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ARTICLE INFO ABSTRACT

Keywords: Grazing may represent a major threat to biodiversity in arid grasslands. The increasing use of grasslands for solar
Tenebrionidae parks may represent a new important threat. No study has investigated the effects of solar parks on soil insects.
Diversity

Tenebrionids are a major component of the arthropod fauna of grasslands of central Asia. These ecosystems are
threatened by grazing and increasing land use for solar parks. Aim of this work was to investigate the effects of
grazing and solar panels on tenebrionids in arid grasslands (desert steppe) in China by comparing their com-
munity structure in ungrazed, heavily grazed, and solar park sites. Beetles were sampled by pitfall traps, and sites
were compared for abundance and diversity (Hill numbers). All sites were characterized by simple, strongly
dominated tenebrionid communities. Species proportions varied among sites. Grazing negatively influenced
overall abundance, but did not alter species proportions; by contrast, solar panels had no effect on the average
abundance, but reduced the proportion of the most abundant species. Compared with the other two sites, the
solar park was characterized by a higher plant biomass and lower temperatures. A major availability of resources
and less harsh conditions in the solar park might have a role in reducing the dominance of the most abundant
species, allowing other species to attain higher abundances. This led to a more balanced community structure,
with higher values of diversity. Although neither grazing nor solar panel installation modified radically tene-
brionid species-abundance distribution or diversity, grazing and solar panel installation had different effects in
species abundances and their impact might amplify the effect of other disturbance factors such as the ongoing
climate change.
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1. Introduction

Grasslands account for about 8% of Earth land (Wesche and Treiber,
2012) and therefore constitute one of the most widespread biomes
worldwide. Grasslands have long been used for grazing activities, which
have profoundly shaped their landscape (Fuhlendorf et al., 2006).
Grazing may represent a serious threat to grassland ecosystems, since it
causes alterations in water balance and soil erosion, compaction and

degradation, with detrimental effects on biodiversity, especially in areas
characterized by low precipitation regimes (Dennis et al., 1998; Fuh-
lendorf et al. 2006; Zhu et al., 2017, 2020). As regards insect commu-
nities, livestock not only reduce resources available for insects, but also
alter soil characteristics by trampling, with obvious negative effects on
soil dwelling species (Weiss et al., 2013; Ruan et al., 2021). Aridity and
low productivity may exacerbate these effects in insect communities of
arid grassland (steppe) ecosystems.
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Recently, a new form of threat to grassland ecosystems is emerging:
the increasing use of grassland areas for installation of solar panels,
especially in steppe ecosystems, which are poorly suitable for other land
uses like agriculture. The consequences on insect biodiversity seem to be
highly variable: while the new environmental conditions established in
the solar plants might even be beneficial to pollinators (Dolezal et al.,
2021; Graham et al., 2021), solar plants represent ecological traps for
aquatic insects attracted by polarized light (Horvath et al., 2010). To our
knowledge, however, no study has investigated the effects of solar
power plants on soil insects, which are an obviously important compo-
nent of grassland biotas, especially in arid steppe ecosystems.

In this study, we investigated the effects of grazing and solar parks in
a central Asian arid grassland (Ningxia Province, China) on tenebrionid
beetles (Coleoptera, Tenebrionidae).

Tenebrionids are a diverse family of beetles, including more than
30,000 described species worldwide (Bouchard et al., 2021). Tenebri-
onids exploit the most disparate environments and are one of the most
prominent arthropod groups in arid environments, including Mediter-
ranean coastal areas, deserts and steppes (De Los Santos et al., 2000;
Dajoz, 2002; Fattorini, 2008; Cheng et al., 2022).

In central Asia, the natural landscape is largely dominated by
steppes, which provide many essential ecosystem services to the human
population (Lii et al., 2011) and may constitute the last barrier before
desert (Kang et al., 2007; Ren et al., 2008). Many studies investigated
tenebrionid ecology in these environments (Pfeiffer and Bayannassan,
2012; Liu et al., 2012; Liu et al., 2015; Li et al., 2016; Khurelpurev and
Pfeiffer, 2017; Niu et al., 2019, 2020). The influence of human-induced
transformations of steppe ecosystems on their communities are, how-
ever, largely unknown.

Although grazing in the Ningxia province is legally prohibited since
2003 (Li et al., 2013; Zhou et al., 2018), there are still some farmers that
bring their sheep flock for grazing. Along with this form of illegal
grazing, the steppes of Ningxia province are experiencing an increasing
diffusion of large solar power plants. Thus, this area offers the intriguing
opportunity of comparing the effects of grazing and solar park in-
stallations on the tenebrionids of arid grasslands. To this end, we
compared the tenebrionid community of ungrazed, grazed and solar
park areas.

