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Selection of microhabitats,
plants, and plant parts eaten by a
threatened tortoise: observations
during a superbloom
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‘Department of Evolution, Ecology, & Organismal Biology, University of California, Riverside,
Riverside, CA, United States, 2U.S. Geological Survey, Western Ecological Research Center, Reno,
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Populations of the threatened desert tortoise (Gopherus agassizii) continue to
decline throughout the geographic range, in part because of degraded and
fragmented habitats in the Mojave and western Sonoran deserts. The species is
herbivorous and highly selective in choice of plant species. To increase options
for recovery, we analyzed behaviors, patterns of movements while foraging, and
parts of plants consumed during a superbloom. We characterized foraging
routes and the habitat strata and microhabitats where tortoises traveled to eat
preferred wildflower species. Tortoises walked one foraging route per day in
early spring, often switched to two routes per day in middle and late spring with
rise of midday temperatures. They chose habitat strata (primarily hills and
ephemeral stream channels) and three of seven microhabitats for foraging on
preferred food plants. Preferred microhabitats were intershrub open space and
small (1-2 m wide) ephemeral stream channels. They rarely took bites of forbs
growing under and in the dripline of shrubs or nonnative forbs and grasses.
Tortoises typically did not select specific plant parts to eat but important
exceptions occurred. For example, they usually ignored the inflorescences of
the annual Eremothera boothii and, when eating the non-native annual Erodium
cicutarium, tended to focus on fruits. All such information aids recovery efforts to
restore declining tortoise populations.

KEYWORDS
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1 Introduction

Agassiz’s desert tortoise (Gopherus agassizii, herein tortoise) is a federally threatened
species under the Endangered Species Act (U.S. Fish and Wildlife Service [USFWS], 1990)
and is a globally critically endangered species (Berry et al., 2021). Despite recovery efforts,
most populations are no longer viable (U.S. Fish and Wildlife Service [USFWS], 2015;
Berry and Murphy, 2019). Allison and McLuckie (2018) noted that the desert tortoise was
on the path to extinction under current conditions. The status is primarily the result of

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/famrs.2023.1283255/full
https://www.frontiersin.org/articles/10.3389/famrs.2023.1283255/full
https://www.frontiersin.org/articles/10.3389/famrs.2023.1283255/full
https://www.frontiersin.org/articles/10.3389/famrs.2023.1283255/full
https://www.frontiersin.org/journals/amphibian-and-reptile-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/famrs.2023.1283255&domain=pdf&date_stamp=2023-11-30
mailto:bryan.jennings@ucr.edu
mailto:kristin_berry@usgs.gov
https://doi.org/10.3389/famrs.2023.1283255
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/amphibian-and-reptile-science#editorial-board
https://www.frontiersin.org/journals/amphibian-and-reptile-science#editorial-board
https://doi.org/10.3389/famrs.2023.1283255
https://www.frontiersin.org/journals/amphibian-and-reptile-science

Jennings and Berry

habitat degradation, fragmentation, and loss; disease and hyper-
predation are also contributing to declines (Berry and Murphy,
2019). The sources of habitat degradation and loss include urban
and agricultural development, roads and utility corridors, mining,
livestock grazing, military activities, authorized and unauthorized
off-road vehicle use, and many other anthropogenic activities.
Disturbances to soil and native plant communities contributed to
invasion and establishment of non-native forbs and combustible
grasses, which created a new fire cycle in the Mojave Desert (Brooks
and Matchett, 2006; Klinger et al., 2021). Recovery of tortoise
populations and restoration of deteriorated land in the Mojave
and western Sonoran deserts where desert tortoises live present
major challenges (Abella et al., 2023). Tortoises are long-lived and
slow to reproduce; mortality rates are high for young individuals
(Woodbury and Hardy, 1948; Hardy, 1976; Turner et al.,, 1987;
Medica et al., 2012). Additionally, they are herbivorous, highly
selective in choice of plant foods, and rely on rains for free water to
drink (Burge and Bradley, 1976; Jennings and Fontenot, 1993;
Henen et al., 1998; Jennings and Berry, 2015). The amounts and
timing of precipitation during fall and winter months drive
germination, growth, and flowering of ephemeral plants during
the subsequent spring in the western Mojave Desert (Rowlands
etal., 1982; Jennings, 2001). In years of low or no rainfall, little or no
food is available, whereas in years of high precipitation, a
superbloom may result with abundant wildflowers (Jennings,
2001; Brooks and Berry, 2006; Jennings and Berry, 2015).

After the federal listing of the tortoise as threatened in 1990
(U.S. Fish and Wildlife Service [USFWS], 1990), several
observational and experimental research projects were undertaken
to determine the plants tortoises consumed and avoided, because of
threats to habitat from such disturbances as livestock grazing
(Webb and Stielstra, 1979; U.S. Fish and Wildlife Service
[USFWS], 1990; U.S. Fish and Wildlife Service [USFWS], 1994).
Research on the digestibility and nutritional characteristics of
potential plants available to wild desert tortoises provided
answers to why tortoises selected and preferred certain species in
altered habitats (e.g., Brooks and Berry, 2006). Barboza (1995), in
experimental studies of feeding different diets to tortoises, reported
loss of body mass from the grass diet, a finding later supported by
feeding trials with both native and non-native annuals (forbs and
grasses) for juvenile tortoises (Hazard et al., 2009; Hazard et al,
20105 Drake et al., 2016). Further, young tortoises gained weight and
grew when eating forbs but did not thrive on either native or non-
native grasses (Hazard et al., 2009; Hazard et al., 2010). Jennings
(2002) and Jennings and Berry (2015) detailed the preferences of
wild tortoises for selected species of forbs and herbaceous perennial
plants using observations of bite counts by species during a wet
year. Oftedal et al, (1994, Oftedal, 2002; Oftedal et al., 2002)
explained the selectivity for a few species of forbs by content of
potassium, ubiquitous in desert plants and difficult to metabolize
without free water. Wild tortoises needed to select ephemeral plants
high in water and nitrogen but low in potassium to maintain a
healthy diet, grow, and reproduce (Oftedal et al., 1994). Oftedal
(2002) developed the Potassium Excretion Potential (PEP) index of
a plant: a positive PEP index occurs when a plant contains more
nitrogen and water than is needed to excrete the ingested
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potassium, whereas a negative PEP signified that a plant
contained insufficient protein and water for a tortoise to dispose
of ingested potassium (Oftedal, 2002). Observational studies
indicated that tortoises were highly selective in choices of annual
and herbaceous plant species (Jennings, 2002; Jennings and Berry,
2015) and and favored species low in potassium (Oftedal, 2002).
Our objectives were to build off previous work on tortoise
foraging by characterizing preferences as plant resource availability
and phenology changed throughout the spring in the western
Mojave Desert (Jennings and Berry, 2015). Here we address
foraging behaviors and choices of plant parts consumed by the
tortoises during a year with a superbloom and when confronted
with a suite of choices of plant foods. We asked three questions
about foraging in spring during a superbloom: 1) do tortoises walk
among habitat strata in a random manner to forage, 2) do distances
walked within each habitat stratum change as phenological stages of
plants change, and 3) do tortoises randomly select microhabitats to
forage? In addition, for each plant species, we estimated the
percentage of the plants consumed and relative proportions eaten
of different plant parts (stems, leaves, flowers/buds, and fruits). We
evaluated occurrences and proportions of years of high and low
precipitation before and after the study. Our findings will contribute
to the knowledge of tortoise movements and foraging behaviors,
important elements in critical recovery efforts to build viable
populations (U.S. Fish and Wildlife Service [USFWS], 2011).

