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Abstract

Land-use change from solar energy development may affect desert ecosystems

and the soils, plants, and animals therein, yet our understanding of these inter-

actions is nascent. With their ubiquity, criticality as ecosystem constituents, and

sensitivity to environmental variation, ants may be useful study organisms for

elucidating ecological effects of solar energy development in deserts. Our objec-

tives were to disentangle the response of a desert ant community to solar energy

development decisions and test the efficacy of ants as bioindicators at a solar

power facility (392 MW) in the Mojave Desert, USA. We used pitfall traps to col-

lect ants in treatments representing different solar energy development deci-

sions, including variably intense site preparation practices: blading

(i.e., bulldozing) and mowing, and establishment of undeveloped patches in

solar fields, replicated across three power blocks comprising the facility and in

undeveloped control sites surrounding the facility. We determined that ant

abundance, species richness, Shannon Diversity Index, and functional richness

were lower in bladed treatments than in all other treatments and controls. For

most taxonomic and functional ant responses, we detected no difference

between nonbladed treatments and controls; these results suggest that less

intensive site preparation and increased spatial heterogeneity (i.e., undeveloped

patches in solar fields) can reduce the negative effects of solar energy develop-

ment on desert ants. However, our results indicate that ants may serve as useful

bioindicators of the severity of anthropogenic disturbance from solar energy

development in deserts, and indicator analysis signifies that solar energy infra-

structure may negatively affect some species with high ecological value (e.g.,

harvester ants). Negative effects of solar energy development on ants can have

significant implications for desert ecosystem function and integrity, but

conservation-minded solar facility design and construction may lead to avoid-

ance of “bottom-up” ecological ramifications of increased solar production dur-

ing the renewable energy transition.
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INTRODUCTION

Solar energy is a central component of the energy
transition to net-zero emissions, but its deployment creates
challenges for biodiversity conservation and management
(Agha et al., 2020; Grodsky, 2021; Jager et al., 2021).
Empirical information pertinent to understanding ecologi-
cal effects and environmental trade-offs of solar energy
development generally is lacking (Murphy-Mariscal et al.,
2018). Meanwhile, there exists great potential for complex
exchanges among solar energy development, ecosystems,
and species, such as species–species and species–process
interactions (Grodsky et al., 2017; Moore-O’Leary et al.,
2017). Large, ground-mounted solar energy facilities
(e.g., >10 MW) often get sited away from urban centers on
conservation lands (Grodsky, 2021), as has been described
for solar energy development on previously undeveloped
desert scrublands near protected areas in California
(Hernandez et al., 2015). Indeed, land-use change from
solar energy development in the Mojave Desert, for exam-
ple, may result in decreased conservation values as defined
by The Nature Conservancy’s Mojave Desert Ecoregional
Assessment (see Parker et al., 2018).

Deserts are prioritized as recipient environments for
solar energy development, in part, because they have
abundant solar resources and a sociopolitically perpetu-
ated reputation for barrenness and durability (Mulvaney,
2017). In fact, deserts are biodiversity hotspots (Durant
et al., 2012) susceptible to climate change (Copeland
et al., 2017) and sensitive to increased intensity and rates
of anthropogenic disturbance (Lovich & Bainbridge,
1999). Whereas solar energy development in deserts may
mitigate climate change for society at large, it can have
negative, local effects on ecosystems and people
(Grodsky & Hernandez, 2020; Nilson & Stedman, 2023).
For example, site preparation for solar energy develop-
ment resulting in altered soils and vegetation in the
Mojave Desert negatively affected flower-visiting beetles
and flies, with potential cascading effects on globally
imperiled cacti populations and ecosystem services
(Grodsky et al., 2021). Limited empirical elucidation of
ecological interactions involving solar energy develop-
ment may currently restrict conservation-minded man-
agement of rapid, solar energy buildout in deserts
globally (Grodsky, 2021).

The omnipresence of invertebrates in arid lands may
catalyze applications for bioindication across resource-
limited and expansive desert environments; invertebrates
can simultaneously respond to local environmental
changes and employ advanced mobility to distribute
throughout desert landscapes (Gerlach et al., 2013). One
square meter of soil in the Mojave Desert may be inhabited
by ~12,400 individual arthropods (Franco et al., 1979),

whereas a desert kit fox (Vulpes macrotis arsipus) may
occupy a home range of up to 18 km2 in the same desert
ecosystem (Randel & Silvy, 2015). A study at a concentrat-
ing solar power facility in arid rangelands found significant
differences in invertebrate community composition
inside solar facilities relative to undeveloped controls
(Jeal et al., 2019). Similarly, Grodsky et al. (2021) detected
significant differences in the abundance and diversity of
flower-visiting beetles and flies inside a concentrating solar
power facility relative to undeveloped controls in the
Mojave Desert. Taken together, these studies indicate
potential for invertebrate bioindicators to detect solar
facility-level environmental changes in deserts.

