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persistence at a utility-scale
solar energy facility in the
Mojave Desert
Tiffany J. Pereira1*, Claire C. Karban2, Lara A. Kobelt3

and Seth M. Munson2

1Desert Research Institute [DRI] Conservation Ecology Lab, Division of Earth and Ecosystem Sciences,
DRI, Las Vegas, NV, United States, 2U.S. Geological Survey, Southwest Biological Science Center,
Flagstaff, AZ, United States, 3Bureau of Land Management, Las Vegas, NV, United States
Utility-scale solar energy (USSE) development is driving the projected growth in

global renewable energy capacity but comes with environmental tradeoffs. New,

alternative construction methods are promoted to minimize impacts to soils,

vegetation, and hydrology; however, the disturbance created by these methods

requires further investigation. We evaluated the population of a rare annual

species, threecorner milkvetch (Astragalus geyeri var. triquetrus), at the Gemini

Solar Project in the Mojave Desert, USA, two years after construction. Gemini was

required to minimize disturbance in the threecorner milkvetch habitat, providing

a unique opportunity to study the plant population and life history characteristics

of a rare plant species under novel constructionmethods. Our objectives were to

compare plant population characteristics of threecorner milkvetch inside and

outside the Gemini footprint and in different photovoltaic (PV) panel microsites

(interspace, panel dripline, under panel). We hypothesized that 1) threecorner

milkvetch would have lower survival, reproduction, and growth, and a later

phenology, inside compared to outside the facility, and 2) that these negative

effects on plant demography and phenology would intensify with increasing

proximity to photovoltaic panels in the solar array due to an increasing effect of

disturbance and reduction of light and water availability. The results of this 1-year

study during a favorable year of rainfall demonstrate the persistence of a rare

Mojave annual plant species within an altered environment at a USSE facility. We

found that threecorner milkvetch had an earlier phenology, grew larger, and had

a higher fecundity at Gemini compared to plants off-site. Survivorship between

the two populations, however, was not significantly different. Although growth

and reproductive metrics were not correlated with distance to panel, minimal

threecorner milkvetch emergence occurred directly under the PV panels and

along their driplines, indicating a potential loss of suitable habitat if this pattern

becomes more widespread in space or through time. Novel construction
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techniques for USSE could be considered moving forward to minimize impact on

aboveground vegetation and maintain viable seed banks. The results of this study

can assist land managers in making decisions about USSE development as the

demand grows.
KEYWORDS

native plant species, renewable energy development, rare plants, Southwestern United
States, Astragalus geyeri var. triquetrus [A. Gray] M. E. Jones, threecorner milkvetch
Introduction

Renewable energy is on course to meet nearly half of global

electricity demand by 2030 (International Energy Agency [IEA],

2024). Utility-scale solar energy (>1 megawatt capacity; USSE) is a

primary driver of this boom, accounting for 80% of the projected

growth in global renewable capacity by the end of the century (IEA,

2024). In the United States (U.S.), the Department of Energy (DOE)

predicts that solar could account for as much as 40% of the nation’s

electricity supply by 2035 and 45% by 2050 (Ardani et al., 2021). These

forecasts hinge on the availability of large swaths of land for USSE

development. Acknowledging this need, the U.S. Bureau of Land

Management (BLM) released the updated Western Solar Plan in

2024, opening over 125,000 km2 of federal lands to potential USSE

development across 11 western U.S. states (2024). Across these states,

new USSE sites are being permitted at an increasing rate, affecting

wildlife, plant communities, and the habitats that support them (Parker

et al., 2018; Karban et al., 2024). Studies point to numerous ecological

impacts including habitat fragmentation and loss (Lovich and Ennen,

2011), microhabitat alteration (Devitt et al., 2022), vegetation damage,

soil disturbance and alteration of hydrology (Hernandez et al., 2014),

and reduced ecosystem services (Grodsky and Hernandez, 2020).

To reduce these impacts, strategies are being developed to

provide ecological function while supporting increased land use

needs for energy development. Species responses to energy

development depend on the ecosystems in which they occur, the

duration and intensity of the disturbances created, and any

potential mitigation strategies that are implemented (Moore-

O'Leary et al., 2017). A recent comprehensive study provided a

framework based on species traits, or characteristics, to predict the

effects of USSE development on plants and wildlife (Karban et al.,

2024). Species with narrow niches and unique habitat requirements,

such as rare plants, are predicted to be intolerant of USSE

disturbance, experiencing population decline with USSE

development. Avoiding or minimizing these negative impacts

may be possible, particularly in the planning and operation stages

(Moore-O'Leary et al., 2017; Hernandez et al., 2019; Cypher et al.,

2021; Yavari et al., 2022; Karban et al., 2024), though few studies

have evaluated the effectiveness of mitigation measures.