2 Study area

The study was conducted on a ~15 km? site within the Desert
Tortoise Research Natural Area (DTRNA; 35°14'34", —117°51'45"),
at elevations of 800-915 m, in the western Mojave Desert,
California, USA. The ~101 km? area received designation in 1980
by U.S. Congress and was protected in 1978-1979 with a fence to
exclude recreational vehicle use and sheep grazing (Berry et al,
2014). The vegetation alliance of perennial shrubs was diverse with
11 species, including creosote bush (Larrea tridentata), white
bursage (Ambrosia dumosa), Nevada ephedra (Ephedra
nevadensis), goldenhead (Acamptopappus sphaerocephalus),
Mojave indigo bush (Psorothamnus arborescens), Mojave
California buckwheat (Eriogonum fasciculatum), Anderson
boxthorn (Lycium andersonii), winterfat (Krascheninnikovia
lanata), hop-sage (Grayia spinosa), and Mojave aster
(Xylorhiza tortifolia).

3 Materials and methods
3.1 Data collection

3.1.1 Precipitation

The study area is in the western region of the Mojave Desert,
where most rainfall occurs during fall and winter and can produce,
depending on amounts of rain, annual plants in late winter and
spring (Rowlands et al., 1982; Rowlands, 1995). We used high-
resolution gridded data on climate that were geographically and
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elevation-weighted from PRISM to summarize monthly estimates
of precipitation from 1961 to the present. PRISM is a gridded data
product (Daly et al., 2008) using elevation, latitude, and longitude of
the study area (2) at 4-km resolution from the Prism Climate Group
(https://www.prism.oregonstate.edu, accessed 5 April and 10
October 2023). We recognize that several variables affect climate
in the American Southwest—precipitation, temperature, and soil
moisture are probably the most important (Ault et al., 2016; Cook
et al,, 2021; Dannenberg et al., 2022). Because amounts of winter
and summer precipitation are prime drivers of almost every aspect
in the lives of tortoises, we used precipitation here instead of other
variables (e.g., Henen, 1997; Henen et al., 1998; Christopher et al.,
1999; Duda et al, 1999; Henen, 2002; Berry et al., 2023).

3.1.2 Desert tortoises

Field work occurred between 26 March and 23 June 1992. One
person (WBJ) recorded all daily movements and foraging behaviors for
16 adult tortoises with an average (+SE) carapace length (mm) at the
midline for eight males of 230 +14.42 mm (range 179-280 mm) and
eight females, 222 +4.14 mm (range 210-239 mm). Twelve of the study
animals were part of another study and carried radio transmitters
(Model 2B-2 AVM Instrument Co., Livermore, California, powered by
lithium C-cells, Tadiran Co., Israel) with 48-cm copper antennae
affixed to the shells (Christopher et al., 1999). Using a receiver and a
2-element antenna (Telonics, Mesa, Arizona), selected individuals were
located each day (see details below). Data were also collected
opportunistically on movements and foraging for four incidentally
encountered adults without radio transmitters.

Throughout the field season, a focal animal was selected to
observe and record foraging and movements for each field day.
When possible, observations of foraging were recorded for tortoises
over the entire course of the daily or bi-daily foraging route, ie., a
complete foraging route = from emergence from a cover site (pallet or
burrow) to retreat to a cover site after foraging ended. Typically,
tortoises emerged from cover sites during morning hours. If the
selected focal animal did not emerge, an alternate was selected,
usually an individual inside or outside a cover site. The footpath
(m) distances walked by each tortoise during foraging routes were
also measured for each of three habitat strata (% of occurrence within
the study area): 1) broad and sandy alluvial fans (48%); 2) low, rocky
hills (42%); and 3) dry, sandy, ephemeral stream channels (10%)
(Jennings and Berry, 2015). Tortoises used two patterns of movement
on foraging routes: 1) round trips, with returns to the same cover site
occupied earlier in the day and generally remaining within the same
habitat stratum to forage; and 2) non-round trips in which a tortoise
left a cover site to forage, traveled among >1 habitat strata and ended
foraging at a different cover site. On several occasions, observations
were recorded for multiple tortoises during the same day, e.g,
observations of foraging activities of one individual in the morning
and another during the afternoon—thus recording data for the
foraging route of each tortoise. Observations were also recorded
simultaneously for two to three individuals foraging <10 m apart
when all were feeding on the same plant species. Focal individuals
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were followed at distances of 4-8 m, frequently using binoculars,
which minimized disturbance to the tortoise.

