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ABSTRACT

The invasive grass cheatgrass (Bromus tectorum L.) presents major challenges for land management and habitat
conservation in the western United States. Feral horses (Equus ferus caballus) have become overabundant in some
areas of the West and can impact fragile semiarid ecosystems. Amid ongoing efforts to control cheatgrass in the
Great Basin, we conducted a study to determine if feral horses contribute to the spread of cheatgrass through dis-
tribution via their feces. We collected feral horse fecal samples from Little Book Cliffs Herd Management Area in
western Colorado in 2014. Fecal samples were dried, and 20 from each of 3 collection sessions were cultivated to
examine germination success. Six species germinated from 18 samples (30%; mostly one plant per sample where
germination occurred), including cheatgrass from 8% of samples. In a separate study we examined the diet of this
same horse population using fecal plant DNA barcoding. Plant species that germinated were rare in the diet and
germinated from fewer samples than expected relative to their detection in the diet. Our results suggest that feral
horses could be contributing to cheatgrass propagation. Native ungulates and domestic cattle also have this po-
tential. Although management of all large ungulates is necessary to mitigate cheatgrass spread, control of feral
horse numbers is particularly necessary.

Published by Elsevier Inc. on behalf of The Society for Range Management. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The National Research Council recommended evaluating the poten-
tial contribution of feral horses (Equus ferus caballus) to the spread of
cheatgrass (Bromus tectorum L.; NRC, 2013), as this plant has signifi-
cantly modified grazing lands in the western United States (Anderson
and Inouye, 2001). The Bureau of Land Management (BLM) in the US
Department of Interior administers 247.3 million acres (100.1 million
ha) of public land, including management of the feral horses that inhabit
31.7 million acres (12.8 million ha) of those lands in 177 herd manage-
ment areas (HMAs) distributed among 10 western states. Understand-
ing the ecosystem effects of feral horses is important for wildlife
conservation and habitat management as ungulates are a potential vec-
tor for dispersal of invasive species (Bartuszevige and Endress, 2008)
and because HMAs overlap with priority wildlife habitat management
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areas (e.g., for greater sage-grouse) and public lands affected by cheat-
grass invasion.

Cheatgrass was introduced to North America more than 100 yr ago
(Stewart and Hull, 1949; Mack, 1981) and in recent decades has been
recognized as a critical threat to ecosystem and habitat management
across the western United States (Mack, 1981; Mealor et al., 2013;
Chambers et al., 2014a; Coates et al., 2016). The magnitude of the prob-
lem is highlighted by widespread distribution across sagebrush ecosys-
tems, including vast areas of the Great Basin (Trowbridge et al., 2013;
Schmelzer et al., 2014; Boyte et al. 2016) and Wyoming Basin (Mealor
et al., 2013; Manier et al,, 2014), with potential for additional expansion
in the future (e.g., Bradley, 2009; Friggens et al., 2012). The spread of in-
vasive species such as cheatgrass is driven by a combination of factors,
including facilitation by human activities and land uses, and interactions
with natural processes such as climate and fire (Stewart and Hull, 1949;
Mack, 1981; Bradford et al. 2006; Mealor et al., 2013; Svejcar et al.
2017). Propagule pressure, a seed source in the case of cheatgrass and
other annuals, and condition of the ecosystem and its ability to resist in-
vasion are two critical biological factors affecting invasions (Davies and
Johnson 2011), both of which may be affected by feral horses.

The spread and proliferation of cheatgrass is affected by several en-
vironmental factors. It is well suited to both shrub and grassland habi-
tats ranging from 500 to 6 000 f. above sea level (150 —1 800 m;
Skinner et al., 2008) and areas with mean annual precipitation from 6
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to 22 in (15—55 cm); thus it is adaptable to a wide range of semiarid
and mesic habitat types. Cheatgrass is a winter annual, germinating
late in the growing season and producing roots and a leaf rosette that
persist through the winter. In spring it initiates growth rapidly with
warming temperatures and produces seeds in 5—6 wk (Stewart and
Hull, 1949). However, recent research has confirmed plastic phenology
of some populations whereby plants in xeric environments complete
flowering a week before mesic populations initiate flowering (Dyer et
al 2012). Cheatgrass also has a strong positive response to fire and is
highly flammable, leading to short-fire return intervals that reduce the
vigor of perennial grasses, remove shrubs, and result in increasing dom-
inance of cheatgrass over time (Stewart and Hull, 1949; Balch et al.,
2013; Mealor et al., 2013; Chambers et al., 2014b). Although cheatgrass
may be grazed by livestock and wildlife while green, this represents a
short portion of the year; thus, the optimal forage period is quite narrow
temporally (Stewart and Hull, 1949; Mealor et al., 2013).