Avoiding the most ecologically important habitat is one way to

minimize effects to species in USSE facilities (The Nature
02
Conservancy, 2023). In situations in which sensitive resources or

unique habitats are not avoided, site preparation and construction

methods can be modified to reduce impacts. While traditional

construction methods that blade the vegetation and grade soil

surfaces can result in low ecological function, alternative methods

such as “drive and crush” and “overland travel” minimize soil,

vegetation, and hydrologic disturbance (BLM, 2024; Hernandez

et al., 2019; Wynne-Sison et al., 2023; Karban et al., 2024). Research

can help ascertain successes and improvements to minimize

disturbance as the demand for solar energy increases.

At the time of construction, the Gemini Solar Project (hereafter,

Gemini) was the largest USSE photovoltaic and battery storage

facility in the U.S., encompassing 20 km2. Located northeast of Las

Vegas, Nevada, the construction at Gemini left areas of vegetation,

soils, and washes intact (BLM, 2024). A portion of Gemini is habitat

for a sensitive plant species, threecorner milkvetch (Astragalus

geyeri var. triquetrus [A. Gray] M. E. Jones), a rare annual of the

pea family (Fabaceae; Figure 1). Construction started in 2022 and

ended in 2023. Gemini minimized disturbance across the site,

including the threecorner milkvetch habitat, providing a unique
FIGURE 1

Threecorner milkvetch (Astragalus geyeri var. triquetrus) fruits, for
which the species is named (Photo: Tiffany Pereira).
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opportunity to study the plant population and life history

characteristics of a rare plant species under construction methods

intended to be less impactful. Our objectives were to compare plant

population characteristics of threecorner milkvetch inside and

outside the Gemini facility footprint and in different photovoltaic

panel microsites (interspace, panel dripline, under panel). We

hypothesized that 1) threecorner milkvetch would have lower

survival, reproduction, and growth, and a later phenology, inside

compared to outside the facility, and 2) that these negative effects on

plant demography and phenology would intensify with increasing

proximity to photovoltaic panels in the solar array due to an

increasing effect of disturbance and reduction of light and

water availability.
Methods

Study location

The study took place at the 20-km2, 1.8 million PV panel

Gemini facility and adjacent undisturbed BLM-managed lands

approximately 50 km northeast of Las Vegas, NV (U.S.) and east

of Dry Lake Valley in the northeastern region of the Mojave Desert.

Gemini is situated at an elevation of 609 to 762 m along the lower

grade of a gently sloping bajada that extends up into the Muddy

Mountains located approximately 8 km to the south and east

(Phoenix Biological Consulting, 2018). Braided, intermittent

washes flow northward through the facility and connect into the

California Wash, where the off-site population was selected for

monitoring (Phoenix Biological Consulting, 2018). The Valley of

Fire State Park COOP station (WRCC, 2024), located

approximately 12 km east of Gemini and at a comparable

elevation, had a long-term (1972–2016) average annual high and

low temperatures of 27°C and 14°C, respectively, with average highs

of 38°C–41°C during the summer months (June, July, and August)

and average lows of 3°C–6°C during the winter months (December,

January, and February). Mean annual precipitation is 143 mm;

however, all but 2 years out of the last 20 have been below average

(Climate Toolbox, UC Merced, https://climatetoolbox.org/).
Study species: threecorner milkvetch

Threecorner milkvetch is a slender, single to many-stemmed

annual plant species that generally germinates in late fall to early

winter (late November to January) and flowers and fruits in spring

(late March through early June; Barneby, 1964). Germination

timing and seedling survivorship are highly dependent on winter

precipitation. Threecorner milkvetch is endemic to fine-textured

aeolian and fluvial sands re-deposited from the Muddy Creek

Formation sedimentary deposit within a constrained distribution

in the Mojave Desert of southeastern Nevada and adjacent Arizona.

Threecorner milkvetch occurs in shifting sandy soils such as dunes

and open, deep sandy soils typically stabilized by vegetation and/or

a gravel veneer typical in creosote bush communities. Threecorner
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milkvetch is threatened by urban development, off-highway vehicle

use, energy development, surface water development, utility

corridor maintenance, and livestock grazing (Basin and Range

Watch and Western Watersheds Project, 2019). In 2019, the U.S.

Fish and Wildlife Service (USFWS) was petitioned to list

threecorner milkvetch under the Endangered Species Act (Basin

and Range Watch and Western Watersheds Project, 2019).

