 (1.82)
 Precipitation of driest quarter (mm year−1) 46.37 (41.06) 50.14 (32.75) 35.22 (7.21) 35.87 (5.32)
 Precipitation of warmest quarter (mm year−1) 53.61 (42.91) 54.01 (35.30) 39.82 (10.62) 48.64 (9.68)
 Global potential evapo-transpiration (mm year−1) 807.87 (101.56) 770.03 (107.48) 856.92 (72.73) 821.49 (69.90)
 Global aridity index 0.32 (0.35) 0.38 (0.27) 0.22 (0.05) 0.23 (0.04)

Topography
 Elevation (m.a.s.l.) 468.82 (383.84) 744.99 (357.72) 369.45 (218.20) 216.85 (122.64)
 Slope (°) 5.00 (5.76) 6.21 (6.41) 4.16 (3.63) 3.27 (2.73)

Table 2   Potential biodiversity map of darkling beetles classified as 
percentage (low, medium or high potential) and their occurrence in 
the different landscape and land-use variables: (i) ecological areas 

(Oliva et al. 2004), (ii) soil organic carbon stock (kg m−2) (Peri et al. 
2018), (iii) sheep density (sheep ha−1) (Pedrana et al. 2011), and (iv) 
desertification (Del Valle et al. 1998)

Type Variables Total area (%) Low (%) Medium (%) High (%)

Ecological areas Dry steppe 68 29 44 28
Humid steppe 8 30 11 58
Shrublands 12 5 14 81
Forests and alpine vegetation 4 100 0 0
Sub-Andean grasslands 8 86 13 1

Soil organic carbon (kg m−2) < 4.5 32 44 46 10
4.5–5.5 34 21 37 42
> 5.5 34 36 17 47

Sheep density (sheep ha−1) < 0.3 30 59 32 9
0.3–0.6 35 30 43 27
> 0.6 35 14 25 61

Desertification Slightly 9 79 12 9
Moderately 51 33 31 36
Severely 40 24 41 35
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Discussion

Potential habitat suitability maps

Habitat suitability maps had been used with different 
objectives, such as studied of auto-ecology of the species 
(Buse et al. 2007), the impact of climate change (Hom-
burg et  al. 2014), and for planning new conservation 
strategies (Bosso et al. 2018). Most of these studies were 
conducted with well-known species using large available 
databases (e.g. large mammals) or for endangered spe-
cies (e.g. huemul at Patagonia) (Rodríguez et al. 2007; 
Rosas et al. 2017). However, the use in other groups (e.g. 
insects) also may be useful to improve the conservation 
strategies or to predict changes in their distribution due to 
changes in the landscape (Samways 2007). The employ-
ment of these tools was possible due to a recent software 
development, especially those that predict the PHS using 
presence data (Guisan and Zimmermann 2000; Soberón 
and Peterson 2005) in remote areas with low information 
(Hirzel et al. 2006). However, the modelling can generate 
spatial auto-correlation errors due to an oversampled in 
accessible areas (Veloz 2009; Phillips et al. 2009). Some 
tools avoid these biases, using special software tools (e.g. 
spatial filter) (Veloz 2009) or checking if human related 
variables (e.g. distance to localities and routes) presented a 
strong spatial auto-correlation (Phillips et al. 2009). In our 
study, human related variables did not greatly influence 
our models (e.g. eigenvalues were not significant). Beside 
this, the implementation of filters for data removal (e.g. 
according closeness of cities and routes) is not possible 
in areas with low available data (e.g. less than 20 obser-
vations per species), as in Southern Patagonia. Another 
chance is to evaluate the models using other statistics. For 
example, Biomapper software employs two simple indexes 
(AVI and CVI) for presence data. Moreover, it is possible 
to evaluate a model even when the species dataset is small, 
as it ensures an optimal use of the data to calibrate and 
evaluate the model (Hirzel et al. 2006). This was one of the 
main reasons to model PHS using ENFA in several studies 
around the world (Hirzel et al. 2002), as well as in Patago-
nia (Martínez Pastur et al. 2016; Rosas et al. 2017, 2018).