From Africa to Mexico and from the Middle East to
Australia, ants are ubiquitous and exhibit great abun-
dances and trophic diversities in deserts of the world
(Gibb et al., 2019; Kaspari et al., 2019; Marsh, 1986;
Paknia & Pfeffer, 2011; Rojas & Fragoso, 2000; Sanders &
Gordon, 2003). Ants are especially useful bioindicators
for conservation monitoring because they are numerous,
relatively easy to sample, sensitive and quick to respond
to environmental variables, critical ecosystem constitu-
ents, and functionally important at multiple trophic
levels (Anderson, 1997; Del Toro et al., 2012; King et al.,
1998; Majer, 1983). Further, ants have a demonstrated
capacity to test the effects of land management
actions and inform management-based monitoring
(Grodsky et al., 2015; Underwood & Fisher, 2006). For
example, ant response to fuel reduction methods in for-
ests can inform forest-management activities in the
Appalachian Mountains, USA (Campbell et al., 2019),
and ant response to grazing has guided rangeland man-
agement in Australia (Anderson & Majer, 2004; Read &
Anderson, 2000). Ants have been used, albeit sparingly,
as bioindicators in studies of anthropogenic disturbance
from renewable energy development, such as forest
bioenergy (Grodsky et al., 2018) and biofuel cropping sys-
tems (Helms et al., 2020, 2021; Kim et al., 2017).

Based on available scientific literature, there is cur-
rently a lack of understanding of ant responses to
anthropogenic disturbances in desert ecosystems,
including solar energy development, especially in the
creosote bush scrub vegetation community where
ant diversity is particularly high and distinct (e.g.,
Bestelmeyer & Wiens, 2001; Chew, 1977). Indeed, creo-
sote bush scrub is the primary recipient vegetation com-
munity for solar development in the Desert Southwest,
USA (Grodsky & Hernandez, 2020). Whitford et al.
(1999) noted a “remarkable resistance” of ant species to
human-induced disturbances in desert rangelands.
Similarly, disturbance from grazing had little effect on
ant species richness, diversity, and composition in desert
grasslands and the transitional zones from desert
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grassland to shortgrass steppe in the Chihuahuan Desert
(Bestelmeyer & Wiens, 2001). However, intensive site
preparation for solar energy development such as
blading (e.g., bulldozing vegetation and root biomass;
see Experimental design section) causes significant soil
disturbance and vegetation removal (Grodsky &
Hernandez, 2020). Meanwhile, ant composition in
desert grasslands, for example, may be best explained by
soil texture and resultant effects of shrub density
(Bestelmeyer & Wiens, 2001). Additionally, removal of
extrafloral nectary-bearing desert plants (e.g., cacti)
from solar energy development may negatively affect
ant species that have coevolved to feed on their nectar
(Pemberton, 1988).

Our objectives were to disentangle the response of a
desert ant community to solar energy development deci-
sions and test the efficacy of ants as bioindicators at a
utility-scale solar facility in the Mojave Desert, USA. We
hypothesized that ant abundance, richness, and diversity
would be reduced by site preparation practices that dis-
turb soils and vegetation (i.e., blading and mowing),
thereby simultaneously reducing ant functional diversity.
Based on the responses of nonbee insect flower visitors at
the study site (see Grodsky et al., 2021), we additionally
posited that undisturbed patches initially designed for
rare plant conservation within the solar facility would
harbor greater vegetation cover and thereby ant species
richness than bladed and mowed sites. We further
hypothesized that undisturbed patches within the solar
facility would harbor a similar taxonomic and functional
diversity of ants to that of undeveloped controls outside
the solar facility.

MATERIALS AND METHODS

Study area

We conducted the study at a concentrating solar power
facility (Ivanpah Solar Electric Generating System) and
surrounding undeveloped desert scrubland. The facility
has a gross capacity of 392 MW; it consists of 173,500
heliostats (347,000 individual mirrors) and three power
towers, comprising ~1289 heliostat-covered hectares. The
facility is located at the base of Clark Mountain, San
Bernardino County (35�3308.500 N, 115�27030.9700 W) on a
bajada at elevations ranging from 855 to 1075 m in the
Mojave Desert of California, United States. The facility
was constructed in 2011 on a 1400-ha tract of previously
undeveloped Mojave Desert creosote bush scrub on
Bureau of Land Management lands in the Ivanpah Valley
near the Mojave River corridor, the Mojave National
Preserve, and Mesquite and Stateline Wildernesses, with

joint private and U.S. Department of Energy funding. The
Ivanpah Valley is geologically characterized by piedmonts,
intersecting active and inactive alluvial fans and channels,
and terminal playas (House et al., 2010). The climate in
the Ivanpah Valley is BWh under the Köppen classifica-
tion, a hot desert climate.