Specifically, we tested the following hypotheses:

(1) Grazing should reduce abundance and diversity of tenebrionids
because of alterations in vegetation and soil characteristics.
Because of plant consumption by livestock, vegetation in grazed
areas is expected to have a lower biomass, which should turn into
less resources available for tenebrionids. Since the larvae of
steppe tenebrionids live into the soil, they are expected to be
negatively affected by compaction induced by grazing. Also, te-
nebrionids can be negatively affected by increased temperatures
and reduced humidity determined by reduction in plant height/
coverage due to grazing, since intolerable temperatures and lack
of water are important limiting factors for tenebrionids of arid
environments (Dajoz, 2002; Fattorini, 2008). Thus, we expect
that both overall abundance (H1.1) and diversity (H1.2) of te-
nebrionids in the grazed site will be decreased compared to the
ungrazed site as a result of the negative influence of grazing. Also,
we expect changes in species proportions (H1.3), as some species
would be more affected than others. Finally, we expect changes in
the species-abundance distribution, with a reduction in species
evenness in the grazed site compared to the ungrazed site because
of increased dominance of the most resistant species (H1.4).

(2) Solar panel installation should have a positive impact on the
tenebrionid community for various reasons. First, because of
shading provided by solar panels, we expect a higher vegetation
biomass and hence more resources for tenebrionids, not only in
comparison with the grazed site, but also in comparison with the
ungrazed one. Second, shading might be beneficial to
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tenebrionids by lowering temperatures and increasing humidity.
Finally, being more humid and with more roots, soil in the solar
panel area should be more penetrable, and hence more favorable
to tenebrionid larvae. Thus, we expect that both overall abun-
dance (H2.1) and diversity (H2.2) of tenebrionids will be higher
than in the ungrazed and grazed sites. Also, we expect changes in
species proportions (H2.3), as some species would be more
advantaged than others by these new conditions. Finally, we
expect changes in the species-abundance distribution, with a
reduction of dominance of the most abundant species, and hence
a higher evenness compared to the ungrazed site (H2.4).

2. Materials and methods
2.1. Study area

The present study was carried out in the Yanchi county (Ningxia Hui
Autonomous Region), near Gaoshawo and Sidunzi villages (about 1400
m a.s.l.) (Fig. 1). This area is occupied by an arid steppe ecosystem
known as “desert steppe” (Sun, 2005), characterized by a cold semi-arid
continental monsoonal climate. Monthly average temperatures vary
between —8 °C in January to 22 °C in July (annual average: 8.3 °C),
whereas monthly precipitation ranges from 2 mm in December to 78 mm
in August (annual average: 287 mm) (Kang et al., 2007; Tsafack et al.,
2019). Vegetation is dominated by Stipa spp., Agropyron spp. and Allium
polyrhizum Turcz. ex Regel (Sun, 2005; Lii et al., 2011; Tsafack et al.,
2019).

The study area is characterized by patches still subject to intensive
sheep grazing (Nan et al., 2018), areas protected from grazing, and large
areas occupied by photovoltaic panel parks.

2.2. Sampling design and insect identification

The study was conducted in a photovoltaic power station (Ningxia
Gaoshawo solar park: 37°58'24.35” N - 107°01'41.99” E) and in two
grassland sites representative of undisturbed (ungrazed: 37°45'51.52” N
-107°16'50.22" E) and highly grazed (37°44'59.08” N - 107°17'52.76"
E) grasslands. The Ningxia Gaoshawo solar park was opened in
September 2016 and occupies an area of about 20 km?. In each site, we
took five sampling points at least 200 m apart, and in each sampling
point we placed four pitfall traps separated by at least 100 m from each
other, for a total of 20 traps per site. Pitfall traps were made of plastic
cups (diameter: 7.15 cm, depth: nine cm) dug into the ground and filled
with 60 ml of a solution of vinegar, sugar, 70% alcohol and water (in the
following proportion: 2:1:1:20). Pitfall traps were put down once a
month in mid-month, from April to August 2019, and collected five days
later. In total, we obtained 300 pitfall trap samples (60 traps x 5 sam-
pling dates: 100 samples per site). The location of the traps remained
constant over the entire sampling period and no trap was damaged or
lost during the study. Trap content was sorted in the laboratory and
tenebrionids identified to species level using Guodong and Youzhi
(1999), specialized literature and museum voucher specimens with the
assistance of expert taxonomists (see Acknowledgments). All material is
preserved in the insect collections of the School of Agriculture of Ningxia
University.

For an environmental characterization of the study sites, we
collected the following data in a 1 m? quadrat frame: plant dry biomass
(g/m?), plant height (average height of plants in the quadrat frame),
plant cover (proportion of soil covered by plants), soil temperature
(using a portable multiparametric probe TRS-II, Zhejiang Tuopu In-
strument Co. Ltd., Hangzhou City, China; accuracy of £0.5 °C) and soil
bulk density (as described in Tsafack et al., 2019) (Table S1, Fig. S1).