ENFA follows the concept of the ecological niche 
(Grinnell 1917), which links the fitness of individuals to 
the environment (Hirzel and Le Lay 2008). It is necessary 
to consider the over-fitting in the modelling to understand 
how reliable the results are, according to: (i) number of 
predictor variables included in the models (Munguía et al. 
2008) (e.g. we finally included few variables of differ-
ent types, see Appendix 2), and (ii) the high correlation 
among the climate (e.g. Worldclim databases) and topo-
graphic variables (e.g. in our modelling mean temperature 

of coldest month and elevation). For those studied species 
with restricted geographical distribution and high over-
fitting (Munguía et al. 2008), errors can remain constant 
when modelling procedures used the same variables for 
several species (e.g. in our study we modelled ten species 
using the same predictor variables) (Munguía et al. 2008; 
Breitman et al. 2015; Rosas et al. 2018). Our PHS models 
were fitted with a limited database, where the number of 
localities varied between 14 and 46. However, the model 
performance according to the validation was not related to 
the number of available data, e.g. the less accurate models 
corresponded to N. sallei with 25 localities.

In our study, PHS models showed the highest values in 
the East, North-East and South (arid and semiarid envi-
ronments) corresponding to typical habitats of darkling 
beetles belonging to Pimeliinae and some Tenebrionae 
(Doyen 1994; Matthews et al. 2010). In different studies 
of Patagonian steppe, tribes Nyctellini, Praocini and Sco-
tobiini represented 82% and 98% of the epigeous species 
(Sackmann and Flores 2009; Carrara and Flores 2013). 
Carrara and Flores (2015) indicated that more than 78% 
of the Patagonian darkling beetles belong to tribes that 
are distributed in these types of environments around the 
World. In fact, Patagonian steppe is considered as a special 
area with high endemism of darkling beetles (Domínguez 
et al. 2006; Carrara and Flores 2013). Species of Ten-
ebrionidae display a high morphological, physiological, 
behaviour adaptations and ecological plasticity for desert 
areas (Cloudsley-Thompson 2001; Matthews et al. 2010). 
These adaptations allow to the species to live in a wide 
range of environmental conditions close to their limits of 
tolerance (Sackmann and Flores 2009). These particulari-
ties are reflected in our model outputs, where nine species 
presented low specialization values (see Fig. 2). However, 
some species with high potential habitat in the Eastern 
region showed low marginality values (N. darwini, N. 
sallei, E. lata and M. araneiformis), which indicated that 
these species avoid the extreme environments of mountain 
areas (e.g. prefer temperate areas close to the sea). The 
species with higher potential habitat in the Southern areas 
showed higher marginality (E. multipunctata, P. bicari-
nata, E. tricostata, N. bremi and N. corrugata), indicating 
a greater preference for extreme environmental conditions 
(e.g. greater occurrence in areas with low temperature dur-
ing the coldest month). Finally, N. fitzroyi presented higher 
values of marginality and specialization, which indicated 
that live in extreme and in a narrow range of environmen-
tal conditions (Fig. 3). There are only few studies about 
phylogenetic, morphological and habitat description of 
this endemic species (Flores 1997, 1998, 1999; Flores and 
Vidal 2001), e.g. Nyctelia and Epipedonota genera present 
diurnal and crepuscular habits and mainly occurred in val-
leys and cliffs, while Mitragenius genus present nocturnal 
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habits and during the day look for shelter under stones and 
other vegetal materials.

Environmental characterization of the map 
of potential biodiversity

PHS-based studies have traditionally addressed the niche 
issues of single species, and few studies addressed issues 
of species assemblage (Hirzel and Le Lay 2008; Martínez 
Pastur et al. 2016; Rosas et al. 2018). In this study, we com-
bined 10 PHS of endemic darkling beetle species to char-
acterize their potential biodiversity in Southern Patagonia. 
Domínguez et al. (2006) indicated a greater endemism in the 
South, and Carrara and Flores (2013) identified five areas 
with high endemism in the East and three in the West near 
to water bodies in the mountains. This was coincident with 
our modelling, that identified these areas as higher potential 
biodiversity (see Fig. 4). It is possible that the higher biodi-
versity in areas close to water bodies can be related with spe-
ciation processes (diversification of new species) due to the 
isolation during historical periods of drought (Roig-Juñent 
et al. 2008; Carrara and Flores 2013).