Ungulates are a potential vector for dispersal of invasive species
(Bartuszevige and Endress, 2008), as they can disperse plant species
by consuming them in one area and depositing them in another via
feces, as well as by transferring seeds in their pelage (Albert et al.,
2015). Horses, cattle (Bos taurus), and cervids can all excrete viable
seeds in their feces (Cosyns et al., 2005; Bartuszevige and Endress,
2008). The effect of endozoochory (consumption of seeds) varies
among plant species, depending on whether seeds can survive mastica-
tion, ingestion, and digestion and whether they are consumed at all
(Malo and Suérez, 1996). In one study 5 — 22% of seeds fed to a horse
were recovered from the feces, and of these 2 — 64% subsequently ger-
minated (Harmon and Keim, 1934). Another study reported germina-
tion from 13% to 90% of seeds fed to horses (St John-Sweeting and
Morris, 1990) and found smaller and harder seeds had higher survival
after passing through the digestive tract.

On western public lands mule deer (Odocoileus hemionus) and elk
(Cervus elaphus) tend to be nomadic or migratory across the landscape,
and cattle are moved on and off the range seasonally. Yet feral horses are
present in the same HMA year-round, imparting a different impact than
other ungulates. Depending on the digestibility of forage and species of
plant, it takes 18 —48 hr for consumed seeds to be excreted by horses
(Van Dyk and Neser, 2000). The highest transmission rate is 2—3 d
after ingestion, and some seeds were excreted up to 10 d after con-
sumption (St John-Sweeting and Morris, 1990). In 2 d a feral horse
can travel many miles from where it consumed vegetation, having the
potential to disseminate seeds across the landscape.

In studies examining semiferal horses in Europe, fecal seed content
correlated positively with plant species abundance in the field and in
the diet, with 21 —27% of plant species found in the area germinating
from horse fecal samples (Cosyns et al., 2005; Cosyns and Hoffmann,
2005). To understand what is likely to germinate from feces, it is impor-
tant to know what an animal has consumed. Plant DNA barcoding is an
emerging alternative to microhistology for diet analyses (Valentini et al.,
2009). A previous study by King and Schoenecker (2019) indicated that
plant DNA barcoding might be more accurate than microhistology at
representing diet in horse feces. Building on these analyses, we con-
ducted a germination study to determine viability of seeds in horse
fecal samples and evaluate potential contribution of feral horses to the
spread of invasive species, particularly cheatgrass. Specifically, we de-
termined which plant species survived ingestion and germinated from
horse fecal samples, as well as how the proportion of these species re-
lated to the diet of horses from the same study area.

Methods
Study Area
We collected feral horse fecal samples in the Little Book Cliffs Herd

Management Area (HMA), near Grand Junction, Colorado (UTM 12
722588, 4342571) in spring (May), summer (August), and fall

(October) of 2014. The area is semiarid with a mean precipitation of
2.3 cm (£ 2.16 standard deviation [SD]) and a mean temperature of
9.6°C (4+8.5°C SD) over the previous 10 yr (RAWSWestern Regional
Climate Center, n.d). Precipitation averaged 4.4 cm/mo during the
study period, mostly in August and September (King et al., 2018; King
and Schoenecker, 2019). The landscape consists of mesa tops dissected
by deep canyons, with water sources located throughout the upland
area in tanks provided for the horses.