Threecorner milkvetch is listed by the State of Nevada as

Critically Endangered/Fully Protected, by the BLM as a Special

Status Species, by the Nevada Natural Heritage Project as At-Risk,

and by the Nevada Native Plant Society (NNPS) as Threatened.

According to habitat suitability modeling, potential threecorner

milkvetch habitat at Gemini is classified as “moderate” (compared

to low or high) (Hamilton and Kokos, 2011; Figure 2).
Population surveys at Gemini

Preconstruction survey
In April through May 2018, a preconstruction survey for all rare

plant species, including threecorner milkvetch, was conducted at

Gemini (Phoenix Biological Consulting, 2018). Winter

precipitation over the winter of 2017–2018 was sufficient to

promote germination of threecorner milkvetch (Phoenix

Biological Consulting, 2018). During the 2018 effort, trained

botanical surveyors walked transects spaced 10 m apart across the

entire Gemini footprint and recorded the location and number of all

threecorner milkvetch plants and their phenology (vegetative,

bolting/budding, flowering, fruiting, seeding/dehiscing,

and senescent).

Postconstruction survey
Between March and May 2024, a postconstruction survey was

conducted in the threecorner milkvetch habitat, allowing for an

assessment of the population through time. Botanical technicians

surveyed the threecorner milkvetch habitat within a 0.4-km radius
FIGURE 2

Overview of threecorner milkvetch habitat within Gemini (Photo:
Tiffany Pereira).
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around known milkvetch locations from the 2018 survey and

extended the circumference by 0.4 km if new plants were found

(Nevada Division of Forestry permit requirements). The location

and number of plants were recorded, and the position of each plant

was documented relative to the closest PV panel microsite

(Figure 3). “Under panel” was at the center of the panel and

generally covered during panel rotation. “Panel dripline” included

areas directly under the panel edge during rotation, which was

largely evident because rainfall runoff from the panels created

distinct soil indentations. “Interspace” included the area between

panel arrays. The postconstruction survey differentiated “on-site

with no arrays” from “interspace” as plants found within the

Gemini facility fence, but not within solar arrays. The Gemini

facility has bifacial photovoltaic panels mounted on a single-axis-

tracking system at approximately 1.5 m above the ground. Panels

track east–west with a maximum tilt angle of 55°. The interspace

between panel rows is 6.0 m wide when the panels are horizontal.

The total area surveyed in 2024 (10.2 km2) was smaller than the

total area surveyed in 2018 (71.3 km2) because the initial survey was

conducted to determine if and where the species occurred at Gemini

and the location and extent of all these populations, while the 2024

survey was conducted to assess the status and extent of

known populations.
Monitoring threecorner milkvetch on BLM
land and at Gemini

Survivorship
A subset of threecorner milkvetch plants was monitored over

time at Gemini (off-site) and 4.5 km outside the solar facility on

BLM-managed land (off-site) to investigate potential facility

impacts on survivorship and phenology. The BLM-offsite location

was selected due to access and the presence of a known historic

population of threecorner milkvetch. Beginning on 28 March 2024,

25 individual threecorner milkvetch plants at on-site locations were

marked with a numbered metal tag staked into the ground.

Surveyors visited the off-site location at the same time but did not
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find any plants. Consistent subsequent surveys at off-site locations

resulted in locating emerging plants on 5 April 2024. Twenty-six

off-site plants were marked (51 plants total), and all on- and off-site

plants were visited every other week until plants senesced.

Phenology and growth
Detailed plant structure and growth data were measured for

each plant at each visit until plants reached a flowering reproductive

stage, including the number of leaves, maximum leaf length,

number of stems, maximum stem length, plant canopy width,

and plant height. At each visit, the phenological stage was

recorded, and reproductive metrics (the number of flowers and

fruits) were recorded when these structures were present. The

number of flowers was counted until fruit developed, and the

number of fruits was counted until seeding/dehiscing occurred.

Solar panel microsite/facility impacts
Metrics recorded for each marked plant included distance from

the nearest panel center torque tube and a pocket penetrometer

(AMS Inc E-280, American Falls, Idaho) reading at a 90° angle from

the soil surface to measure the resistance of the soil surface to

compressional force (force when soil is displaced, averaged from

three collection points immediately adjacent to the plant). Finally,

the distance from the nearest road was recorded for each plant.
Analysis

Survival tables and Kaplan–Meier survival curves followed by log-

rank tests and Wilcoxon–Gehan tests were generated using GraphPad

Prism version 10.4.2 for Windows (GraphPad Software, Boston,

Massachusetts, USA, www.graphpad.com). t-tests were used to

compare the average weekly start of phenological stages and the

duration of fruiting and seeding stages between on- and off-sites.