2.3. Data analysis

Differences among sites in plant biomass, plant height, plant cover,
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Fig. 1. Study area and sampling sites selected to
investigate the effects of grazing and solar panel
installation on tenebrionid beetles in a central Asian
steppe. Panel (a) indicates the location of the Ningxia
Province within China. Panel (b) shows the position
of the sampling sites within the Ningxia Province
(with administrative subdivisions). Panel (¢) shows
the landscape of the undisturbed (ungrazed) site used
as a reference. Panel (d) shows the heavily grazed
steppe. Panel (e) shows the investigated solar park.
Colours of dots in panel (b) indicate the ungrazed site
(blue), the grazed site (red) and the solar park
(green). Satellite images of panels (a) and (b) from
Google Earth. (For interpretation of the references to
colour in this figure legend, the reader is referred to

the Web version of this article.)

soil temperature and soil bulk density were tested using linear mixed-
effects models with site as a fixed effect and sampling point as a
random effect, using the Ime function of the nlme package in R 4.0.3 (R
Core Team, 2021) according to the model: site characteristics ~ site,
random = ~1|sampling point. Linear mixed-effects models were fol-
lowed by Analysis of Variance (ANOVA, with the anova function) and
Tukey tests using the R package multcomp. For plant cover, which is
expressed as proportions, we used the logit transformation as suggested
by Warton and Hui (2011).

We modelled tenebrionid species abundance distribution patterns at
the three sites using the geometric series model (Fattorini, 2005) as te-
nebrionids of arid ecosystems conform to this model (Fattorini and
Carpaneto, 2001; Fattorini, 2008; Fattorini et al., 2012, 2016, 2017; Niu
et al., 2019, 2020). The geometric series expresses the so-called “niche
pre-emption” hypothesis, in which the sizes of niche hypervolumes
(measured as species abundances) are determined by certain species that
pre-empt part of the niche space, leaving the remaining specie to occupy
the rest. Thus, the niche hypervolume is sequentially pre-empted by the
most abundant to the least abundant species. The first, most dominant
species in the sequence occupies a fraction k of the resource hyper-
volume, the second species a fraction k of hypervolume not occupied by
the first, and so on (Giller, 1984; Fattorini, 2005; McGill et al., 2007). In

the rank-abundance plot, if the abundances are logarithmically trans-
formed and the species are ranked from the most to the least abundance,
a geometric series exactly follows a strength line, which can be fitted
using an Ordinary Least Squares regression (Fattorini, 2005). Higher
slopes indicate more unbalanced communities, with slopes decreasing at
increasing evenness. We used the coefficient of determination % as a
measure of goodness-of-fit of the regressions modelling the
rank-abundance plots and the Analysis of Covariance (ANCOVA, with
the R function aov) to test for homogeneity of their slopes.

We investigated species similarity among sites and level of nested-
ness, i.e. the degree to which tenebrionid assemblages of sites with fewer
species are subsets of successively larger assemblages. Species similarity
between sites was evaluated by using the Dice-Sgrensen coefficient of
similarity, which ranges from 0 (no shared species between two sites) to
1 (the two sites have the same species), putting more weight on joint
occurrences than on mismatches. Nestedness was tested using the soft-
ware NeD (Strona et al., 2014) with spectral radius as a metric (Sta-
niczenko et al.,, 2013) and the proportional-proportional algorithm
(which is preferred when the scale of analysis is small; Ulrich and
Gotelli, 2012) to generate 100 random matrices.

To determine if there is an association between species and habitat (i.
e., if species abundances varied among sites) we applied a y test to a
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species x site contingency table.

We compared sites for differences in tenebrionid diversity using Hill
numbers. Hill numbers 9D are a mathematically unified family of indices
which are all expressed in the same units (i.e., effective number of
species), being therefore comparable between each other (Schalk, 1987;
Liu et al., 2015). We compared diversity of the three sites for the
following three orders of taxonomic diversity: ¢ = 0 (which returns
species richness), ¢ = 1 (which produces the exponential of Shannon
entropy and expresses the effective number of frequent species in the
assemblage), and g = 2 (which corresponds to the inverse of the Simpson
index of concentration and hence expresses the effective number of
highly frequent species in the assemblage) (Chao et al., 2014, 2020). In
the following, we use the expression “Shannon diversity” to indicate this
exponential version of the index. Since diversity estimates are influ-
enced by the number of sampled individuals, in addition to the observed
values we calculated for each sample asymptotic estimates using the
functions ChaoRichness for ¢ = 0, ChaoShannon for ¢ = 1, and Chao-
Simpson for g = 2 (Chao et al., 2014). We omitted trap samples with zero
individuals from the calculation of Shannon diversity and those with
fewer than two individuals from Simpson diversity, as these indices are
undefined under such circumstances.