There are four primary plant communities within the HMA; cheat-
grass (B. tectorum) is found in all four types:

1. Pifion-juniper woodland: characterized by pifion pine (Pinus edulis
Engelm.) and juniper (Juniperus osteosperma [Torr.] Little, and J.
monosperma [Englem. Sarg.]) with varying amounts of herbaceous
and shrub forage in the understory (West, 1988);

2. Mixed mountain shrub: a variable mixture of shrub species including
Gambel oak (Quercus gambelii Nutt.), mountain mahogany
(Cercocarpus montanus Raf.), snowberry (Symphoricarpos spp.
Duham.), sumac (Rhus trilobata Nutt.), and big sagebrush (Artemisia
tridentata Nutt.) with abundant grasses and a diversity of other her-
baceous species (West, 1988, Landfire, 2016, p. 162);

3. Salt-desert shrub: shadscale and fourwing saltbush (Atriplex
confertifolia [Torr. & Frem.] S. Watson and A. canescens [Pursh]
Nutt., respectively), greasewood (Sarcobatus vermiculatus [Hook.]
Torr.), and winterfat (Krascheninnikovia lanata [Pursh] A. Meeuse &
Smit) predominate with sparse cover of grasses and forbs that toler-
ate salinity and alkalinity (West, 1988);

4. Sagebrush-grassland: typically characterized by Wyoming big sage-
brush (A. tridentata ssp. wyomingensis Beetle & Young), but also
basin big sage (A. tridentata ssp. tridentata), black sagebrush (A.
nova A. Nelson), and rubber rabbitbrush (Ericameria nauseosa [Pall.
ex Pursh] G.L. Nesom & Baird), codominant with grasses and a di-
verse mixture of other herbaceous species (West, 1988; Landfire,
2016).

Experimental Design and Data Collection

We subjectively divided the HMA into sampling areas using ArcGIS
(version 10.30.1, ESRI) where each area could be sampled by ground ob-
servers in 1 d. Each area included sagebrush-grassland, woodland, and
at least one type of shrub community and avoided areas inaccessible
to horses or ground observers on foot. We developed a random sam-
pling scheme of sampling areas to collect fecal samples for this and
other studies from across the entire HMA. The order and choice of sam-
pling areas to visit were randomized on each sampling occasion (May,
August, and October), but coverage of the HMA remained consistent.
To collect fecal samples we walked across a sampling area in a group
of 3 — 6 people in parallel lines roughly 10 — 20 m apart, with each per-
son covering a 3- to 4-m-wide belt transect, conducting as many sweeps
as needed to cover the area. We collected samples from fecal piles that
were visually assessed to be 0 —~6 mo old (most were estimated to
be ~2 —3 mo old; King et al., 2018; King and Schoenecker, 2019). Sam-
ples were collected in a paper bag: two whole boli from the middle of a
pile were placed in the same bag, using nitrile gloves or sterile tongue
depressors to manipulate the fecal bolus. Paper bags containing samples
were placed in large cotton bags to air dry under shelter during each
sampling session. Subsequently, paper bags were placed in a drying
oven at 40°C for 3 d and stored. The same methods were followed on
each field sampling visit, resulting in collection of > 1 800 samples
from across the HMA.

Germination Experimental Design
We used 60 samples (20 from each collection period) for the germi-

nation study. We randomly selected samples for inclusion but excluded
samples that were moldy, part of a stud pile (a large dung pile marked
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by multiple stallions), or small, indicating they were probably deposited
by a foal. We also excluded samples that had touched the ground in the
field as these may have picked up seeds that were not consumed. The
dried fecal samples were gently broken up by hand and planted one
sample to a row in plastic trays of sterile composting soil. Each sample
row was marked with a colored stake to identify it by sample name.
Each tray also contained a control row (n = 20) consisting of sterile
composting soil with no feces added. These seed trays were maintained
in a greenhouse at Colorado State University (CSU) under ambient light
and temperature conditions and watered daily. We conducted the ger-
mination experiment from 26 March, 2015 to 31 July, 2015, at which
time there was no further evidence of germination. Plant species were
identified by a CSU botanist (]J. Hardin) from their leaves or seeds. We
recorded the number of shoots (individual plants) and dry weight of
aboveground plant material as a measure of biomass.

Proportion of Diet

To compare plant species in the diet to the proportion of germinated
species, we sent 90 subsamples from the overall dataset (30 from each
season) rehydrated in vials of alcohol to Jonah Ventures laboratory
(https://jonahventures.com) for plant DNA barcoding analyses in
order to examine horse diet. These were analyzed at the laboratory as
described by King and Schoenecker, 2019). One sample did not produce
enough amplifiable DNA, leaving 89 samples in the analyses. Results
were presented as proportion of each sample made up by an operational
taxonomic unit (OTU). Multiple OTUs of the same genus were combined
for analyses. We summed the percentage of each genus OTU across all
samples. Overall percentage component of the diet was formed from
the sum across all samples as a percentage of the total.