While watching a tortoise, data were recorded onto a
microcassette recorder (Sony M560V, China): start and end times
of observations; times for each foraging bout (1 bout = all bites taken
from a single food item); species of plant eaten; number of bites taken
(Jennings and Berry, 2015); the estimated percentage of the plant
eaten (above-ground biomass only); parts of the plant consumed
(leaves, stems, flowers, fruits); condition of the plant (succulent or
dry); and the microhabitat where the plant grew. Note that our
estimates of the percentage of plant eaten are based on simple visual
estimates of the portion of a plant eaten (i.e., visual comparisons of a
plant before and after a tortoise fed from it). These estimates provide
data on whether tortoises ate a plant in its entirety, ate part of it, or
just took a few bites, etc. The microhabitats were: 1) beneath creosote
bush; 2) at or under the dripline of a creosote bush; 3) intershrub
space between shrubs; 4) outer edge of species of non-creosote
bushes; 5) margin of small (1-2 m wide) ephemeral stream
channels, 6) center of small stream channels; and 7) sandy areas
within large ephemeral stream channels (>2 m wide). The recognition
of two distinct microhabitat categories for the small stream channels
was warranted because tortoises showed a strong tendency to walk
along the edges of small stream channels where some preferred plants
grew (see Jennings and Fontenot, 1993). Plant nomenclature was
from the Jepson Flora Project (2023). Data for plants available for
forage are in Jennings and Berry (2015).

3.2 Analyses of data

3.2.1 Precipitation

We evaluated precipitation data monthly for winter rain
(October 1 - March 31) and for the hydrologic year (October 1 -
September 30). We identified three blocks of years for analysis of
annual and winter rainfall averages: the 30 years prior to the study
(1961-1990) as a benchmark; the eight years, 1991-1998,
bracketing when the study occurred and before the start of the
megadrought; and from the start of the megadrought in 1999
through the potential end point in 2022 (Ault et al., 2016;
Williams et al., 2020; Cook et al., 2022). According to Ault et al.
(2016: abstract), “Megadroughts are comparable in severity to the
worst droughts of the 20™ century but are of much longer
duration.” We identified numbers of years with: 1) unusually high
winter precipitation, when superblooms occurred, which we defined
as winter rainfall exceeding the long-term averages by >70%;
2) above average, average, and slightly below average
precipitation; and 3) dry years or droughts for the tortoise, when
winter precipitation fell well below long-term averages.

3.2.2 Phenological periods

To account for seasonal variation in availability of food plants and
plant parts, we analyzed foraging behaviors and movement patterns
within each of three successive phenological periods in spring, defining
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them as: early spring, characterized by early-spring species of blooming
plants in March and April; middle spring with the middle-spring
bloomers in May; and late spring, the late-spring bloomers in the final
phase of the spring wildflower season in June (Jennings and
Berry, 2015).

3.2.3 Selection of habitat strata by tortoises

Observations from the pilot study of tortoise foraging behavior
conducted the previous year at the same site suggested that the
tortoises walk among different habitat strata during their daily or bi-
daily foraging walks or travels (Jennings and Fontenot, 1993). We
therefore tested the null hypothesis that tortoises randomly walked
among habitat strata while they were foraging. To perform this test,
we compared the distances (m) walked by tortoises within each of
three strata to the randomly expected values (derived using the
relative coverages of each stratum) using a %> test. Data for each
phenological period were tested separately. We addressed the
question whether distances walked by tortoises within each
habitat stratum varied across phenological periods using a
Kruskal-Wallis test; we tested each habitat stratum with
phenological period as the independent variable. We addressed
the question whether lengths of foraging routes differed among
phenological periods by conducting a Kruskal-Wallis test with
phenological period as the independent variable. Tests yielding
significant P-values were followed with post hoc pairwise
comparisons using Wilcoxon rank sum tests to determine which
group(s) were statistically different from other.

3.2.4 Selection of microhabitats by tortoises

We addressed the question whether tortoises randomly selected
microhabitats for foraging by comparing the expected frequencies
of plants consumed (assumed to be equal among the seven
microhabitats) vs. observed frequencies using a > test. We
analyzed each phenological period separately. All statistical tests
were conducted using the R statistical package (version 4.3.0, R
Development Core Team, 2023; https://cran.r-project.org/ accessed
June 15, 2023). For xz and Kruskal-Wallis tests, we designated o. =
0.05 as the level of significance. In all post hoc Wilcoxon rank sum
tests, we adjusted o using a Bonferroni correction.

10.3389/famrs.2023.1283255

3.2.5 Patterns of plant consumption

We estimated the relative percentage of each anatomical part
consumed (i.e., flowers, leaves, stems, and fruits) by plant species
using the equation:

No. plants for which a particular part was eaten

100 (1)

% plant part d =
o plant part consume [Total no. of plants of that species eaten by tortoises

Each species was analyzed separately for each phenological
period. We did not test these data statistically because of inter-
individual variation in the phenological states of the plants.

4 Results
4.1 Precipitation

During the study in the spring of 1992, the fall-winter rainfall
was 240.5 mm, 96.2% above the long-term average of 122.59 mm
for winter, calculated for the previous 30 years. The result was a
superbloom of wildflowers. In the 30 previous years, three
superblooms occurred, an average of one per decade (Table 1). In
comparison, in the 1990s, eight years prior to the beginning of the
megadrought, five high rainfall years and superblooms occurred.
These eight years were unusually wet compared to the years prior to
the study. During the ensuing megadrought (1999-2023 and
possibly ongoing), five of 22 winters of high rainfall
produced superblooms.

4.2 Tortoises

Tortoise foraging and movement data were obtained for 52
observation days: 24 in early spring, 20 in middle spring, and eight
in late spring. The average (+ SE) number of foraging bouts was
244.1 £170.8 (range 2-1,415) for the eight male tortoises and 133.3
+65.5 (range 2-568) for the eight females. We obtained data for 40
foraging routes among the three phenological periods.

TABLE 1 Frequency of years with high fall-winter precipitation and associated superblooms at the Desert Tortoise Research Natural Area, western
Mojave Desert, California, USA, in the 30 years before and after the study, including the 1999-2023 megadrought.