Observed and asymptotic values of richness, Shannon diversity and
Simpson diversity were then used as response variables in generalized
linear mixed models (GLMMs). In GLMMs, the independent variables
were sites (with ungrazed as reference) and month (with April as
reference), with traps nested into sites as a random factor. Calculations
were done using the glmmTMB R package with the model: diversity
measure ~ site*month+(1|site/trap). The r.squaredGLMM function of
the MuMIn R package was used to calculate the r* explained by fixed and
random factors. For observed richness, we used a Poisson link, whereas a
Gaussian one was assumed for the other measures of diversity. The same
GLMM approach was applied to test for differences in tenebrionid
abundance; in this case, a Poisson distribution was adopted. The R li-
brary ggplot2 was used for graphs.

3. Results

The three investigated sites showed significant differences in plant
biomass and soil temperature, whereas they did not differ in plant cover
(Table 1, Fig. S1). The solar park had a higher biomass than the ungrazed
and grazed sites, which did not differ from each other (Table 1, Fig. S1).
Average temperature was highest in the grazed site, lowest in the solar
park, and intermediate in the ungrazed site. Significant differences were
found for plant height, which was higher in the solar park than in the
grazed site, and for soil bulk density, which was lower in the solar park
than in the grazed site (Table 1, Fig. S1).

Ten species of tenebrionids were collected (Fig. 2, Table S1). Three
species (Blaps femoralis [Fischer von Waldheim, 18441, Microdera kraatzi
[Reitter, 1889] and Anatolica amoenula [Reitter, 1889]) represented
together 94% of the collected individuals (Fig. 2); separately, they
represented 45%, 37% and 12% of the overall abundance, respectively
(Table S1). M. kraatzi was the most abundant species in the solar park
site, representing 55% of the total abundance (Fig. 2). B. femoralis was
the most abundant species in both the ungrazed and the grazed sites,
representing respectively 70% and 58% of the total abundance (Fig. 2).
Overall, species composition between sites (Table S1) was very similar
(Dice-Sgrensen coefficient of similarity, DSC, between grazed and
ungrazed: 0.933; DSC between ungrazed and solar park: 0.823; DSC
between grazed and solar park: 0.875) and clearly nested (spectral
radius: 4.694, Z-score = 2.387, P < 0.01). However, a significant asso-
ciation between species abundance and sites (y? = 279.849, df = 18, P <
0.001) indicates that species have different habitat preferences, with
solar park showing an increased abundance of M. kraatzi and a reduction
of B. femoralis in comparison with grazed and ungrazed sites, which
supports our hypothesis (H2.3) of a reduction in the proportion of the
most dominant species in the solar park. By contrast, there was no
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Table 1

ANOVA tables of mixed effect models with plant biomass, plant height, plant
cover, soil temperature and soil bulk density as dependent variables in three
biotopes in a central Asian steppe: an ungrazed (undisturbed) site, a heavily
grazed site, and a solar park. Plant cover was logit-transformed. According to
Tukey tests, average plant biomass in solar park was significantly higher than in
the ungrazed (P < 0.0001) and grazed (P < 0.0001) sites, whereas temperatures
differed significantly in the order grazed > ungrazed > solar park (difference
between grazed and ungrazed P = 0.033; difference between ungrazed and solar
park P < 0.001; difference between grazed and solar park P < 0.001). Higher
plant height in solar park than in grazed site was marginally significant (P =
0.064). Lower soil bulk density in the solar park than in the grazed site was
marginally significant (P = 0.060).

numDEF denDF F-value P
Plant biomass
Intercept 1 45 105.830 <0.0001
Biotope 2 12 26.943 <0.0001
Plant height
Intercept 1 45 113.990 <0.0001
Biotope 2 12 2.564 0.118
Plant cover
Intercept 1 45 0.820 0.370
Biotope 2 12 0.186 0.832
Soiltemperature
Intercept 1 45 5896.791 <0.0001
Biotope 2 12 42.255 <0.0001
Soil bulk density
Intercept 1 45 8556.572 <0.0001
Biotope 2 12 2.736 0.105
100-
Species

= 751 Anatolica amoenula

> B Anatolica mucronata

N

(0] Anatolica potanini

o . .

c | Blaps femoralis

8 50 Blaps medusula

c . Microdera kraatzi

_8 Penthicus kiritshenkoi

<< 25- Pterocoma reitteri

Scytosoma pygmaeum
. Trigonocnera pseudopimelia
O B —

Ungr'azed Grazed Solar park

Fig. 2. Proportional abundance of tenebrionid beetle species collected in three
biotopes in a central Asian steppe: an ungrazed site, a heavily grazed site and a
solar park.

support for the hypothesis of a substantial change in species proportions
under grazing disturbance (H1.3).