Statistical Analyses

We explored which plant species germinated from fecal samples and
described this qualitatively. We tested whether there was a difference in
dry weight of germinated plants across sampling seasons with a Kruskal-
Wallis test in the statistical software R (R Core Team, 2017). We used a
nonparametric test due to lack of normality in our small sample size.
We evaluated differences in detection of species that germinated and spe-
cies in horse diets derived from plant DNA barcoding with a chi-squared
test in Microsoft Excel using plant DNA data as an expected value.

Results
Germination of Fecal Samples

No plants germinated from controls. Of the 60 fecal samples that
were cultivated in the greenhouse, 18 samples (30%) had plants germi-
nate and survive. Fifty-five individuals representing six species germi-
nated: desert madwort (Alyssum desertorum Stapf.), hedgemustard/
tumblemustard (Sisymbrium spp.), spike dropseed (Sporobolus
cryptandrus [Torr.] A. Gray), cheatgrass (B. tectorum), bluegrass (Poa
spp.), and sixweeks fescue (Vulpia octoflora [Walter] Rydb.; formerly
Festuca octoflora Walter). Alyssum desertorum, Sisymbrium spp., and B.
tectorum are non-native, invasive species (native status of Poa spp. de-
pends on the species). When germination occurred, there was only
one species per sample, except for one instance in which two species
germinated from the same sample (A. desertorum and Poa spp.). Fewer
species germinated from fecal piles deposited in spring (two species)
compared with summer (five species) and fall (four species). The
greatest dry weight biomass was from summer fecal piles: most dry
weight consisted of A. desertorum (46.5 g), followed by B. tectorum
(17.9 g; Kruskal-Wallis K = 7.1928, df = 2, P = 0.02742; Fig. 1). B.
tectorum made up 22% of the total dry weight and germinated from 5
(8%) of the 60 fecal samples, all collected during summer or fall (see
Figs. 1 and 2).
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Figure 1. Mean dry weight (£ 95% confidence intervals) of plant species that germinated
from feral horse fecal samples collected from Little Book Cliffs Wild Horse Herd
Management Area, Colorado in three different seasons in 2014.

Comparison with Diet Analyses

Results of plant DNA barcoding indicated 42 genera or plant groups
made up > 20% of horse diet when summed across all samples (King and
Schoenecker, 2019). Although forbs made up 19.24% of the diet, the forb
species that germinated from the fecal samples were detected only in
trace amounts (Alyssum spp. not detected Sisymbrium spp. = 0.01% of
diet). Graminoids made up 68.76% of the diet, of which Poa spp. made
up 14.81%. Bromus spp. accounted for 8.86% of the diet, although only
1.80% of that was B. tectorum. Sporobolus spp. made up a trace amount
of the diet (0.05%). Vulpia spp. were not detected by plant DNA
barcoding, although fescues (Festuca spp.) made up 0.10% of the diet;
because Vulpia spp. were formerly recognized as Festuca spp. (USDA
Plants, 2018), these data are presented together here. The grass species
that germinated corresponded to grass genera that were evident in al-
most all samples, whereas the forbs that germinated were rare in diet
analyses (see Fig. 2). All species germinated less than would be expected
from their presence in fecal samples, except for A. desertorum (X2 =
2703967, df = 4, P = < 0.0001; see Fig. 2).

Discussion

We had low germination rates from our fecal samples, compared
with studies on domestic and feral horses in more mesic habitats
(Cosyns et al., 2005; Cosyns and Hoffmann, 2005; Quinn et al., 2008)
and compared with the detection of these species in horse diets from
the same area (King and Schoenecker, 2019). Only 6 species germinated
from horse feces in our study, whereas in a European study 21 —27% of
plant species present germinated and 8 — 27 species germinated from
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Figure 2. Difference in detection of plant species that germinated from feral horse fecal
samples collected in Little Book Cliffs Wild Horse Herd Management Area, Colorado in
samples collected for the germination experiment (60 samples) and those collected for
plant DNA barcoding analyses (90 samples).
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samples collected in California and Colorado (Cosyns et al., 2005; Cosyns
and Hoffmann, 2005; Wells and Lauenroth, 2007; Quinn et al., 2008).
This may be attributed to seeds being compromised when we dried
our samples but may also be the result of low productivity (low number
of seeds) or low gut-survival rate of forage species seeds from this semi-
arid area. The latter two possibilities are more likely as fecal samples
were dried at approximately the maximum environmental temperature
in the study area. The greatest germination rate was from samples col-
lected later in the year, which correlates with availability of viable
seeds in this ecosystem.