Average precipitation, % fall— Superbloom frequency/ Drought frequency/
mm (range) winter rain span of years span of years

Annual  Fall-winter

1961- 30 148.6 122.6 82.5 3/30 12/30

1990 (38.9-379.9) (35.6-313.5)

1991- 8 214.8 191.7 89.2 5/8 1/8

1998 (81.6-336.1) (67.0-313.5)

1999- 22 142.5 130.9 91.9 5/22 7/22

2023 (45.3-347.0 (43.0-316.9)

We defined drought as a dry year below the fall-winter average of 131 mm, based on available preferred forbs for the tortoises to eat.
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4.3 Foraging among habitat strata
and movements

During early spring, 16% of foraging routes were in alluvial fans,
68% were in hills, and 16% were in ephemeral stream channels.
These values differed from the random expected percentages of
48%, 42%, and 10%, respectively (xz =2054.8, df = 2, P = 0.001).
The patterns of movements for foraging routes differed during the
three phenological periods. In early spring, tortoises tended to
embark on foraging routes from a cover site in one stratum and
continued through >1 strata—usually hills, where they fed on
solitary Mirabilis laevis, to small ephemeral stream channels,
where they ate small groups of Astragalus layneae—before
terminating at a second cover site. In middle spring, tortoises
again selected foraging routes, because 88% were in hills, and 12%
were in ephemeral stream channels (3 = 2199.9, df = 2, P = 0.001).
They departed from and returned to the same cover sites, usually
within the hill stratum, where they foraged on Acmispon
brachycarpus or clusters of Prenanthella exigua. Eleven of the 12
recorded foraging routes only occurred in the hill stratum, whereas
one was in a small ephemeral stream channel. In late spring,
tortoises took roundtrips from the same cover site to forage on
patches of Chamaesyce albomarginata in the ephemeral stream
channel stratum (37% more than expected), while they walked in
alluvial fans (41%) and hills (22%) less than expected (x> = 841.7, df
= 2, P = 0.001). Although the tortoises frequently walked along
stream channels while they were foraging, there was no standing
surface water in these channels—or anywhere else on the study site
—during the entire spring activity season.

4.4 Within seasonal variations
in movements

The average length of foraging routes was 268 + 45.7 m (n = 18) in
early spring, 185 + 39.9 m (n = 12), and 161 + 37.8 m (n = 6) in middle
and late spring periods, respectively. The lengths of foraging routes did
not vary during the three periods (Kruskal-Wallis test, P = 0.424).

Distances of foraging routes differed by habitat strata and
phenological period. Within the alluvial fan stratum, distances
varied among spring periods (Kruskal-Wallis test, P = 0.035).
During middle spring, tortoises completely avoided alluvial fan
areas, whereas they foraged in this stratum during the early and late
spring periods (post hoc Wilcoxon rank sum tests, P = 0.025, P =
0.012, respectively). The distances walked in the alluvial fan stratum
between early and late spring did not differ (post hoc Wilcoxon rank
sum tests, P = 0.710). In contrast, tortoises showed no difference in
the distances of foraging routes within hill and stream channel
strata over the entire spring season (Kruskal-Wallis tests, P = 0.078
and P = 0.070, respectively).

4.5 Selective use of microhabitats

Foraging in microhabitats varied depending on the
phenological period. During early spring, tortoises fed on plants
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growing in the intershrub space microhabitat and mostly ignored
plants in other microhabitats (y* = 1720.5, df = 6, P = 0.001). Nearly
60% of the plants eaten were in the intershrub space, including
some preferred species, i.e., Mirabilis laevis and Astragalus
didymocarpus. Other preferred forage species, particularly A.
layneae and Eremothera boothii, were in small and large sandy
ephemeral stream channel microhabitats, respectively. These
microhabitats provided open spaces for foraging. In middle
spring, nearly 90% of plants consumed were in the intershrub
space microhabitat (Xz =6363,df =6, P=0.001). Comparable to the
early spring period, tortoises fed extensively on the herbaceous
perennial A. layneae along the margins of small stream channel
microhabitats. They rarely foraged in dripline and canopy
microhabitats. During the late spring period, tortoises continued
to feed on plants primarily located in the intershrub space (~60%)
and small stream channel (~37%) microhabitats (x> = 1041.8, df =
6, P =0.001). The most frequently eaten species was the herbaceous
perennial Chamaesyce albomarginata, which appeared restricted to
intershrub space and small stream channel microhabitats.

4.6 Plant parts consumed by tortoises

Tortoises clipped off bite-sized pieces of plants before
swallowing them. The tortoises only fed on above-ground plant
parts and never pulled plants from the ground or ate roots. In early
spring, tortoises, on average, consumed 46% of aboveground
biomass from each plant encountered (Table 2). On average,
tortoises ate ~60% (range, 59-63%) of flowers, leaves, and stems
on each plant across all forage species (Table 2). In contrast, they
only consumed fruits on ~9% of each plant across all forage species
(Table 2). Though tortoises appeared to generally eat food plants
indiscriminately, close inspection of the data suggested that they
were selective about the plant parts they consumed for some forage
plants. For example, tortoises ate fruits from: 36 of the 40 (90%)
Erodium cicutarium plants, 9 of 11 Pectocarya spp. individuals, and
both individuals of Tropidocarpum gracile (Table 2). We repeatedly
observed an apparent avoidance of flowers, leaves, and stems of E.
cicutarium, a non-native species (Table 2). When tortoises
encountered Eremothera boothii, the fourth favored forage species
by bite counts, they bit off the entire inflorescence, which dropped
to the ground, before eating other parts of the plant (Table 2). This
behavior was not observed for other forage species. It is important
to add that none of the preferred food plants were so large that they
were inaccessible to the tortoises (e.g., fruits).