Experimental design

We designated each of the three power blocks
(i.e., tower and associated heliostats; Figure 1) compris-
ing the facility as replicated blocks. The area of each
block is 3.66, 4.33, and 4.90 km2, respectively.
Developers sited each block along the bajada; therefore,
blocks shared similar attributes to one another and sur-
rounding undeveloped desert. We defined treatments in
each block representing three unique solar energy devel-
opment decisions as follows: (1) bladed, intensive site
preparation via blading (bulldozing) with above- and
belowground biomass removed; (2) mowed, moderate
site preparation intensity via mowing, aboveground bio-
mass retained up to a height of ~0.30 m; and (3) “halo,”
a pre-construction, plant-conservation decision that des-
ignated buffer zones around rare desert plants within
the solar fields, which were roped off and left
undisturbed (i.e., no site preparation, no heliostats), cre-
ating isolated habitat patches (average area = 22 m2)
(Figure 2). We established 15 plots in each of the three
treatment units in blocks (five plots per treatment per
block, treatment plots = 45, Figure 1). We designated
15 replicated control plots in undeveloped creosote bush
scrub immediately surrounding the blocks that com-
prised the facility, creating a total of 60 plots (Figure 1);
two plots in mowed treatments and one plot in controls
were compromised (e.g., uprooted by an animal) and
thereby excluded from the study. We situated control
plots along five transects randomly selected from a set
of superimposed grid points laid over a map of the facil-
ity in Geographic Information Software (QGIS, https://
www.qgis.ord/). Each transect contained three plots
located at 250 m, 500 m, and 1 km from the boundary of
the nearest block (Figure 1). We chose the upper limit of
plot distances from landscape features based on the
visual analysis of satellite imagery, coupled with dis-
tance measurements (taken with the “distance matrix”
tool in QGIS). Our assessment indicated that plots
established at a distance greater than 1 km from the
facility would be confounded by other landscape fea-
tures potentially affecting the distribution of ants,
including Clark Mountain to the north (e.g., elevational
plant community shift) and a golf course and highway
to the south.
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Ant sampling, identification, and
measurements

We used pitfall traps to sample ants at plots in both the
facility and control sites during a single, continuous

sampling period from April 5 to May 5, 2018, encompassing
a large portion of peak spring growing season for the year
(Grodsky, 2023). We sampled ants seven years after the con-
struction of the facility. Pitfall trapping has been deemed a
reliable approach for sampling ants in a variety of

Bladed
Mowed
Halo
Control

F I GURE 1 Concentrating solar power facility consisting of three, concentrating solar power blocks (i.e., tower and associated

heliostats = replicated block) in the Ivanpah Valley, Mojave Desert, California, USA. Different shapes and colors show the spatial orientation of

60 ant sampling plots in treatments and controls (see alsoMaterials and methods). Specific geographic location is not provided for security purposes.
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environments (Agosti & Alonso, 2000; Roeder & Harmon-
Threatt, 2022; Schultheiss et al., 2022; Sheikh et al., 2018).
To avoid biases from any colony proximity to pitfall traps,
we established pitfall traps >50 m from visible ant mounds
in the surrounding area. Pitfall traps consisted of 0.47-L
plastic containers with a diameter of ~8.5 cm filled with
equal amounts of propylene glycol and water plus a drop of
liquid dish soap to reduce surface tension (Spence &
Niemelä, 1994). We placed the lip of each container at or
slightly below ground level (e.g., Ausden, 1996). We covered
each pitfall trap with a 5-cm2 roof constructed from corru-
gated plastic and staked 5 cm into the ground with 14-gauge
baling wire to prevent rain from flooding the pitfalls and to
minimize evaporation of the liquid within the pitfalls.

Our sampling plots consisted of four pitfall traps situ-
ated at each corner (cardinal directions) of a 2 × 2-m2 cen-
tered on each plot. At the conclusion of the sampling
period, we strained and combined ants from each pitfall
trap and stored specimens in 60-mL (Nalgene) bottles filled
with 70% ethanol and labeled with trap locality data. We
identified ants using taxonomic keys and checklists from
the region (Creighton, 1950; Ikeda & des Lauriers, 2011).