The goodness-of-fit statistics of the OLS regression lines indicated
that the geometric series fitted adequately all three species communities
(Table 2, Fig. 3). The slopes of the three regression lines were not
significantly different (ANCOVA for homogeneity of slopes: F15) =
0.772, P = 0.477). This means that, contrary to our expectation, neither
grazing (H1.4) nor solar panel installation (H2.4) changed the overall
species-abundance distribution model.

Tenebrionid abundance in the grazed site and in the solar park was
lower than that observed in the ungrazed site, although the difference
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Table 2

Regression parameters (slope and intercept), goodness of fit (R?), t-value (t) and
probability (P) of geometric series models for the tenebrionid communities
sampled in three biotopes in a central Asian steppe: an ungrazed (undisturbed)
site, a heavily grazed site, and a solar park. For each model, the niche pre-
emption parameter k is also reported. Errors refer to standard errors.

Slope Intercept T R? k
Ungrazed  —0.322+ 2316+ —6.046 <0.001 0.856  0.524
0.053 0.269
Grazed —0.361+ 2450 + —~12.643  <0.0001 0.970  0.565
0.029 0.128
Solar —0.291 +  2.482+ —~11.105  <0.0001  0.946  0.488
Park 0.026 0.147
2.5
—~ .
@ # Ungrazed
8 2 e Grazed
© Ne - A A Solar park
© N\
c 1.5- N ~.
3 \\ Sa
O N .
<< - NN
=3 Al
NN\
o a t».\ 4\\
—_— | N o
0.5 \.\ \A\\
. O
A Y ~
\\ \\\
0- B mE A
1 1 1 1 1 1 | 1 1
1 2 3 4 5 6 7 8 9

Fig. 3. Rank-abundance plot of the tenebrionid beetles inhabiting three bio-
topes in a central Asian steppe: an ungrazed (undisturbed) site, a heavily grazed
site, and a solar park. Species are ranked from the most to the least abundant (x-
axis). Species abundances are log-transformed (y-axis). Data were fitted using
OLS regressions.

between the ungrazed site and the solar park was negligible (P = 0.05,
Table 3, Fig. 4 a). This is in agreement with our hypothesis that grazing
reduces abundance (H1.1), but does not support our claim of a positive

Table 3

Results of generalized linear mixed models for species abundance of tenebrio-
nids sampled from April to August in three biotopes in a central Asian steppe: an
ungrazed (undisturbed) site (used as reference), a heavily grazed site and a solar
park. Variance explained by fixed effects: Marginal R> = 0.76. Variance
explained by the entire model: Conditional R? = 0.80.

Estimate Std. Error Z-value P
Habitat
Intercept 2.01 0.137 14.691 <0.0001
Grazed -1.07 0.223 —4.794 <0.0001
Solar Park —0.39 0.201 —1.959 0.050
Month
May —0.44 0.129 —3.430 <0.001
June -1.35 0.177 —7.596 <0.0001
July -1.30 0.174 —7.464 <0.0001
August —3.09 0.386 —7.998 <0.0001
Interaction
Grazed x May 1.10 0.214 5.119 <0.0001
Grazed x June 1.39 0.263 5.266 <0.0001
Grazed x July 0.78 0.286 2.734 <0.001
Grazed x August 0.53 0.647 0.813 0.420
Solar Park x May 1.04 0.177 5.887 <0.0001
Solar Park x June 0.91 0.237 3.837 <0.001
Solar Park x July 0.12 0.267 0.452 0.650
Solar Park x August 0.06 0.599 0.094 0.930
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effect of solar panels on overall abundance (H2.1). The observed number
of species was lower in the grazed site than in the ungrazed site (as
expected by our hypothesis H1.2), whereas the difference between
ungrazed site and solar park was not significant (which does not support
our hypothesis of a positive effect H2.2) (Table 4, Fig. 4 b). However,
estimated species richness (asymptotic values of Chaol estimator) was
higher in the solar park than in the ungrazed site, as expected under our
hypothesis of a positive effect (H2.2), whereas there was no difference
between the ungrazed site and the grazed site, which contrasts with our
hypothesis (H1.2) (Table S2, Fig. S2 a). Thus, Chaol varied among sites
in the order: solar park > grazed site ~ ungrazed site, which is in partial
agreement with our expectations. Observed values of Shannon and
Simpson diversity were marginally significantly higher in the solar park
than in the ungrazed site as expected under our hypothesis (H2.2) (Ta-
bles 5 and 6, Fig. 4 ¢, d), whereas this difference disappeared when using
estimated values (Tables S3 and S4, Fig. S2 b and c).