Throughout middle spring, tortoises maintained a pattern of
consuming nearly half (41%) of each forage plant (Table 3); that is,
they almost always consumed the leaves, stems, and fruits of
Acmispon brachycarpus, a species that largely finished flowering
but remained green and succulent (Table 3). Similarly, whenever
tortoises fed on the annual Prenanthella exigua, the second most-
preferred plant species by bite counts, they generally only ate
flowers and stems, the only available parts (Table 3). Some
foraging behaviors observed in early spring were repeated during
middle spring (e.g., the apparent preference for the fruits of E.
cicutarium and avoidance of flowers of E. boothii; Table 3). Overall,
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TABLE 2 Characteristics of winter annual and herbaceous perennial species of plants and plant parts consumed by adult desert tortoises (Gopherus
agassizii) during early spring (the first phenological period: March and April) at the Desert Tortoise Research Natural Area, western Mojave Desert,
California, USA, in 1992.

Plant species eaten Number of % Parts of plants eaten (% consumed)
of plant
bites plants eaten flowers leaves stems fruits
taken eaten

Mirabilis laevis' 3,638 31 16 15 (48) 30 (97) 29 (94) 0 (0)
Astragalus luyneue1 1,704 35 37 23 (66) 32 (91) 19 (54) 0 (0)
Astragalus didymocarpus 1,509 123* 64 123 (100) 120 (98) 120 (98) 0 (0)
Eremothera boothii 708 9% 65 0 (0) 95 (99) 44 (46) 0 (0)
Phacelia tanacetifolia 682 34 51 29 (85) 29 (85) 30 (88) 0 (0)
Mentzelia spp. 558 25 37 21 (84) 17 (68) 14 (56) 0 (0)
Amsinckia tessellata 373 29 10 8 (28) 26 (90) 8 (28) 0 (0)
Gilia minor 342 52 72 51 (98) 46 (88) 51 (98) 1(2)
Erodium cicutarium® 281 40 7 4 (10) 10 (25) 8 (20) 36 (90)
Tetrapteron palmeri 266 26 73 0 (0) 26 (100) 1(4) 6 (23)
Stylocline psilocarphoides 235 56 95 50 (89) 49 (88) 49 (88) 0 (0)
Malacothrix coulteri 217 18 64 17 (94) 16 (89) 15 (83) 0 (0)
Lupinus odoratus 211 3 63 0 (0) 3 (100) 0 (0) 0 (0)
Acmispon brachycarpus 200 11* 40 11 (100) 11 (100) 11 (100) 0 (0)
Stephanomeria pmryi1 131 18 39 9 (50) 18 (100) 18 (100) 0 (0)
Malacothrix glabrata 125 13 22 13 (100) 2 (15) 1(8) 0 (0)
Chaenactis fremonti 119 21 18 20 (95) 11 (52) 4 (19) 0 (0)
Cryptantha circumcissa 107 26 56 26 (100) 26 (100) 25 (96) 0 (0)
Loeseliastrum schotti 79 8 90 0 (0) 8 (100) 0 (0) 0 (0)
Pectocarya spp. 78 11 49 4 (36) 8 (73) 10 (91) 9 (82)
Plantago ovata 75 10 46 10 (100) 8 (80) 10 (100) 0 (0)
Tropidocarpus gracile 75 2 88 0 (0) 2 (100) 2 (100) 2 (100)
Linanthus dichotomus 66 8 18 7 (88) 0 (0) 0 (0) 1(13)
Schismus barbatus 50 7 40 3 (43) 1(14) 7 (100) 1(14)
Allium fimbriatum 25 5 70 0 (0) 0 (0) 5 (100) 0 (0)
Pholistoma membranaceum 14 1 5 1 (100) 1 (100) 1 (100) 0 (0)
Chorizanthe rigida 12 4 43 0 (0) 4 (100) 0 (0) 0 (0)
Eriogonum gracillimum 12 1 25 0 (0) 0 (0) 1 (100) 0 (0)
Eriogonum pusillum 12 1 90 1 (100) 1 (100) 1 (100) 0 (0)
Bromus madritensis® 9 2 53 2 (100) 0 (0) 0 (0) 0 (0)
Prenanthella exigua 8 1 X 0 (0) 0 (0) 1 (100) 0 (0)
Calycoseris parryi 7 2 63 2 (100) 1 (50) 0 (0) 0 (0)
Chorizanthe brevicornu 2 1 5 1 (100) 0 (0) 1 (100) 0 (0)
Lomatium mohavense" 2 1 X 1 (100) 0 (0) 0 (0) 0 (0)
Chaenactis carphoclinia 1 1 5 1 (100) 0 (0) 0 (0) 0 (0)
Total count (average %) 11,933 723 (46) (60) (63) (59) 9)

See Methods for calculations of parts of plants eaten (% consumed). ' Herbaceous perennials. > Non-native species. Data on bite count and plant numbers consumed are from Jennings and Berry
(2015, Table 6) except for values with an asterisk, which are the correct numbers. Parts of plants eaten (% consumed), see Methods for calculations. X = data not estimated.
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tortoises appeared to focus more on eating the vegetative parts of
plants; on average they consumed leaves and stems 73% and 76% of
the time, respectively (Table 3). The frequency of eating flowers
(43%) was reduced, and consumption of fruits (32%)
increased (Table 3).

In late spring, tortoise foraging tactics differed from the other
time periods. On average, they consumed a smaller percentage of
each forage plant (31%) compared to earlier periods. For the
preferred forage species, Chamaesyce albomarginata, tortoises
tended to eat ~30% of each plant (Table 4). They ate a larger
fraction of the green and succulent E. cicutarium (20%) compared
with early and middle spring periods (7% and 5%, respectively). The
leaves, stems, and fruits of succulent E. cicutarium were consumed
in a largely equal manner compared to early spring (Table 4). The
tortoises also were less selective about parts to eat on succulent E.
boothii; they ate flowers more frequently than leaves and stems
(Table 4). Another change in foraging habits was the substantial
inclusion of dried annual plants—annuals that had flowered earlier
in the year but had flowered and dried a year earlier (Table 4). The
tortoises appeared to eat many dried plants comparable to when the
plants were succulent (Table 4).