We submitted voucher specimens of identified ant species
to the collection at the USDA Northern Great Plains
Agricultural Research Laboratory.

Following identification of ant species, we measured
seven morphological traits for a subset of ant specimens
from each species. We selected specimens from multiple
plots (36 of 57 plots) and from each treatment (when pos-
sible); for species with low abundances, we measured all
available individuals. We measured the following traits:
Weber’s length (WL), head width (HW), mandible length
(ML), femur length (FL), scape length (SL), pronotum
width (PW), and maximum eye width (MEW). Each
of these traits is suggested to variably affect ant perfor-
mance and is commonly used for calculating functional
diversity indices (Table 1; Kaspari & Weiser, 1999;
Silva & Brandão, 2010; Weiser & Kaspari, 2006).
Following guidelines from the Global Ants Database
(globalants.org; Parr et al., 2017), we measured traits for
6 specimens for monomorphic species and 10 specimens
for polymorphic species; one exception to this procedure
was Camponotus fragilis because we only collected eight
individuals of the species. For the four dimorphic

A B

C D

F I GURE 2 Photographs of solar energy development decision treatments: (A) bladed (bulldozed), (B) mowed, (C) “halo”; small

(average area ~22 m2) habitat patches within solar fields, and (D) control; undeveloped creosote scrub shrub outside of the solar power

facility. Photo credit: Steven M. Grodsky.
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Pheidole species, we measured six minor workers but did
not measure major workers because they comprised <1%
of collected individuals from the genus.

Prior to the analysis, we applied a body-size correc-
tion to six of the morphological traits (i.e., HW, ML, FL,
SL, PW, and MEW) by dividing each trait value by the
individual’s WL—an often-used proxy for ant body size
(Wong et al., 2020). We averaged traits per species—
standardized traits to have a mean of zero and unit
variance—and then used these values to compute four
functional diversity indices (in the R package “FD”)
(Laliberté et al., 2014; Laliberté & Legendre, 2010;
Villéger et al., 2008). Functional diversity can be useful
for understanding surface-active insect community
assemblages in disturbed environments (Perry et al.,
2020). We calculated the following functional diversity
indices: (1) functional richness (FRic), the volume of
functional space occupied by a community; (2) functional
evenness (FEve), the regularity of the distribution of
abundance in functional space; (3) functional divergence
(FDiv), the divergence in the distribution of abundance
in functional space; and (4) functional dispersion (FDis),
the mean distance in multidimensional trait space of
individual species to the centroid of all species. We could
not calculate functional diversity indices for four bladed
plots because each plot had less than three species; the
software package we used requires three or more species
to compute functional diversity indices. Additionally, we
calculated community-weighted means (CWMs) for WL
and each size-corrected trait.

Statistical analyses

We evaluated whether ant abundance, species richness,
Shannon Diversity Index (i.e., the exponential of
Shannon entropy), functional diversity indices, and
CWMs for each morphological trait differed across

treatments using generalized linear models (GLMs). We
included treatment and block as fixed effects in the
GLMs. We used a negative binomial distribution for ant
abundance data that were overdispersed, a Poisson distri-
bution for ant species richness, and a Gaussian distribu-
tion for ant diversity, functional diversity, and CWMs of
morphological traits. We performed pairwise contrasts
among treatments with Tukey p-value adjustment (using
the “emmeans” package) (Lenth, 2020).

We tested whether ant community composition dif-
fered among treatments by conducting a nonparametric
multivariate analysis of variance (i.e., PERMANOVA) with
a Bray–Curtis index of similarity and 1000 permutations;
PERMANOVA tests the null hypotheses of no difference
among groups, using random permutations of the data
with a pseudo F-statistic (Anderson, 2001). We visualized
significant relationships with nonmetric multidimensional
scaling ordinations; however, we used three dimensions
(k = 3) to keep stress levels below 0.2. We performed
pairwise contrasts among treatments (in the
“pairwiseAdonis” package) (Arbizu, 2017). We calculated
multivariate dispersion, a metric of beta diversity
(Anderson et al., 2006), using group centroids and ana-
lyzed the treatment effects on multivariate dispersion with
ANOVA (in the “vegan” package) (Oksanen et al., 2019).

We used indicator analysis (Dufrêne & Legendre,
1997) to identify whether specific ant species were associ-
ated with treatments. We determined statistical signifi-
cance based on the multipatt function (in the
“indicspecies” package), with 999 permutations
(De C�aceres & Legendre, 2009). We ran all analyses in R,
version 4.0.1, and set α = 0.05.