In our modelling, climatic and topographic variables had 
influenced MPB, where medium and high qualities increased 
with temperature and decreased with rainfall (see Table 1). 
Temperature influences their activity patterns, microhabitat 
preferences and seasonal community composition (Bartho-
lomew and Moghrabi 2018). In addition, darkling beetles 
presented different behaviour adaptations (e.g. avoid exces-
sive heat during the day) to regulate water loss in arid con-
ditions (Cloudsley-Thompson 2001). Similarly, in Southern 
Patagonia, Ruggiero et al. (2009) reported a positive rela-
tionship between beetle abundance and the increase of mini-
mum daily temperature, while Carrara et al. (2011a) cited a 
negative relationship between endemic richness distribution 
and rainfall. Mazia et al. (2006) also found that tenebrionid 
activity decreased when frequency of daily maximum soil 
temperature increased. In reference to these adaptations, pre-
cipitation dynamics over a geological time in the Patagonian 
steppe have led to processes of speciation and extinction, 
leading to the current patterns of distribution and richness 
of darkling beetles (Carrara and Flores 2013).

Vegetation (NDVI) and soil qualities also influenced MPB 
of darkling beetles, where the highest qualities were associ-
ated to humid steppe and shrublands related to higher SOC 
stocks. Several studies have found higher beetle activity, bio-
mass and diversity in heterogeneous habitats, e.g. shrub veg-
etated habitats or landscapes with vegetation patches (e.g. 
savannah) (Mazia et al. 2006; Liu et al. 2012; Reinhard et al. 
2019). Ruggiero et al. (2009) found that shrub cover posi-
tively affect beetle abundance in the steppe but negatively 
in the forests. The reason for complex vegetation preference 
can be due to favourable temperatures, reducing the risk of 

desiccation, predation risk, food availability and animal bur-
rows (Liu et al. 2012). Beetle richness also can be related to 
soil qualities and vegetation, due to these variables affect the 
food availability and their reproduction success (Mazia et al. 
2006; Carrara et al. 2011b; Lescano et al. 2017). Neverthe-
less, Bartholomew and Moghrabi (2018) found that darkling 
beetles prefer shrubs due to protection from extreme tem-
peratures instead of predation refuge or food resource.

Trade‑offs of desertification and land use 
with the potential biodiversity

In arid ecosystems, beetles play key functional roles in dif-
ferent processes: (i) biological control, (ii) seed dispersal, 
(iii) structure of soils, nutrient cycling, and decomposition 
of organic material, and (iv) serving as food source for birds 
and mammals (Samways 2007; Cheli et al. 2009; Superina 
et al. 2009; Aballay et al. 2016). Darkling beetles can be 
considered as environmental bio-indicators because their 
abundance and richness (Kaltsas et al. 2012) are sensitive to 
land-use changes (Newbold et al. 2014). Alterations in veg-
etation and soil conditions due to management intensity (e.g. 
livestock) can affect their abundance, diversity, and commu-
nity composition (Samways 2007; Newbold et al. 2014; Liu 
et al. 2016; Li et al. 2018). In our study, sheep density and 
desertification processes had similarities with MPB, where 
high sheep density (> 0.6 sheep ha−1) and severe desertifi-
cation occurred in high MPB areas. Nevertheless, darkling 
beetles can differently respond to lands-use changes (Liu 
et al. 2016), because their differences in trophic positions 
and ecological requirements (Homburg et al. 2014). Kaltsas 
et al. (2012) found temporal changes in density and com-
munity composition of beetles when structural vegetation 
changed due to livestock. The influence of livestock suggest 
that some groups (e.g. macro-arthropods) are more sensitive 
to grazing than others, and many groups decline when graz-
ing intensity increased. Newbold et al. (2014) found higher 
richness and abundance of some species within the long-
term grazing closures, but some species tend to increase 
with grazing. In addition, Reinhard et al. (2019) found that 
richness and diversity were unaffected in areas with current 
grazing before another impact (e.g. fire) in the short-term. 
In Patagonian steppe, grazing and desertification threat 
biodiversity (Del Valle et al. 1998; Peri et al. 2013, 2016), 
because affect the vegetation structure and homogenise the 
landscape affecting species survival (Kaltsas et al. 2012; 
Lescano et al. 2017; Reinhard et al. 2019). The influence of 
livestock on vegetation structure due to over-graze lead to 
desertification in the Patagonian steppe during the last dec-
ades (Del Valle et al. 1998; Peri et al. 2013, 2016, 2018). In 
our study, the best places for grazing and the most affected 
areas for desertification (see Fig. 1) were coincident with 
the highest potential biodiversity for darkling beetles. This 
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generates potential trade-offs between the studied factors and 
its conservation status.