10.3389/famrs.2023.1283255

5 Discussion

5.1 Frequency of superblooms in a
warming climate

The proportions of high winter rains that produce superblooms
varied in the last 60 years in the vicinity of the study site from
approximately one every 10 years between 1961 and 1990, to a
cluster of five in eight years between 1991 and 1998. Since 1999, the
return frequency of superblooms averaged less than five years
during the megadrought. The increase in extreme precipitation
events was predicted to occur with increases in global temperatures
as part of anthropogenic climate warming (Williams et al., 2020;
Cook et al,, 2022; Williams et al., 2022). The superblooms during
the megadrought years and beyond may not carry the same high
productivity of annual blooms or length of the spring blooming
season, because of decreases in soil moisture and increasing heat
waves (Williams et al., 2020; Cook et al., 2021; Cook et al., 2022;
Dannenberg et al., 2022; Thompson et al., 2022; Williams et al.,
2022). Annual and herbaceous perennial plants may dry up earlier,
limiting the foraging time for tortoises.

TABLE 3 Characteristics of winter annual and herbaceous perennial species of plants and plant parts consumed by adult desert tortoises (Gopherus agassizii)
during middle spring (the second phenological period: May) at the Desert Tortoise Research Natural Area, western Mojave Desert, California, USA, in 1992.

Plant species eaten Number of % Parts of plants eaten (% consumed)
of plant
bites plants eaten flowers leaves stems fruits
taken eaten

Acmispon brachycarpus 10,312 999 58 157 (16) 989 (99) 989 (99) 989 (99)
Prenanthella exigua 1,969 133 81 121 (91) 8 (6) 112 (84) 63 (47)
Astragalus layneae' 1,191 38* 21 0 (0) 38 (100) 38 (100) 0 (0)
Chorizanthe brevicornu 541 32 31 31 (97) 31 (97) 31 (97) 3(9)
Cryptantha circumcissa 420 30 43 30 (100) 30 (100) 30 (100) 0 (0)
Erodium cicutarium® 391 63 5 1(2) 4 (6) 3 (5) 63 (100)
Plantago ovata 352 56 66 53 (95) 12) 18 (32) 3(5)
Eremothera boothii 287 27 32 3(11) 27 (100) 18 (67) 0(0)
Chamaesyce albomurginaml 200 4 80 4 (100) 4 (100) 4 (100) 0 (0)
Amsinckia tessellata 194 16 15 12 (75) 16 (100) 1(6) 1(6)
Astragalus didymocarpus 114 5 83 5 (100) 5 (100) 5 (100) 0 (0)
Mirabilis laevis' 99 7 2 0 (0) 7 (100) 5(71) 1(14)
Mentzelia spp. 18 1 50 0 (0) 1 (100) 1 (100) 1 (100)
Pectocarya spp. 13 3 50 0 (0) 1(33) 1(33) 2 (67)
Caulanthus inflatus 8 1 5 0 (0) 0 (0) 1 (100) 0 (0)
Astragalus acutirostris 5 1 80 0 (0) 1 (100) 1 (100) 1 (100)
Eriastrum eremicum 5 2% 1 1 (50) 2 (100) 2 (100) 0 (0)
Total count (average %) 16,119 1,418 (41) (43) (73) (76) (32)

See Methods for calculations of parts of plants eaten (% consumed). ' Herbaceous perennials. > Non-native species. Data on bite count and plant numbers consumed are from Jennings and Berry

(2015, Table 8) except for values with an asterisk, which are the correct numbers. % plant part eaten = average % of above-ground consumed for each species.
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TABLE 4 Characteristics of winter annual and herbaceous perennial species of plants and plant parts consumed by adult desert tortoises (Gopherus agassizii)
during late spring (the third phenological period: June) at the Desert Tortoise Research Natural Area, western Mojave Desert, California, USA, in 1992.

Number of %
of plant

Plant species eaten Parts of plants eaten (% consumed)

eaten flowers

leaves

stems

fruits

taken
Chamaesyce albomarginam' 3,601 98* 29 98 (100) 98 (100) 98 (100) 1(1)
Erodium cicutarium® 491* 66* 20 24 (36) 56 (85) 55 (83) 59 (89)
Eriastrum eremicum® 376 36 31 0 (0) 27 (75) 32 (89) 30 (83)
Eremothera boothii 366 35 31 29 (83) 24 (69) 25 (71) 18 (51)
Chorizanthe brevicornu 257 8 33 8 (100) 8 (100) 8 (100) 8 (100)
Erodium cicutarium™* 218* 35 28 0 (0) 35 (100) 35 (100) 0(0)
Schismus barbatus™ 194 26 65 0(0) 26 (100) 26 (100) 26 (100)
Eriastrum eremicum® 116* 16 39 0 (0) 16 (100) 16 (100) 0 (0)
Amsinckia tessellata® 106 8 35 0 (0) 0 (0) 8 (100) 0 (0)
Stylocline psilocarphoides® 99 12 86 0 (0) 12 (100) 12 (100) 12 (100)
Chorizanthe brevicornu® 88 11 33 0 (0) 11 (100) 11 (100) 11 (100)
Mirabilis laevis' 83 2 5 0 (0) 2 (100) 2 (100) 0 (0)
Cryptantha circumcissa® 34 5 54 0 (0) 5 (100) 5 (100) 5 (100)
Chorizanthe brevicorni® 31 4 51 0 (0) 4 (100) 4 (100) 3 (75)
Phacelia tanacetifolia® 28 1 15 0(0) 0 (0) 0(0) 1 (100)
Eriastrum eremicum 26 6* 22 6 (100) 4 (67) 6 (100) 3 (50)
Oxytheca perj‘oliata3 25 3 7 0 (0) 3 (100) 3 (100) 3 (100)
Amsinckia tessellata® 10 4 5 0 (0) 0 (0) 1(25) 4 (100)
Astragalus luyneael 7 1 15 0 (0) 1 (100) 1 (100) 0 (0)
Eremothera boothii® 6 3 3 0 (0) 1(33) 3 (100) 3 (100)
Linanthus parryae* 4 1 50 0 (0) 1 (100) 1 (100) 0 (0)
Ambrosia salsola 4 1 X 1 (100) 0 (0) 0 (0) 0 (0)
Total count (average %) 6,170 382 (31) (24) (74) (85) (57)

See Methods for calculations of parts of plants eaten (% consumed). ' Herbaceous perennial species. > Non-native species. > Dried annual plant from spring. * Dried annual plant from previous
year. Data on bite count and plant numbers consumed are from Jennings and Berry (2015, Table 10) except for values with an asterisk, which are the correct numbers. Ambrosia salsola is a

perennial shrub.