Only plants that progressed through all phenological stage were

analyzed. Binomial generalized linear models were used to compare

the odds of a plant reaching the fruiting and seeding phenological

stages at each site. All fruiting and seeding phenological analyses

were conducted in R (version 4.3.2). Model fits were assessed using

the DHARMa package (Hartig, 2022). A Shapiro–Wilk test of

normality was conducted using GraphPad Prism for all datasets.

Because the data were not normally distributed as determined from

a Shapiro–Wilk test, non-parametric analyses (Mann–Whitney test

followed by the Hodges–Lehmann estimator) were used to compare

growth metrics of plants between on- and off-site locations. Growth

metrics included canopy width, plant height, stem length, leaf

length, number of leaves, and number of stems. The same non-

parametric analysis was also used to compare reproductive metrics

(number of fruits and flowers). Because the data were not normally

distributed, a Spearman’s rank correlation was performed to

compare the site variables of panel distance, road distance, and

penetrometer reading to threecorner milkvetch height, canopy

width, number of leaves, stem length, number of stems,

leaf length, number of fruits, or number of flowers using

GraphPad Prism.
FIGURE 3

Panel microsite locations at Gemini. Yellow = interspaces between
panels. Blue = panel dripline. Red = under panel.
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Seed viability
To test the viability of Gemini threecorner milkvetch seed, an

imbibition test was conducted as a precursor to a small-scale

viability test for the collected cohorts. Twenty seeds per cohort,

10 scarified with a small nick in the seed coat and 10 with no

scarification, were weighed and placed on DI water-soaked filter

paper in a petri dish and left overnight (17 h). A tetrazolium test was

then conducted for all 20 seeds.
Results

Population surveys at Gemini

The fall and winter precipitation preceding the 2018

preconstruction census was 68 mm, and was 55 mm preceding

the postconstruction 2024 census (Table 1). Both these precipitation

years fell below the long-term fall and winter average of 94 mm for

the study area. Twelve threecorner milkvetch plants were found at
Frontiers in Ecology and Evolution 05
six locations during the 2018 preconstruction census at Gemini

(Phoenix Biological Consulting, 2018; Table 2). During the 2024

postconstruction survey, 93 individual threecorner milkvetch plants

were found at 44 locations.

Of the 12 plants found during the 2018 preconstruction

survey, 0 were vegetative, 2 were bolting/budding, 8 were

flowering, 2 were fruiting, 0 were seeding/dehiscent, and 0 were

senescent (Table 2). Of the 93 plants found during the 2024

postconstruction survey, 12 were vegetative, 3 were bolting/

budding, 19 were flowering, 50 were fruiting, 8 were seeding/

dehiscent, and 1 was senescent (Table 2). Four plants were found

within the panel drip line, 1 under a panel (Figure 4), 86 in the

interspace between panels, and 2 on-site with no arrays (Table 3).

The estimated area surveyed per microsite was 2.3 ha for under

panel, 4.7 ha for panel dripline, 32.6 ha for interspace, and 62.4 ha

for off-site with no arrays (Figure 3). This results in a density of

0.4, 0.9, 2.3, and 0.03 threecorner milkvetch plants per hectare for

under panel, panel dripline, interspace, and on-site with no arrays,

respectively (Figure 3).
TABLE 1 Precipitation from valley of fire state park global historical climatology network, October through March for census survey years.

Preconstruction
census 2018

2017 2018
Precipitation

total

Precipitation (mm)
Oct Nov Dec Jan Feb Mar

68.10
0.00 0.00 0.03 42.42 0.00 25.65

Postconstruction
census 2024

2023 2024

Precipitation (mm)
Oct Nov Dec Jan Feb Mar

55.37
2.03 3.30 0.51 15.49 33.02 1.012

Long-term averages

Precipitation (mm)
Oct Nov Dec Jan Feb Mar

94.5
9.6 9.7 14.2 20.9 23.3 17.6
Long-term averages from Climate Toolbox, University of California, Merced.
TABLE 2 Phenology of threecorner milkvetch plants found during
Gemini Solar surveys.

Phenology
2018

preconstruction
survey, 713 ha

2024
postconstruction
survey, 102 ha

Vegetative 0 12

Bolting/
budding

2 3

Flowering 8 19

Fruiting 2 50

Seeding/
dehiscing

0 8

Senescent 0 1

Total plants 12 93
The census was conducted from March to May in 2018 and 2024. In 2018, 713 hectares were
surveyed in area D, and in 2024, 102 hectares were surveyed.
FIGURE 4

The only threecorner milkvetch plant found growing under a solar
panel (Photo: Tiffany Pereira).
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Survivorship

Because the off-site plants emerged later than those on-site, we

only compared 9 weeks of survival starting 7 April 2024 (week 1) and

ending when the last plants died in the first week of June (2 June

2024). Both the off- and on-site survival curves had a lower event rate

and a higher survival probability until weeks 5 and 6, respectively

(May 2024), when survivorship dropped to just above 50% (Figure 5).