The low proportion of the diet made up by the species that germi-
nated was unexpected, although the grasses were almost ubiquitous
in diet samples. Plant DNA barcoding detects plant species by amplify-
ing chloroplast trnL (Valentini et al., 2009). The relative abundance of
chloroplasts is a representation of the relative protein content of that
plant, rather than the biomass. Lack of, or low, detection in the diet
could be due to low relative abundance of chloroplasts from these spe-
cies or be indicative of low protein content. We expected to see a similar
proportion of species consumed to those that germinated; other studies
have found the proportion of germinating seeds correlates with local
abundance (Couvreur et al., 2005). Unfortunately, we did not have
data on plant species abundance in the study area.

Importantly, the diet analyses showed that horses consume cheat-
grass (King and Schoenecker, 2019) and the germination experiment
showed that horses can distribute viable seeds in their feces. Although
germination may be reduced by digestion (Blackshaw and Rode
1991), our work shows that desert alyssum, hedgemustard, and cheat-
grass seeds can remain viable after passing through the digestive tract
of a horse. The principal dispersal mechanism of cheatgrass is physical
attachment to the pelage of animals via small stiff hairs on the glumes
and the awn attached to each lemma (Stewart and Hull, 1949; Mealor
et al., 2013). Thus, although it may not be a primary mechanism of dis-
persal, the potential for long distance movement and introduction of
cheatgrass into new habitats is additionally created by transport within
the digestive system of horses. The potential for cheatgrass spread from
horse feces could be across a substantial area. For example, maximum
distances traveled by feral horses in Australia were 5-17.5 miles per
day (Hampson et al. 2010). This maximum equates to the distance
from one side to the other of an average western HMA. Plant DNA
barcoding analyses indicated that cheatgrass made up only 1.8% of
horse diet but was found in horse diets across all three seasons we sam-
pled. It germinated in 8% of fecal samples, all of which were collected in
August and October, but even this small amount may be sufficient to
have an effect on invasive plant distributions when multiplied by
many horses over a period of years. While these results have important
ramifications for management, it should be noted that horses are not
the only grazers on the landscape that may consume and spread inva-
sive plant species (Bartuszevige and Endress, 2008). Further research
would be worthwhile to examine the contribution of domestic live-
stock, wildlife species, and feral horses to dispersal of cheatgrass and
other invasive plants in arid and semiarid landscapes, especially those
that include important rangeland habitats and conservation areas.

Implications

Across the Great Basin, detrimental effects of cheatgrass through
shortened intervals between fires and conversion of native grass and
sagebrush habitats to cheatgrass dominance create considerable man-
agement challenges (Knapp, 1996; Cox and Anderson, 2009). Feral
horse herds roam across sagebrush and grassland habitats, including
priority habitats in and around wild horse and burro HMAs in the west-
ern United States that are also challenged by cheatgrass invasion. We
have demonstrated that feral horses consume cheatgrass and excrete
viable seeds, confirming their potential to contribute to cheatgrass
range expansion and distribution within these important rangeland
ecosystems. Whereas horses can directly contribute to the propagation

of cheatgrass through their feces, they may also be contributing to its
persistence through the effects of overgrazing (Knapp, 1996; Davies et
al., 2014). More than half of the on-range feral horse population on pub-
lic lands is found in Nevada, and the population continues to grow. To-
gether with climate change and frequent fires, overgrazing and other
land uses can stress arid and semiarid ecosystems, making them less re-
silient to invasive species (Chambers et al., 2007; Chambers and
Wisdom, 2009; Chambers et al., 2014a, 2014b). While livestock are
moved seasonally on the range, horses are present in HMAs year
round. Where horses are at high densities, this can lead to degradation
of the rangeland, decreasing ecosystem resistance. Managing cheatgrass
therefore requires management of all grazers on public lands, including
better control of feral horse numbers.
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