Superblooms and years of average and above rainfall are times
for tortoises of all sizes to consume succulent green plants, develop
fat bodies, fill bladders with dilute fluid, and grow (Henen et al,
1998; Berry et al.,, 2023). This is especially important for hatchling,
juvenile, and immature tortoises, e.g., Berry et al. (2023). Although
our findings pertain to a single site during a superbloom, we note
that the preferred forage plants observed during a superbloom at the
DTRNA were also present and consumed by tortoises at a site in the
Soda Mountains in the central Mojave Desert in other years where
tortoises fed on Acmispon brachycarpus and Prenanthella exigua in
a year of above average rainfall (Berry et al., 2006; KHB, personal
observations). The same forage plant species also occurred during
years of average and above average rainfall, but not at the high levels
of abundance (data not shown). Depending on the timing of winter
precipitation, not all species bloom in such years, even during
superblooms. Notably, in a multi-year study of juvenile, immature,
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and young adult tortoises at a site south of the DTRNA, immature

and young adult tortoises grew during a dry year (winter rain,
54.01 mm, water year 71.07 mm) (Table 1 in Berry et al,, 2023).
Dry or drought years associated with decadal changes in

precipitation between 1961 and 2023 at the study site and elsewhere

deserve consideration too, because tortoises cannot live for long periods
without free water and food (Henen et al,, 1998). Increased mortality
from dehydration and starvation occurred when one dry year followed

another in wild populations, with small, young tortoises especially
vulnerable (Peterson, 1996; Berry et al., 2002; Longshore et al., 2003).
From 1961 to 1990, droughts occurred in 12 out of 30 years, whereas
during 1991-1998, only one drought occurred in eight years (Table 1).
From the start of the megadrought through winter rains in 2022-2023,
dry years occurred in seven out of 22 years, an increase of 25% from the
1961 to 1990 period. Except during 1991-1998, two years of drought
occasionally occurred sequentially.
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Summer and winter rains are important to tortoises for
drinking free water throughout the Mojave Desert (Henen et al,
1998). Prior to this study, from 1961-1990, summer rains averaged
18% of annual rainfall, whereas during the megadrought, summer
rains had declined to 8% of annual rain (Table 1). The western
Mojave Desert rarely receives the extreme rainfall events typical of
monsoons experienced in the eastern and northeastern Mojave
Desert (e.g., Bhattacharya et al., 2023), although greater portions of
annual rainfall occur in summer in these regions of the Mojave
Desert than in the western Mojave Desert (Rowlands, 1995).

5.2 Regional and local differences in annual
and herbaceous perennial plant species

Species of available annual and herbaceous perennial native and
non-native plants may differ depending on desert region,
precipitation patterns, surficial geology, topography, elevation, and
history of anthropogenic uses (e.g., Burge and Bradley, 1976; Avery
and Neibergs, 1997; Drake et al, 2015). For example, Burge and
Bradley (1976) described bite counts and frequency of use of plant
species eaten by tortoises at a site where homes were under
construction in the northeastern Mojave Desert of Nevada.
Nineteen species of annuals, 13 species of shrubs, herbaceous
perennials, and cacti occurred onsite; of these, tortoises ate parts of
three species of herbaceous perennials, four species of cacti, and 10
species of forbs and grasses during spring and summer. Of the 100
bites observed, 73% were on Sphaeralcea ambigua, Plantago insularis,
and the native annual grass, Festuca octoflora. Drake et al. (2015) also
reported use of S. ambigua by tortoises in a burned area in Nevada. At
a site in Ivanpah Valley, California, also in the northeastern Mojave
Desert, observers reported dietary overlap between tortoises and
cattle (Avery and Neibergs, 1997). The site had been continually
grazed between the 1870s and mid-1990s. Seven major forage species
and 12 minor species were noted as part of the tortoise diet, but no
bite counts were reported (Avery and Neibergs, 1997). Of the 19
species, two were common non-natives. In the studies by Burge and
Bradley (1976) and Avery and Neibergs (1997), some species eaten by
the tortoises were on the plant lists described in Tables 2-4, some
were new, and some were summer annuals.

5.3 Composition and productivity of plants
during superblooms and other years

During the superbloom of 1992, annual and herbaceous
perennial plants began to grow in the weeks following the arrival
of substantial late winter precipitation. Overall species richness and
biomass of these ephemeral plants peaked in April before the plants
gradually dried out and became senescent during middle to late
spring periods (Jennings, 2001; SI-1). Native annuals formed most
of the annual biomass, especially throughout the early spring period
(SI-1). Non-native grasses in the genera Bromus spp. and Schismus
spp. and forbs can be successful competitors of native annual plants
in the Mojave Desert (Brooks, 2000). The effects of competition can
vary by year and level of precipitation. Because the non-native
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grasses and forb (Erodium cicutarium) are so successful, they have
negative effects on biomass of native forbs eaten by tortoises
(Jennings and Berry, 2015). Results differ by year (Jennings and
Berry, 2015).

Estimates of native and non-native annual biomass varied
between wet years, between wet and dry years, and between
protected and unprotected sites, following the variations in
patterns of precipitation and levels of disturbance (SI-1). During
dry years (1989, 1994, 1999, 2012), non-native annual species
dominated the annual plant biomass (91-100%) at unprotected
sites in the western, southern, and central Mojave Desert but were
lower in protected habitats (SI-1). In contrast, non-native annual
plant biomass tended to be lower during wet years (1993, 1995,
1997); estimates were 56-69% on protected sites and 30-86% on
unprotected sites (SI-1).