The off- and on-site survival curves were not significantly different

(log-rank [Mantel–Cox] test, p = 0.327; Gehan–Breslow–Wilcoxon

test, p = 0.07). The off-site median survival was 7 weeks compared to

the on-site median survival of 6 weeks (Figure 5).
Phenology

The phenology of the threecorner milkvetch plants on-site was

earlier than off-site (Figure 6). Fruiting occurred 2.7 weeks earlier in

the Gemini facility compared to outside (Table 4, p < 0.0001). There

was a trend of seeding and senescence also occurring earlier at

Gemini, but these differences were not significant. In four off-site

instances and once on-site, plants were found with vegetative

regrowth after being heavily grazed to the soil surface or with

stems and leaves missing. In three instances, the grazed plants were

able to bolt or flower again before senescing. The odds of reaching

the seeding stage before senescence were 7.6× greater in Gemini

than off-site (Table 5, p = 0.002). Plants also spent over 1 week
Frontiers in Ecology and Evolution 06
longer in each of the fruiting (p = 0.002) and seeding (p < 0.001)

stages at Gemini compared to plants off-site (Table 6).
Growth

The threecorner milkvetch plants on-site were significantly

larger than off-site plants for canopy width, plant height, stem

length, leaf length, number of leaves, and number of stems (Table 7;

Mann–Whitney tests for all metrics: p < 0.0001).
Reproduction

On-site threecorner milkvetch plants had eight times the

number of flowers and 10 times the number of fruits compared to

off-site (Table 8; Mann–Whitney tests: p < 0.001).

Seed viability
The imbibition test confirmed physical dormancy for

threecorner milkvetch for the first time, with only scarified seed

imbibing water. The tetrazolium test resulted in 100% viability for

both populations (Figure 7). While monitoring threecorner

milkvetch plants on- and off-site, surveyors noted that most seeds

had a color difference from threecorner milkvetch seeds collected

from Sandy Cove at Lake Mead National Recreation Area in

2023 (Figure 7).
Solar panel and site impacts

The site variables of panel distance, road distance, and

penetrometer reading were not significantly correlated with

threecorner milkvetch height, canopy width, number of leaves,

stem length, number of stems, leaf length, number of fruits, or

number of flowers (p ≥ 0.05). Soil compaction as indexed by the

penetrometer had a significant negative correlation with increasing

road distance (p = 0.006).
Discussion

The demand for solar energy and USSE facilities is expected to

increase exponentially in the next decade (IEA, 2024; BLM, 2024),

potentially impacting flora, fauna, and the habitats that support
TABLE 3 Microsite locations of threecorner milkvetch plants found during the 2024 Gemini survey.

Microsite
2024 postconstruction

(no. of individuals)
Estimated area per

microsite (ha)
Density per microsite

(no./ha)

Under panel 1 2.3 0.4

Panel dripline 4 4.7 0.9

Interspace 86 32.6 2.3

On-site with no arrays 2 62.4 0.03
FIGURE 5

Kaplan–Meier survival curves representing plant survival probability (%)
during the growing season, where observations inside and outside the
facility overlap starting 7 April 2024 (week 1) and ending 7 June 2024
(week 9) for threecorner milkvetch, an annual plant species.
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them, particularly in the arid Southwest (Parker et al., 2018; Karban

et al., 2024). This study is one of the first to evaluate how a rare

annual species responds to the development of a solar facility that

utilizes novel construction methods intended to minimize impact to

vegetation and soils in the desert Southwest. The results of this 1-

year study demonstrate that the threecorner milkvetch population

persisted within the novel environment created at Gemini.

Threecorner milkvetch plants were detected during the 2018

preconstruction survey and 2024 postconstruction survey. In

2024, threecorner milkvetch plants at Gemini were significantly

larger with a higher fecundity compared to those monitored off-site.

The 2018 and 2024 surveys followed months of comparable fall and

winter precipitation required for winter annual germination

(Beatley, 1974), and plants represented the range of phenologies

during both years.