RESULTS

We collected 5885 individual ants representing 20 different
ant species in the plots. Blading negatively affected the ant

TAB L E 1 Morphological traits of ants that are hypothesized to affect ant performance.

cTrait Acronym Relation to ant performance

Weber’s length WL Diagonal measurement across the length of the mesosoma. Body size indicator linked with
many other life history and physiological traits.

Head width HW Restricts movement though gaps and limits the no. mandibular muscles.

Mandible length ML Linked to diet with longer mandibles being correlated with more predatory behavior.

Femur length FL Hind leg measurement linked to running speed and possibly thermoregulation.

Scape length SL Linked to sensory ability with length associated with ability to follow pheremone trails.

Pronotum width PW Limits movement through gaps and volume of muscle for load bearing.

Maximum eye width MEW Determines navigation ability, food searching ability, and activity periods. May be
associated with predatory behavior.

Note: See Weiser and Kaspari (2006), Silva and Brandão (2010), Parr et al. (2017), and Wong et al. (2020) for full trait descriptions and their importance.
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community relative to other solar energy development
decisions and undeveloped controls; we documented
greater ant abundance (χ2 = 35.99, df = 3, p < 0.001), spe-
cies richness (χ2 = 34.89, df = 3, p < 0.001), and Shannon
Diversity Index (χ2 = 43.11, df = 3, p < 0.001) in mowed,
halo, and control plots than in bladed plots. We found that
ant abundance was ca. twofold greater in mowed and halo
plots compared with control plots, and ant abundance in
nonbladed treatment and control plots was greater than
that in bladed plots (Figure 3A). We determined that ant
species richness was similar in nonbladed treatments and
controls, with plots supporting ca. 7.5 species—an approxi-
mate 2.3-fold increase compared with the average 3.3 ant
species in bladed plots (Figure 3B). We determined differ-
ences in Shannon Diversity Index that paralleled those
observed for ant species richness, with halo and control
plots being statistically similar and ca. twofold greater
Shannon values from nonbladed and control plots than
from bladed plots (Figure 3C). Diversity in mowed plots,
however, was similar to halo plots, but differed from con-
trol plots. We observed differences in ant community com-
position among treatments (Figure 4; pseudo F3,53 = 2.51,
p < 0.001). Ant species composition differed in bladed
plots relative to mowed, halo, and control plots
(Appendix S1: Table S1). However, multivariate dispersion
was not different across treatments (F = 2.66, df = 3,
p = 0.058).

We found a core set of nine ant species present in
each treatment and controls, including Aphaenogaster
megommata, Dorymyrmex insanus, Forelius mccooki,
Myrmecocystus mexicanus, Pheidole gilvescens, Pheidole
hyatti, Pheidole xerophila, Pogonomyrmex rugosus, and

Solenopsis xyloni (Table 2). We determined that only two
species were unique to a particular treatment: Pheidole
rugulosa in bladed plots and Monomorium ergatogyna in
halo plots. Based on indicator analyses, we determined
that five species were statistically indicative of nonbladed
treatments: Crematogaster depilis, Dorymyrmex flavus,
Forelius mccooki, Forelius pruinosus, and Pheidole
xerophila (Table 3). Only one species, Pheidole hyatti, was

Treatment

Ab
un

da
nc

e

Bladed Mowed Halo Control
0

50

100

150

200

250

p  < 0.001

A

Treatment

Sp
ec

ie
s 

R
ic

hn
es

s

Bladed Mowed Halo Control
0

2

4

6

8

10

p  < 0.001

B

Treatment

Sh
an

no
n 

D
iv

er
si

ty
 In

de
x

Bladed Mowed Halo Control
1

2

3

4

5

6

p  < 0.001

C

c

bb

aab

a
a

a
a

a

a

b

F I GURE 3 Abundance, species richness, and Shannon Diversity Index for ants in solar energy development decision treatments,

Mojave Desert, USA. All points are means (±SE). Different letters indicate significant differences between treatments (p < 0.05).
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indicative of noncontrol plots, whereas Myrmecocystus
mexicanus and Novomessor cockerelli were indicative of
halo and control plots or just control plots, respectively
(Table 3).

We found that bladed, mowed, and halo treatments all
had lower FRic than control plots; however, the levels of

difference varied (Figure 5A; χ2 = 38.31, df = 3,
p < 0.001). Specifically, FRic in control plots was 3.3-fold
greater than bladed plots and 1.4-fold greater than mowed
and halo plots (Figure 5A). FEve and FDiv values—
metrics that describe the shape of the distribution of abun-
dances in functional space—were not different across

TAB L E 2 Mean pitfall trap captures per plot of ant species in solar energy development decision treatments, Mojave Desert, USA.