Tenebrionid abundance varied across months, decreasing from
spring to summer (Fig. 5). However, we found a significant interaction
between sites and months in all cases except August, which had the
lowest abundances (Table 3, Fig. 5 a). In the ungrazed site, April had a
higher abundance than May and the other months, whereas in the
grazed site and in the solar park the pattern was reversed (Fig. S3 a).
Thus, both grazing and solar panel installation reduced the activity of
tenebrionids in April. Also, it appears that differences in tenebrionid
abundances between May and June were strongly reduced by grazing,
which supports our hypothesis (H1.1). Tenebrionid richness also varied
across months, decreasing from spring to summer (Fig. 5 b). Interaction
between sites and months was significant only for the grazed site in June
(Table 4, Fig. S3 b). Grazing strongly reduced richness in April, whereas
panel installation had a strong effect in July, which contrasts with our
hypothesis (H2.2). Shannon or Simpson diversity varied across months
without any obvious trend. Diversity was high between April and May,
then decreased in June, increased again in July, and finally dropped in
August (Fig. 5 ¢, d). Grazing reduced both Shannon and Simpson di-
versity (as expected under our hypothesis H1.2), while solar park
increased these indices (as expected under our hypothesis H2.2),
although not significantly (Tables 5 and 6). We found that interaction
between sites and month was significant only for Simpson diversity in
June (Tables S3 and S5, Fig. S3 b, ¢). Results with estimated values were
similar (Tables S3 and S4, Fig. S4 b, c, Fig. S5 b, ¢).

4. Discussion

The number of tenebrionid species found in our sampling sites (7-9)
is consistent with values of species richness reported from other central
Asian areas with similar environmental conditions: 1-12 species in 16
sites in the Gobi desert (Mongolia) (Pfeiffer and Bayannassan, 2012);
3-10 species in seven sites in the Altai Mountains (Mongolia) (Khur-
elpurev and Pfeiffer, 2017); seven species in an artificial oasis in the
western Gansu Province (north-western China) (Li et al., 2016); seven
species in a near desert area (Liu et al., 2012); seven species in a sandy
desert ecosystem in the middle reaches of the Heibe River (north--
western China) (Liu et al., 2015); 6-8 species in two sites in the Gobi
Desert (Inner Mongolia) (Niu et al., 2019). Thus, we are confident that
our sampling was virtually complete and provided a clear representation
of the tenebrionid diversity of the study sites.

Tenebrionid communities of arid ecosystems are characterized by a
high dominance of a few species attaining large abundance values
(Thomas, 1983; Aldryhim et al., 1992; Ayal and Merkl, 1994; Niu et al.,
2019, 2020), and this situation can be also found in our study system, as
shown by the high values of the goodness of fit provided by the geo-
metric series model.

The observed values of the slopes of the regression lines obtained in
this study (from —0.36 to —0.29) are consistent with those recorded for
the tenebrionid communities of two sites in the Gobi Desert (—0.36 and
—0.24, Niu et al., 2019) and similar to those calculated for
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Mediterranean beach-dune systems (—0.29 to —0.25; Fattorini, 2008;
Fattorini et al., 2017). The lack of differences in the slopes of the
regression lines of the three compared sites indicates that the investi-
gated communities have an analogous pattern of species abundance
distribution and that the resource hyperspace is divided in a similar way
in the three communities. Thus, contrary to our expectations (H2.4), the
impact of grazing and solar panel installation did not alter the main
mechanism (pre-emption) that shapes species abundance distribution in
more natural conditions (ungrazed site). The parameter k, which ex-
presses the sequential, constant fraction of the total number of in-
dividuals in a community, ranged between 0.5 and 0.6. This indicates a
rather sharp decline in the species niche hypervolumes, as expected for
communities where resources are divided according to the pre-emption
model. Overall, the observed k values are consistent with those recorded
for tenebrionid communities from the Gobi Desert (k = 0.6; Niu et al.,

2019, 2020) and Mediterranean dune ecosystems (k = 0.4-0.5; Fattorini
et al., 2016, 2017). Thus, the communities of the three study sites are
characterized by low richness and high dominance, as already observed
for tenebrionid communities of other arid ecosystems (Fattorini and
Carpaneto, 2001; Fattorini, 2008; Fattorini et al., 2012, 2016, 2017; Niu
et al., 2019, 2020), which suggests a similar response to harsh condi-
tions, with no substantial effect of grazing or solar park installation on
the basic mechanisms that regulate the species abundance distributions.

Although species composition between sites was very similar, pro-
portional species abundances varied between sites, as we expected
(hypotheses H1.3 and H2.3). It has been found that even close sites with
similar tenebrionid species composition can show strong differences in
proportional abundances if they are environmentally different (Fattor-
ini, 2009). Also, even in sites with similar environmental conditions,
species composition and ensemble organization, the most dominant
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Table 4

Results of generalized linear mixed models for species richness of tenebrionids
sampled from April to August in three biotopes in a central Asian steppe: an
ungrazed (undisturbed) site (used as reference), a heavily grazed site and a solar
park. Variance explained by fixed effects: Marginal R*> = 0.30. Variance
explained by the entire model: Conditional R? = 0.30.
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Table 6

Results of generalized linear mixed models for Simpson diversity of tenebrionids
sampled from April to August in three biotopes in a central Asian steppe: an
ungrazed (undisturbed) site (used as reference), a heavily grazed site and a solar
park. Variance explained by fixed effects: Marginal R> = 0.17. Variance
explained by the entire model: Conditional R? = 0.19.