Like many desert species (Pake and Venable, 1996; Gremer and

Venable, 2014), threecorner milkvetch relies on a persistent soil

seed bank to maintain population viability and function after

unfavorable reproductive years. Threecorner milkvetch seed bank

longevity is presently unknown; however, many Astragalus spp.

have viable seed banks from 2 to 5 years (Becker, 2010; Segura et al.,
Frontiers in Ecology and Evolution 07
2015) or even up to 100 years (Morris et al., 2002). Within solar

facilities, desert annual seed banks may endure (Hernandez et al.,

2019). Using experimental solar panels, in-situ seed bag burial, and

a conceptual model, Tanner et al. (2021) investigated the seed banks

of two Mojave Desert annuals, the rare Eriophyllum mohavense and

the common Eriophyllum wallacei, finding that the rare species had

greater seed bank survival in shaded compared to unshaded

microhabitat areas after two growing seasons. Our results confirm

that the overland travel and drive and crush construction methods

allowed a viable threecorner milkvetch seed bank to persist at

Gemini, although under panels had lower densities of plants

compared with the interspaces between panels. Seed collected

from threecorner milkvetch at Gemini had a 100% viability rate

and did not imbibe water unless scarified. This result confirms

physical dormancy for the species, a mechanism previously

untested. Future monitoring could involve soil seed bank

collection or seed burial to determine the seed bank longevity

within Gemini panel microsites with comparisons to off-

site locations.

Although the threecorner milkvetch seed bank endured and

plants emerged in spring 2018 and 2024, the surveys revealed
FIGURE 6

Phenology of tagged BLM off-site and Gemini threecorner milkvetch over time. Each row represents an individual plant. *BLM off-site plants
emerged later than Gemini plants. ***Plants that regrew after being heavily grazed.
TABLE 4 Results of t-tests to compare duration of phenological stages by site.

Phenological stage Estimate Std. error t-value p-value

Fruiting −2.67 0.53 −5.07 <0.0001

Seeding −0.71 0.60 −1.19 0.2440

Senescence −0.53 0.42 −1.27 0.2100
Estimates are for on-site at Gemini compared to off-site.
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impacts of an altered environment on plant emergence, growth, and

phenology. Ninety-four percent of the threecorner milkvetch plants

found at Gemini grew in the interspaces between panels. The

position of plants relative to the panels has been shown to have

an impact on plant responses, particularly on plants located under

the panels (Wynne-Sison et al., 2023). A previous study found that

perennial plants growing beneath solar panels appeared spindly,

with lower canopy volumes compared to plants located between

panels and off-site (Wynne-Sison et al., 2023), while a single-year

study found that shade under panels can limit biomass of desert

annuals (Smith et al., 1987). Tanner et al. (2021) projected that

altered shade and runoff regimes on solar sites will have different

demographic effects across annual species, even those within the

same genus. Projected growth of the rare E. mohavense was

substantially reduced in shade as compared with the common E.

wallacei, mediated by negative effects on aboveground demographic

rates (Tanner et al., 2021). Photosynthetically active radiation

(PAR) requirements are not known for threecorner milkvetch,

but the PAR reductions in Gemini were more modest than at

other facilities. The infrastructure design and layout at Gemini

resulted in PAR reductions of approximately 50% in panel

interspaces and 78% directly beneath the panels (Pinos et al., in

review1). The observed growth of the solitary threecorner milkvetch

plant found under a panel appeared etiolated (Figure 4); however,

detailed growth measurements on additional plants found under

panels and in the dripline would be required in future years to

confirm these observations.

It is possible that the threecorner milkvetch plants germinated

under the panels and subsequently died prior to the start of our

monitoring. The seed and seedling stages are vulnerable life stages

of a plant, with temperature and precipitation impacting

germination and seedling survival (Leck et al., 2008). Little is

known about the specific germination requirements of

threecorner milkvetch, but other Mojave winter annuals begin

germination in the cooler months of winter, given sufficient

precipitation and soil temperatures of approximately 10°C

(Beatley, 1974). At Gemini, the area under the panels provides an

average cooler soil surface temperature in the summer and an

average warmer temperature in the winter (Pinos et al., in review1),

which is comparable to other facilities (Wynne-Sison et al., 2023;

Armstrong et al., 2016; Yue et al., 2021). In a region that is already

experiencing above-average fall and winter temperatures, as the

study area has for 9 of the last 10 years (Climate Toolbox, UC
1 Pinos, J., Munson, S. M., Karban, C. C., and Petrie, M. D. In Review.

Ecovoltaic solar energy development creates novel microclimate,

termperature, and soil moisture patterns under solar panels in a warm desert.
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Merced), any additional increase in temperature may hinder

germination and seedling survival rates for threecorner milkvetch.

Low densities under panels may be due to water or light exclusion

that limited germination or growth of milkvetch. Subsequent

monitoring will determine if our 1-year results represent an

ongoing trend of low emergence under panels. If so, threecorner

milkvetch could experience habitat limitations created by the under

panel microsite, a possible disadvantage for the population.