Nonetheless, because production of richness and biomass of
winter-annual species depends on the amounts of fall-winter
precipitation, the predicted swings between extreme dry and wet
years as the climate warms are likely to present tortoises with
varying nutritional challenges (Rowlands et al., 1982; Rowlands,
1995; Brooks and Berry, 2006; Williams et al., 2020; Cook et al.,
2021; Cook et al,, 2022). During years with high, above average
precipitation, a high diversity of native annual species is likely to
bloom and thus be available as potential forage for tortoises (SI-1).
In contrast, in extremely dry years—such as occurred in 1989 and
2012—most annuals did not germinate, leaving tortoises with little
or no available food—or only with poor quality non-native annual
grasses (Hazard et al., 2009; Hazard et al., 20105 SI-1).

Climate warming may alter the flowering phenologies of
preferred tortoise forage species comparable to observations for
other plant species (e.g., Anderson et al, 2012). Changes in
availability of food plants may have severe consequences for
tortoises in the Mojave Desert and elsewhere because tortoises
track the flowering phenologies of preferred species during a
superbloom and probably in other years with differing
precipitation levels (Jennings, 2002; Jennings and Berry, 2015).

Another determinant of annual plant production is the level of
anthropogenic disturbance to the land (e.g., livestock grazing and
off-highway vehicle use). Inside protected areas such as the
DTRNA, the biomass of native annuals tended to be higher than
non-protected sites in both dry and wet years (Brooks, 2000; Brooks
and Berry, 2006; Berry et al, 2020). Thus, production of native
annual plants is likely to be limited on disturbed lands during
drought years (e.g., Brooks and Berry, 2006).

5.4 Other factors potentially affecting
forage preferences

The presence of contaminants and toxicants in some food
plants may affect nutritional qualities and taste. Chaffee and Berry
(2006) analyzed samples of soils and ephemeral stream bed
sediments, and plants known or thought to be eaten by tortoises
in six desert regions for potential contaminants or toxicity. Elevated
levels of some elements were identified locally in some plant species,
and sources were associated with contamination from mines, mine

frontiersin.org


https://doi.org/10.3389/famrs.2023.1283255
https://www.frontiersin.org/journals/amphibian-and-reptile-science
https://www.frontiersin.org

Jennings and Berry

wastes, roads, railroads, and other disturbances (Chaffee and Berry,
2006). For example, elevated concentrations of arsenic, potentially
toxic to tortoises, were identified in regions (and plants) associated
with two mining districts (Chaffee and Berry, 2006). Elevated levels
of arsenic were evident in an ill, necropsied tortoise from a mining
district (Homer et al., 1998; Homer et al., 2001; Selzer and Berry,
2005). Dust from human disturbances settling on plants may
contribute to uptake of such toxicants, or by contact with or
breathing contaminated soils (Chaffee and Berry, 2006).

5.5 Forage routes and
preferred microhabitats

The foraging routes taken by adult tortoises offer valuable
information for ongoing and future recovery actions, e.g., projects
for restoration of degraded and burned habitats and microhabitats
that could benefit from protection from human disturbance.
Tortoises more frequently used habitat strata in hills and
ephemeral stream channels than on alluvial fans; microhabitats
selected for foraging were the intershrub spaces and ephemeral
stream channels. These microhabitats were open spaces in the
environment and where most bites were taken. Importantly, the
ephemeral stream channels were small, not the often wide, axial
valley stream channels or washes with large shrubs and trees, but
the third, fourth, or higher-level ephemeral stream channels
upslope and draining into secondary channels to the axial valley
ephemeral stream channel.

Vegetation in general and microhabitats favored by tortoises are
vulnerable to disturbance from anthropogenic uses: livestock
grazing, vehicle use, whether by recreationists or other users, and
other sources. Livestock grazing occurred in desert tortoise habitats
from the 1860s and continues in some critical habitat units (e.g.,
U.S. Bureau of Land Management, 1980; Muhn and Stuart, 1988;
U.S. Fish and Wildlife Service [USFWS], 1994; U.S. Bureau of Land
Management, 2019). Livestock grazing contributed to alteration of
composition of perennial and annual plants and invasion of non-
native species in some designated critical habitat units for desert
tortoises (e.g., Webb and Stielstra, 1979; Fleischner, 1994; Brooks
and Berry, 2006; Brooks et al., 2006; Berry and Murphy, 2019).
Livestock walk in ephemeral stream channels and intershrub spaces
to feed, feed on annual plants and within shrubs, and seek shade
within shrubs or under trees. Recreational vehicle use increased in
intensity in the 1970s, with continuing expansion (e.g., U.S. Bureau
of Land Management, 2019). This use remains a major factor in
deterioration and fragmentation of tortoise habitats within the
geographic range (e.g., U.S. Bureau of Land Management, 1973;
U.S. Bureau of Land Management, 1980; Webb and Wilshire, 1983;
U.S. Fish and Wildlife Service [USFWS], 1990; Brooks and Lair,
2009; U.S. Bureau of Land Management, 2019). Both authorized
and unauthorized travel continues to occur in ephemeral stream
channels and cross-country in intershrub spaces, and results in
damaging shrubs (Berry et al., 2014; Berry et al., 2020).

Frontiers in Amphibian and Reptile Science

10

10.3389/famrs.2023.1283255

6 Conclusions

In the American West where tortoises occur, climate warming
and droughts are expected to bring greater aridity, prolonged and
severe dry spells (Overpeck and Udall, 2020), more extreme heat
waves (Dannenberg et al., 2022), and reductions in soil moisture
(Cook et al, 2021; Cook et al., 2022). The frequency of superblooms
and production of annual herbaceous perennial plants described
here are likely to change as the century progresses. Superblooms
were previously important to desert tortoises because they provided
an abundance of succulent, green annual forbs, and herbaceous
perennial plants, some of which are low in potassium and edible to
tortoises. Years with superblooms were important in providing
tortoises with sufficient resources to recover from droughts and
other years of low rainfall, to develop fat stores, and to grow. New
data on parts of plants utilized by tortoises provide a greater
understanding of how tortoises forage. Similarly, the movements
and travels focused on foraging added clarity to the value of
different parts of the habitat and specific microhabitats essential
for feeding. Maintenance and protection of these microhabitats
from anthropogenic disturbances can contribute to recovery efforts
for the species.
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