Species Functional group Foraging medium Bladed Mowed Halo Control

Aphaenogaster megommata G Soil 0.07 0.07 0.20 0.08

Camponotus fragilis G Soil … 0.29 … 0.31

Crematogaster depilis G Plant/soil … 7.29 9.07 13.92

Dorymyrmex flavus HT Plant … 2.36 1.67 0.62

Dorymyrmex insanus HT Plant 0.80 4.29 2.60 2.15

Forelius mccooki HT Plant 1.80 11.21 10.47 7.92

Forelius pruinosus HT Plant … 2.86 3.93 6.23

Monomorium ergatogyna G Plant/soil … … 0.53 …

Myrmecocystus flaviceps LF Plant … 1.93 0.80 0.38

Myrmecocystus mexicanus G Plant 0.27 2.50 49.80 4.08

Novomessor cockerelli G Soil … 1.14 1.40 4.46

Pheidole gilvescens SH Soil 0.6 5.57 0.67 2.23

Pheidole hyatti SH Soil 3.2 2.93 15.87 1.08

Pheidole rugulosa SH Soil 3.07 … … …

Pheidole xerophila SH Soil 8.27 46.50 30.87 20.62

Pogonomyrmex imberbiculus SH Soil … … 0.73 0.08

Pogonomyrmex rugosus SH Soil 0.07 1.14 4.53 2.23

Solenopsis xyloni G Plant/soil 13.00 17.00 12.27 7.08

Temnothorax neomexicanus G Soil … … 0.20 0.46

Veromessor pergandei SH Soil 2.93 37.79 13.40 …

Note: Ellipses indicate zero captures. Functional groups are denoted as follows: G, generalist; HT, hemipteran tender; LF, liquid feeder; SH, seed harvester
(Ikeda & des Lauriers, 2011; Nash et al., 2004).

TAB L E 3 Indicator analysis of ant species in solar energy development decision treatments, Mojave Desert, USA.

Species Bladed Mowed Halo Control Specificity Fidelity IndVal p

Crematogaster depilis … * * * 1.0000 0.6905 0.831 0.01

Dorymyrmex flavus … * * * 1.0000 0.3810 0.617 0.03

Forelius mccooki … * * * 0.9427 0.7857 0.861 0.01

Forelius pruinosus … * * * 1.0000 0.5714 0.756 0.01

Myrmecocystus mexicanus … … * * 0.9512 0.8571 0.903 0.01

Novomessor cockerelli … … … * 0.6370 0.5385 0.586 0.04

Pheidole hyatti * * * … 0.9533 0.6364 0.779 0.01

Pheidole xerophila … * * * 0.9222 0.9048 0.913 0.01

Note: An asterisk (*) indicates a taxon that was significantly associated with a particular treatment, whereas (…) indicates no significant association. Specificity
is the sample estimate of the probability that the surveyed site belongs to the target site group given that the species has been found. Fidelity is the sample
estimate of the probability of finding an ant species in sites belonging to the site group. Indicator analysis results are shown as the IndVal index test statistic

and p value from permutational tests.
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treatments (Figure 5B,C; FEve: χ2 = 0.38, df = 3,
p = 0.944; FDiv: χ2 = 1.13, df = 3, p = 0.769). In contrast,
FDis was significantly different across treatments
(χ2 = 12.94, df = 3, p = 0.005), but the only real dissimi-
larity occurred between bladed and control plots
(Figure 5D). CWMs for all morphological traits except FL
(χ2 = 8.64, df = 3, p = 0.035) were similar across treat-
ments (Appendix S1: Table S2). FL was significantly
greater in halo plots than in bladed, mowed, and control
plots due to the high abundance of Myrmecocystus
mexicanus, the species with the longest relative leg length.

DISCUSSION

Taxonomic and functional responses of the desert ant
community to solar energy development decisions at the
facility seven years post-construction suggest that blading
(i.e., bulldozing) can lead to long-term, negative effects
on ants in deserts. However, ant FRic varied across a gra-
dient of solar energy development decision intensities,
suggesting that desert ants may adapt to local conditions
following some site preparation practices at solar
facilities. Ant community composition in treatments