Elevated soil moisture at 0–10, 10–20, and 20–40 cm depths was

retained for longer in the facility compared to outside of the facility

after fall–spring precipitation events (Pinos et al., in review1). This

retention of soil moisture inside the facility may explain why plants

were larger and phenology accelerated compared to outside

the facility. These differences in soil moisture could not be

explained by distinct soil textures or depths because both Gemini

and off-site had the same soil texture (loamy sand) and average

depth to an impermeable petrocalcic layer (Arada series, >60 cm).

With respect to panel microsites, previous studies identified that

perennial plants at panel driplines received more precipitation due

to runoff (Wynne-Sison et al., 2023; Hassanpour et al., 2018). At

Gemini, only four threecorner milkvetch plants were found within

the panel dripline (density 0.9/ha; Table 3) despite there being

elevated soil moisture in this microsite on deep soils (Pinos et al., in

review1). More shading, lower wind speed, and lower reference

evaporation at Gemini compared to off-site locations (Pinos et al., in

review1) limit evaporation and further support more soil moisture

available for plant growth. Subsequent monitoring is expected to

better reveal the long-term microclimate influences on threecorner

milkvetch germination and population demography.

Threecorner milkvetch survival did not differ between on- and

off-site, and for both sites, survivorship declined sharply in May as

daytime temperatures began to rise. Although panels provide shade

in the summer and increased soil moisture along driplines from

runoff (Pinos et al., in review1; Wynne-Sison et al., 2023; Armstrong

et al., 2016; Yue et al., 2021), this did not appear to influence

survivorship. In drier years, shade tended to reduce survival of the

common annual E. wallacei, but increased survival of the rare E.

mohavense (Tanner et al., 2021). Our results suggest that the altered

environment created by panel arrays did not alter threecorner

milkvetch survivorship at Gemini.

Despite not occurring in high numbers under panels or along

panel driplines, threecorner milkvetch in the panel interspaces in

the Gemini facility had earlier phenologies than those off-site,

suggesting that plants may have an advantage of earlier

establishment at Gemini. Monitored threecorner milkvetch were

fruiting at Gemini nearly 3 weeks earlier than those off-site.

Additionally, these plants at Gemini persisted in the fruiting and

flowering stages for weeks longer than off-site. Gemini threecorner
TABLE 5 Results of logistic regression comparing phenological stages by site.

Phenological stage Estimate Std. error t-value p-value

Fruiting 0.45 0.72 0.63 0.5265

Seeding 2.02 0.65 3.12 0.0018
Outputs are given on the log-odds scale and are for on-site at Gemini compared to off-site.
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milkvetch were larger on average, specifically four times larger in

width, and had six times the number of leaves. Gemini threecorner

milkvetch produced eight times more flowers and 10 times more

fruit. Our analysis showed that the distance from the panel

centerline, distance from the road, and soil compaction were not

significantly correlated with the increased growth or reproductivity.

These increases in reproductive output at Gemini were likely a

result of the retention of elevated soil moisture following rainfall

events that allowed the in-facility plants to invest more in flowers
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and fruits than those occurring outside of the facility. The desert

annuals E. mohavense and E. wallacei growing in experimental solar

arrays were more strongly affected by panel microhabitats under

wet compared to dry conditions, with a reduction in abundance of

the rare E. mohavense in the shade (Tanner et al., 2021). In a wet

year, runoff from panels increased seed output for both species

(Tanner et al., 2021). Similarly, microhabitat created by panels was

influential for annual plants at Gemini, with driplines and panel

interspaces increasing native annual plant density and species
TABLE 7 Growth metrics for threecorner milkvetch on-site at Gemini and off-site.

Growth average Off-site On-site
Hodges–Lehmann
difference between

medians
p-value

Plant width (cm) 7.39 ± 1.30 28.95 ± 3.82 22.50 <0.0001

Plant height (cm) 4.13 ± 0.32 8.26 ± 0.97 3.90 <0.0001

Stem length (cm) 2.96 ± 0.39 13.13 ± 1.38 9.60 <0.0001

Leaf length (cm) 3.45 ± 0.23 6.07 ± 0.37 3.00 <0.0001

Number of leaves 18.32 ± 3.90 117.1 ± 16.44 67.00 <0.0001

Number of stems 1.91 ± 0.21 9.25 ± 1.05 6.00 <0.0001
TABLE 8 Reproductive metrics for threecorner milkvetch on-site at Gemini and off-site.