Estimate Std. Error z value P Estimate Std. Error z value P
Habitat Habitat
Intercept 0.62 0.164 3.742 <0.0001 Intercept 1.57 0.137 11.522 <0.0001
Grazed —-0.57 0.273 —2.073 0.040 Grazed —0.16 0.211 —0.737 0.460
Solar Park 0.22 0.221 0.986 0.320 Solar Park 0.37 0.193 1.908 0.060
Month Month
May —0.11 0.239 —0.478 0.630 May 0.02 0.186 0.117 0.910
June —0.67 0.282 —2.361 0.020 June —0.52 0.186 —2.807 0.010
July —0.62 0.278 —2.217 0.030 July -0.29 0.196 —1.498 0.130
August —1.82 0.440 —4.133 <0.0001 August —0.59 0.268 —2.201 0.030
Interaction Habitat x Month
Grazed x May 0.60 0.367 1.627 0.100 Grazed x May 0.19 0.277 0.669 0.500
Grazed x June 0.92 0.405 2.264 0.020 Grazed x June 0.50 0.277 1.803 0.070
Grazed x July 0.57 0.418 1.355 0.180 Grazed x July 0.17 0.290 0.579 0.560
Grazed x August 0.16 0.701 0.230 0.820 Grazed x August 0.14 0.424 0.335 0.740
Solar Park x May —0.00 0.322 —0.002 0.990 Solar Park x May —0.22 0.260 —0.854 0.390
Solar Park x June 0.10 0.374 0.257 0.800 Solar Park x June -0.19 0.261 -0.736 0.460
Solar Park x July —0.32 0.393 —0.822 0.410 Solar Park x July —0.28 0.283 -0.979 0.330
Solar Park x August —0.40 0.645 —0.621 0.530 Solar Park x August 0.34 0.446 0.757 0.450
Table 5 Grazing had a significant negative effect on the observed value of
able

Results of generalized linear mixed models for Shannon diversity of tenebrionids
sampled from April to August in three biotopes in a central Asian steppe: an
ungrazed (undisturbed) site (used as reference), a heavily grazed site and a solar
park. Variance explained by fixed effects: Marginal R*> = 0.18. Variance
explained by the entire model: Conditional R? = 0.20.

Estimate Std. Error z value P
Habitat
Intercept 1.66 0.149 11.145 <0.0001
Grazed —-0.21 0.231 —0.925 0.355
Solar Park 0.41 0.210 1.955 0.051
Month
May 0.02 0.205 0.106 0.916
June —0.61 0.205 —2.962 0.003
July —0.36 0.216 —1.651 0.099
August —0.68 0.295 —2.289 0.022
Habitat x Month
Grazed x May 0.25 0.305 0.825 0.409
Grazed x June 0.60 0.305 1.953 0.051
Grazed x July 0.23 0.320 0.704 0.481
Grazed x August 0.20 0.467 0.434 0.665
Solar Park x May —0.25 0.286 —0.867 0.386
Solar Park x June —-0.19 0.288 —0.649 0.516
Solar Park x July —0.34 0.312 —1.082 0.279
Solar Park x August 0.29 0.492 0.588 0.557

species can be not the same (Niu et al., 2019). This is the case of the solar
park site, where M. kraatzi was two times more abundant, and
B. femoralis four times less abundant, than in the grazed and ungrazed
sites. We can hypothesize that habitat alterations induced by solar
panels might have had a negative impact on B. femoralis but favoured
M. kraatzi. It is interesting to note that B. femoralis is 16-22 mm long,
whereas M. kraatzi is 8.5-11 mm long (Guodong and Youzhi, 1999).
Thus, a reduction in the abundance of a large consumer might have
favoured that of a smaller one. Since competition is not considered a
major driver of tenebrionid community organization (Fattorini et al.,
2016), further research is needed to test this hypothesis.