Treatment

FD
iv

Bladed Mowed Halo Control
0.0

0.2

0.4

0.6

0.8

1.0

Not significant

C

Treatment

FD
is

Bladed Mowed Halo Control
0.0

0.5

1.0

1.5

2.0

2.5

p  = 0.005

D

Treatment

FR
ic

Bladed Mowed Halo Control
0

3

6

9

12

15

p  < 0.001

A

Treatment

FE
ve

Bladed Mowed Halo Control
0.0

0.2

0.4

0.6

0.8

1.0

Not significant

B

c

a

bb

a

ab
ab

b

F I GURE 5 Functional richness (FRic), functional evenness (FEve), functional divergence (FDiv), and functional dispersion (FDis) of

ants in solar energy development decision treatments, Mojave Desert, USA. All points are means (±SE). Different letters indicate significant

differences between treatments (p < 0.05).
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relative to controls demonstrates that less intense solar
energy development decisions like mowing and conserva-
tion measures like preservation of habitat patches in solar
fields show early promise to conserve desert ants after
construction of solar facilities. Similarly, species indicator
analyses often indicated high ant-species site specificity
and fidelity among nonbladed treatments and controls
alike, pointing toward bioindication that transcends solar
facility boundaries and rejection of our hypothesis that
mowing would negatively affect the ant community
alongside blading.

Solar energy development decisions created variably
severe disturbances to which desert ants responded with
some apparent flexibility book-ended by definite thresh-
olds. While blading is universally bad for ants and
undeveloped desert may be the most ant-species rich
and functionally diverse based on our results, ants largely
were unaffected by intermediate disturbances such as
mowing and undeveloped patches in solar fields.
Contrastingly, nonbee insect flower visitors were more
abundant and speciose in surrounding, undeveloped
desert relative to all treatments at the same facility
(Grodsky et al., 2021). Jeal et al. (2019) found no differ-
ence in ant abundance along a disturbance gradient
(power block vs. solar field) in a concentrating solar
power trough facility and surrounding, grazed arid range-
land in South Africa; however, they did not assess
species-specific ant responses to variable site preparation
intensities and conservation measures.

Response of ants to solar energy development decisions
likely was driven by physical perturbations to soils and vege-
tation during site preparation and the resultant habitat con-
ditions. Blading at the facility led to compacted and eroded
soils and little vegetation cover, except for invasive grasses
(e.g., Schismus spp.) (Grodsky & Hernandez, 2020), leaving
potentially unsuitable conditions for the many desert ants
that nest and forage in soil (Ikeda & des Lauriers, 2011;
Nash et al., 2004). Indeed, soil texture is known to affect
the distribution of desert ant species (Johnson, 1992), and
soil compaction has been shown to negatively affect gra-
nivorous ants in an arid ecosystem of central Mexico
(Rivas-Arancibia et al., 2014). Although cacti and Mojave
yucca (Yucca schidigera) remained absent from mowed
areas in the facility seven years post-construction, creosote
(Larrea tridentata) and white bursage (Amrbosia dumosa)
recovered to reach covers similar to those in controls
(Grodsky & Hernandez, 2020). Desert harvester ants nest
near and forage on creosote bush (Pogonomyrmex rugosus;
Rissing, 1988), while several other desert ant species found
in our study are known to associate with it (Bestelmeyer &
Wiens, 2001; Rango, 2005). White bursage also is a com-
mon food of desert seed-harvester ants (e.g., Veromessor
pergandei; Rissing, 1982).

Desert ant response to small, undeveloped patches
in solar fields sheds light on the prospect of integrating
concepts of landscape ecology such as spatial heteroge-
neity (e.g., patches, corridors) into the design of sustain-
able solar facilities globally. Ant abundance was greater
in undeveloped patches than in controls, suggesting that
halos may have served as resource islands for ants
within otherwise more heavily disturbed areas of the
solar field. As the only significant functional trait, FL
was greater in halos than other treatments and controls,
which may indicate that ants with enhanced locomotion
(i.e., longer legs) may have more readily accessed halos
typically separated by large tracks of disturbed areas
(e.g., mowed, presence of heliostats) in solar fields. Soils
and vegetation, including cacti and Mojave yucca,
remained unaltered in halos (Grodsky & Hernandez,
2020), which may have provided suitable nesting and
foraging conditions for desert ants. Since small,
undeveloped patches appeared to support desert ants at
levels similar to expansive controls, one might hypothe-
size that even larger patches in solar fields may promote
further benefits to ants. However, ant response to patch
size has been shown to vary in some ecosystems like for-
ests (e.g., Mitchell et al., 2002). Apart from larger
patches in solar facilities warranting further investiga-
tion, recent research suggests that the connectivity of
patches can also influence ant-mediated seed dispersal
(Burt et al., 2022).