Reproductive metrics Off-site On-site
Hodges–Lehmann

difference betweenmedians
p-value

Average number of flowers/plants 11.88 ± 3.98 98.08 ± 25.90 30.00 <0.0010

Average number of fruits/plants 13.38 ± 7.57 142.40 ± 38.16 46.50 <0.0005

Total number of flowers
(from 26 plants off-site, 25 on-site at Gemini)

309 2,452

Total number of fruits
(from 26 plants off-site, 25 on-site at Gemini)

348 3,560
FIGURE 7

Threecorner milkvetch seeds from Sandy Cove, Lake Mead National Recreation Area in 2023 (left) and Gemini/BLM off-site populations in 2024
(middle). Viable stained embryo (right).
TABLE 6 Duration of phenological stages.

Phenological stage Estimate Std. error t-value p-value

Fruiting 1.44 0.43 3.33 0.0017

Seeding 1.10 0.28 3.96 0.0002
Estimates are for on-site at Gemini compared to off-site.
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richness compared to controls (Karban et al., in review).

Precipitation recorded near Gemini in 2024 was below average

but significantly higher than previous monitoring years when no

threecorner milkvetch plants emerged. Long-term monitoring can

help determine if threecorner milkvetch will continue to persist in

the Gemini facility, which will depend on sufficient cool-season

precipitation to promote continued population viability.

High levels of stochasticity in germination timing and growth

were observed within and between threecorner milkvetch

populations across its range (Powell, 1998). In a phenology study

for this species at Lake Mead National Recreation Area, threecorner

milkvetch that reached a larger size before fruiting (such as those

on-site at Gemini) appeared to produce more fruit than plants that

were smaller when they produced fruit (such as those off-site)

(Powell, 1998). Powell (1998) also documented that a small number

of monitored plants accounted for a large portion of the total fruit

produced. Our 1-year findings are consistent with this observation,

demonstrating that even in the population of mostly smaller plants

off-site, variability occurs, with some large plants growing and

producing vast amounts of fruit each year. These large

reproductive plants are important to replenish the seed bank.

Threecorner milkvetch may take advantage of shade in the panel

interspaces, which leads to less evaporative demand and more soil

moisture. This appeared evident as plants in interspaces germinated

earlier, grew larger, and produced more flowers and fruit than off-

site. Indeed, if all fruits observed on monitored plants at Gemini

produced viable seeds, the potential seed production was almost

eight times higher compared to off-site. Repeated monitoring will

reveal if this is an ongoing trend. However, threecorner milkvetch

plants that are unable to emerge, or emerge and die, beneath panels,

could indicate in a loss of suitable habitat in the facility.

There were several limitations to our study. Although the survey

effort and precipitation were comparable between 2018 and 2024, the

area surveyed in 2024 (102 ha) was smaller than in 2018 (713 ha).

Subsequent years of monitoring in the postconstruction footprint

during similar precipitation years and years of unfavorable

precipitation will strengthen our findings. While we selected an off-

site location that had similar vegetation and soil characteristics as

Gemini, it is possible that factors other than facility construction and

infrastructure might have influenced differences between sites. For

example, Gemini vegetation management requires the removal of as

much Sahara mustard as possible by herbicide treatment or hand

pulling within threecorner milkvetch potential habitat (occupied and

unoccupied) throughout the growing season. There is little

information on the direct impact of invasive plant species on

germination, growth, or reproduction of threecorner milkvetch. No

tagged threecorner milkvetch plants were found growing under

Sahara mustard plants at off-site locations. However, we could not

experimentally alter the density of Sahara mustard at the site to

determine its influence due to site restrictions, and our study area

may have been influenced by site invasive species control efforts.

The results of this 1-year study during a favorable year of rainfall

demonstrate the persistence of a rare Mojave annual species within an
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altered environment at a USSE facility. Despite our hypothesis that the

solar energy facility would negatively affect demography and lead to

later phenology due to increasing disturbance and a reduction in

resource availability from photovoltaic panels, we found the opposite

patterns. Threecorner milkvetch at Gemini were larger, emerged

earlier, had an earlier phenology, and had a higher fecundity

compared to plants off-site. However, minimal threecorner milkvetch

emergence occurred directly under the PV panels and along their

driplines, indicating a potential loss of suitable habitat if this pattern

becomes more widespread in space or through time. Nevertheless, the

alternative construction methods used at Gemini allowed a viable seed

bank to persist through construction and seed bank recruitment to

occur postconstruction, which contrasts with traditional “blade and

grade” construction practices that destroy aboveground vegetation and

the seed bank. Novel construction techniques for USSE, such as

reducing ground disturbance, decompacting soils, increasing spacing

of panel arrays, and using non-opaque panels, could be considered

moving forward tominimize impact. The results of this study can assist

land managers in making decisions about USSE development as the

demand grows.
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