Tenebrionid abundance was depressed by both grazing (as expected
according to our hypothesis H1.1) and solar panel installation (contrary
to expectation H2.1), although the effect of solar panels was subtle,
which indicates that grazing has a much higher detrimental effect on
tenebrionid abundance than solar panel installation. Results for species
richness, Shannon diversity and Simpson diversity are partially in
agreement with our hypotheses of negative effects.

richness, but this effect disappeared using estimated values, whereas
solar panel installation did not affect observed richness, but had a
marginally significant positive effect on estimated richness. These con-
trasting results between observed and estimated values of diversity
suggest a potential influence of abundance. It is possible that, by
reducing abundance, grazing increases species rarity, and hence the
probability of a species to be collected in a trap, which leads to a
depression of species richness. As asymptotic values express the poten-
tial number of sampled species in a scenario of maximized sampling
intensity (Colwell et al., 2012), they virtually remove the influence of
the lower probability of catching rare species due to depressed abun-
dances. This might have led to the lack of a negative effect of grazing on
estimated values of richness. Solar panel installation had only a slight
negative impact on abundance, and hence no effect on the average
richness. In this case, the use of estimated values might have disclosed
subtle differences in species richness that do not appear in the observed
values.

Grazing did not affect Shannon and Simpson diversity, both using the
observed values and the estimated ones. Solar panel installation had a
marginal significant positive effect on observed values of Shannon and
Simpson diversity, whereas these effects disappeared using estimated
values. By reducing the abundances, the solar panel installation reduced
the difference in species abundance values per sample, which led to
increased values of observed Shannon and Simpson diversity. Use of
estimated values removes the consequences of this reduction in species
abundances, leading to the disappearance of the effect found on
observed values. We are not aware of other studies that highlighted
these possible problems in the use of estimated values, a subject that
needs further investigation.

An overall trend of decreasing abundance and richness from spring to
summer reflects the increasing harsher conditions due to higher tem-
peratures in summer months, since the activity of tenebrionids of arid
environments is negatively influenced by increased temperatures
(Dajoz, 2002; Fattorini, 2008). However, we detected differences among
sites, with environmental alterations (grazing and solar panels) having a
strong negative impact on abundance in April. It is not clear why these
forms of environmental alterations reduce abundance and richness at
the beginning of the activity period of the species, and it is possible that
different causes are involved, including tenebrionid reactions to too low
temperature. Activity rhythms of tenebrionid of arid environments is
inhibited by too low temperatures (Dajoz, 2002; Fattorini, 2008). In
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Fig. 5. Boxplots (median, interquartile range, range [1.5 x interquartile range from the hinges] and outliers) of tenebrionid abundance (number of individuals, a),
richness (number of species, b), Shannon diversity (c), and Simpson diversity (d) in different sampling periods in a central Asian steppe.

April, temperatures in spoiled areas subject to intense grazing might be
too low during the night, whereas in the solar park they might be low
even in daytime because of shading. A more detailed investigation on
tenebrionid response to daily variation in temperatures would be
helpful.

5. Conclusions

Neither grazing nor solar park installation modified radically the
community structure of tenebrionid beetles of the study ecosystem,
which was characterized by a simple structure with strong dominance of
few species, also in undisturbed contexts. This is consistent with previ-
ous findings in other central Asian arid steppes, and more in general in
arid environments, where tenebrionids form simple, highly dominated
communities. However, grazing and solar panel installation had
different effects in species abundances. Grazing negatively influenced
the overall abundance, but did not alter profoundly species proportions;
by contrast, solar panels had a negligible effect on the average abun-
dance, but a more important impact on species proportions, by reducing

the proportion of the species that was the most dominant in the other
two sites. Compared with the other two sites, the solar park was char-
acterized by a higher plant biomass and lower temperatures. A major
availability of resources and less harsh conditions might have a role in
reducing the dominance of the most abundant species, allowing other
species to attain higher abundances. This led to a more balanced com-
munity structure, with higher values of diversity. Paradoxically, this
change seems to be obscured when asymptotic estimators are used,
because asymptotic estimators virtually remove the influence of species
abundance differences in the probability of detecting species that
became rarer due to habitat alteration. This potential bias in the use of
estimators needs, however, further investigation. Our study suggests
that neither grazing (at least if it is not too intensive) nor solar panel
installations represent an immediate threat to tenebrionid conservation
in arid steppes. However, our study was conducted three years after the
installation of the solar panels and was based on a single year sampling
period. In order to fully understand the impact of solar power plants,
further studies should be done to investigate their influence on insect
communities at different time laps after their installation and adopt
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long-term monitoring to test the robustness of our findings. This is
particularly important because the impact of grazing and solar panel
installation might amplify the effect of other factors such as those
associated with the climate change. This is the first study that investi-
gated the impact of solar panels on a group of ground dwelling insects,
the tenebrionid beetles, in a type of ecosystem (arid steppes) where this
form of human exploitation is rapidly increasing. Given the simplicity of
collecting tenebrionid beetles by pitfall trapping, our study might be
easily replicated, adapted to other contexts or modified to test particular
hypotheses (for example, changes in the liquid used to attract/preserve
beetles). It would be important in the future to develop similar analyses
for other groups of ground dwelling insects to corroborate the observed
patterns. It would be also important to extend similar analyses in other
types of ecosystems worldwide where solar panel installations are
common.
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