Ants may prove to be effective indicators of severity
of disturbance from solar energy development decisions
more so than solar development itself, with a few excep-
tions. For example, several ant species were indicative of
nonbladed treatments in the facility and controls outside
of it; this suggests a break in ant response between
blading and other less intensive site preparation practices
and undeveloped areas. However, two desert ant species
indicated possible effects of solar energy infrastructure on
ant-species distributions. Myrmecocystus mexicanus was
an indicator species for only halo treatments and controls
with reduced shading from heliostats and no shade
from heliostats, respectively; Chew (1995) determined
that M. mexicanus nests that were experimentally shaded
either died or moved nest entrances away from
shade. While the species is known for nectar-storing
repletes, M. mexicanus is a generalist and a nocturnal
predator of insects (Morgan, 1991). Novomessor cockerelli,
a species only indicative of undisturbed desert, is a diur-
nal forager of seeds and a nocturnal predator of insects
(Whitford & Ettershank, 1975). The response of these
nocturnal, desert predators may point toward possible
interactive effects of solar energy development on insect
prey availability, which tends to increase at night, and/or
relationships with temperature and saturation deficits
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that drive nocturnal foraging behavior in these desert ant
species (Whitford, 1978). Further, M. mexicanus and
N. cockerelli are two of the three largest ant species in the
desert scrub community (Chew, 1987), potentially
suggesting that solar energy development affects larger
desert ants more than smaller desert ants.

The negative effects of solar energy development deci-
sions on desert ants may alter desert ecosystem function
and integrity. For example, the Mojave Desert of
California is home to large populations of diverse species
of seed-eating (harvester) ants (Bernstein, 1974); harvester
ants can significantly influence community structure and
ecosystem functioning via their nest densities, nest longev-
ities, and seed harvesting and handling (MacMahon et al.,
2000). Differential seed predation, seed dispersal, and com-
petition with other granivores combine to shape the influ-
ence of harvester ants on desert ecosystems (summarized
in MacMahon et al., 2000). Further, harvester ants are eco-
system engineers that may affect the distribution of desert
plants via seed dispersal and nutrient cycling (Wagner &
Jones, 2006). Many desert ant species maintain mutualistic
relationships with desert plants bearing extrafloral nectar-
ies, including endemic cacti species globally threatened
with extinction (Aranda-Rickert et al., 2014; Goettsch
et al., 2015). Deserts are inhabited by a diversity of
myrmecophagous animals, spanning desert birds with a
high proportion of ants in their diet relative to temperate
environments (Dean & Williams, 2004) to ant-specialist
horned lizards (Phrynosoma) (Whitford & Bryant, 1979).
Additionally, ant nests host a diversity of myrmecophiles
(e.g., socially parasitic invaders) (summarized in
Hölldobler & Kwapich, 2022).

The results of this study are relevant to both con-
centrating solar power and photovoltaic (PV) solar
development because each technology drives similar
land-use change and employs the same site prepara-
tion practices (Grodsky et al., 2021). In fact, concen-
trating solar power facilities are more spatially
heterogenous than PV facilities due to the physics of
light refraction from mirrors (i.e., decreasing heliostat
density with increasing distance from power towers).
Developers of the facility also employed habitat
patches, whereas this practice is uncommon in PV
facilities (Grodsky & Hernandez, 2020). Therefore, the
effects of more uniform solar arrays in PV facilities
without patches could have even greater effects on
some ants (e.g., shade-intolerant species), especially
when considering interactions with intensive site prep-
arations practices. However, we are unaware of any
studies of ant response to PV solar energy development
in any ecosystem to date. Solar energy development is
constantly evolving in the Desert Southwest, for exam-
ple, where utility-scale solar has the longest history in

the United States. Based on our results, less intensive
site preparation practices can reduce the adverse
effects of solar energy development on desert ants;
however, adaptive approaches such as mowing of vege-
tation to greater remnant heights and “drive and
crush” (where vegetation is run over rather than cut)
remained to be tested for any taxa.

CONCLUSION

Variation in solar energy development decisions, coupled
with species-level ant identification and an array of statis-
tical analyses, have allowed us to generate novel and
foundational insights into ant response to solar energy
development in the Mojave Desert. Less intensive solar
energy development decisions may reduce the negative
effects of solar energy development on desert ants, but
solar infrastructure may still negatively affect some ant
species with high ecological value. Our results suggest
that ants may serve as useful bioindicators of the severity
of anthropogenic disturbance from solar energy develop-
ment in deserts, potentially pointing toward effective
bioindication with ants at solar facilities in other ecosys-
tems. Continual, active engagement of researchers and
solar developers to inform adaptive management for sus-
tainable solar energy development is pivotal to inform
biodiversity conservation during the energy transition
(Grodsky, 2021).
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