Management and conservation recommendations

Management and conservation strategies must be developed 
for darkling beetles due to their high endemicity, extinction 
risk, and their sensitiveness to land use changes (Carrara 
et al. 2011b; Newbold et al. 2014). Only about 10% of all 
insects have a scientific name, and the social perception is 
that insects are insignificant receiving low attention (Sam-
ways 2007). However, beetles are amongst the most popu-
lar insects for collectors and hobbyist, and some beetles are 
decidedly charismatic and have been promoted widely in 
conservation (Buse et al. 2007; Bosso et al. 2018). As it was 
mentioned before, darkling beetles have a major role in sev-
eral ecological processes (Cheli et al. 2009; Superina et al. 
2009; Aballay et al. 2016), and they are sensitive to land-use 
changes (Lescano et al. 2017; Li et al. 2018). For this, it is 
important to include this species group into management and 
conservation strategies to guarantee their subsistence. One 
strategy is to identify areas with endemism or greater species 
richness (Carrara et al. 2011a; Carrara and Flores 2015), and 
define a special protection status (Carrara et al. 2011b; Car-
rara and Flores 2013) or propose a differential management 
(e.g. reduce sheep density). The other strategy is modelling 
the habitat suitability of the species to known its potential 
distribution and their environmental requirements to analyse 
the effective conservation of natural reserves, e.g. this strat-
egy was used in the framework of Natura 2000 (Buse et al. 
2007; Bosso et al. 2018). With the modelling is possible to 
identify potential areas of better habitability for more species 
(e.g. MPB with the highest values) to re-define networks 
of natural reserves. From the present study, we determined 
that only 24.6% of the protected areas in the region corre-
sponded to medium–high MPB qualities, where provincial 
reserves protect more than national parks. To improve this 
conservation strategy, it is essential to include transition 
areas (e.g. farmlands), or new potential habitats due to cli-
mate change (Carrara and Flores 2013; Homburg et al. 2014; 
Bosso et al. 2018). In this sense, our map becomes an useful 
tool to select areas for future conservation. Samways (2007) 
proposed three categories for insect conservation strategies: 
(i) reserve selection, (ii) conservancy, that represents areas 
adjacent to reserves increasing their habitat and chances of 
long-term survival, and (iii) land-sparing. The land-sparing 
can be an interesting strategy by including ranches with 
greater sheep density and high MPB values (e.g. reduce the 
shrub removal or establish some retention patches without 
grazing). Some studies suggested that modifications of tra-
ditional grazing practices (e.g. intensity, patchiness, and 
seasonality of grazing) can be used to increase spatial and 
temporal heterogeneity in vegetation at the landscape scale, 

and improve habitat quality for species of conservation con-
cern (Newbold et al. 2014).

Conclusions

PHS models allowed us to increase the knowledge about 
auto-ecology and potential distribution of the studied spe-
cies, as well as to define the relationships among the dar-
kling beetles and its environmental requirements (e.g. spe-
cialization and marginality). The development of a MPB 
allowed simplifying the information for the different spe-
cies, generating a powerful tool for decision-making. This 
map can be used for: (i) support ecological, biogeographic 
and local studies of endemic darkling beetles, (ii) identify 
potential trade-off between economic activities (e.g. live-
stock) and conservation, and (iii) understand the potential 
risks of desertification processes or climate change. These 
results also can contribute to define new management plan-
ning at landscape level, or to propose new alternatives for 
biodiversity conservation based on less studied species, as 
the darkling beetles.
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