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In grassland ecosystems, grazing by large herbivores is a highly influential process
that affects biodiversity by modifying the vegetative environment through selective
consumption. Here, we test whether restoration of bison is associated with increased
bird diversity and cervid occupancy in networks of riparian habitat within a temperate
grassland ecosystem, mixed-grass prairie in northcentral Montana, United States.
We used a long time-series of remote sensing imagery to examine changes in
riparian vegetation structure in stream networks within bison and cattle pastures. We
then assessed how vegetation structure influenced diversity of bird communities and
detection rates of mammals in these same riparian networks. We found that percent
cover of woody vegetation, and native grasses and forbs increased more rapidly over
time in bison pastures, and that these changes in vegetation structure were associated
with increased bird diversity and cervid occupancy. In conclusion, bison reintroduction
appears to function as a passive riparian restoration strategy with positive diversity
outcomes for birds and mammals.

Keywords: grassland, songbirds, buffalo, cattle, conservation, ungulates, rewilding, American Prairie

INTRODUCTION

Restoration of evolutionary grazing processes, those that replicate or mimic effects of native
herbivores, is a common goal of restoration efforts in temperate grassland systems (Freese et al.,
2014; Fuhlendorf et al., 2018). Grazing is a ubiquitous natural process that creates and maintains
habitat for myriad grassland species (Milchunas et al., 1988; Gao and Carmel, 2020). Whereas
native grazers are the preferred option for restoration, in nearly all temperate grassland systems,
native grazers have been replaced with cattle (Bos taurus) (van Zanten et al., 2016), which are
raised for milk, meat or other animal products. When managed sustainably, cattle grazing can
provide the disturbance regimes and vegetation heterogeneity necessary for diverse grassland
systems (Milchunas et al., 1998; Porensky et al., 2020; Boyce et al., 2021). Furthermore, sustainable
cattle grazing maintains healthy soils and resilient plant communities, resulting in more intact
ecosystems than row-crop agriculture, which is the primary alternative land use in many grasslands
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(Krausman et al., 2009; da Silva et al., 2015). Restoration efforts
in temperate grassland systems in North America have often
focused on the re-introduction of the native megaherbivore;
plains bison (Bison bison bison) (Freese et al., 2014). There is
some evidence for biodiversity benefits of bison reintroduction,
including increased diversity in plants (McMillan et al., 2018)
and increased abundance of some grassland obligate songbirds
(Boyce et al., 2021) but opportunities to evaluate its biodiversity
impacts are rare (but see Allred et al., 2013; Nickell et al., 2018).
Furthermore, the bison reintroduction process is both expensive
(Carbyn and Watson, 2001) and controversial (Ranglack et al.,
2015), so it is critical to evaluate whether these efforts are
resulting in increasingly diverse and resilient ecosystems.

Most comparisons between bison and cattle have focused
on differences in biodiversity or vegetation structure in upland
grasslands (Greibel et al., 1998; Lueders et al., 2006; Moran,
2014; McMillan et al., 2018; Nickell et al., 2018). However,
the largest behavioral differences between these species is
their use of wetlands and associated woody vegetation (Kohl
et al., 2013). There are several ecological and physiological
differences between bison and cattle that support the hypothesis
that their divergent grazing patterns and habitat preferences
will differentially affect riparian systems. Cattle are known to
degrade riparian areas (Kauffman and Krueger, 1984; Fleischner,
1994) due to damage or removal of riparian woody vegetation;
effects that cascade into degradation of water quality and large
fluctuations in stream temperatures and biogeochemistry (Larson
et al., 2019). In contrast, bison are more drought and heat-
tolerant, allowing them to graze farther from water, especially in
hot conditions (Allred et al., 2013; Kohl et al., 2013). Compared
with cattle, bison select against areas with woody vegetation and
standing water, spend less time browsing, and specialize more on
grasses, as opposed to forbs or woody vegetation (Peden et al.,
1974; Knapp et al., 1999; Steuter and Hidinger, 1999; Allred et al.,
2011; Kohl et al., 2013; Ranglack and du Toit, 2015).

The above differences predict replacing cattle with bison will
have net positive impacts on quantity and complexity of riparian
vegetation, but this hypothesis is largely untested. Furthermore,
we predict that increases in riparian vegetation will be associated
with increased diversity of bird communities (MacArthur and
MacArthur, 1961; Macarthur, 1964; Cooper et al., 2020). We
also predict that deer use will increase with higher shrub and
tree cover after accounting for distance to the Missouri River
drainage, a forested landscape that serves as a source population
for cervids. Here we combine contemporary data on vegetation
structure, bird community diversity and ungulate occupancy,
with a long-term remotely sensed vegetation dataset to test
whether bison reintroduction in a mixed-grass prairie ecosystem
has resulted in higher quality riparian habitat in comparison with
areas seasonally grazed by cattle.

MATERIALS AND METHODS

Study Area
We studied vegetation and animal communities associated with
ephemeral streams on the northwest glaciated plains subregion

of the Northern Great Plains ecosystem (Forrest et al., 2004). Our
study area included parts of Blaine, Phillips and Valley counties
bounded by the Milk River in the north, the Missouri River in
the south and the western boundary of the Fort Belknap Indian
Reservation on the west (Figure 1). Land ownership is a mix of
private lands concentrated in the vicinity of permanent water and
alluvial soils, with large blocks of public land composed of mixed-
grass prairie or sage steppe. The Charles M. Russell National
Wildlife Refuge is an exception, as it contains nearly 1 million
acres of rugged “breaks” canyons with conifer (Pinus ponderosa
and Juniperus scopulorum) savannah and includes the extensive
riparian bottomlands of the Missouri River. In the uplands,
conversion from native grassland to row-crop agriculture is
ongoing, and conversion of riparian vegetation to hay fields for
cattle forage is widespread (Gage et al., 2016).

The study area contains many waterways, from small
ephemeral streams which innervate the expansive uplands, to
the Missouri River, one of the largest in North America. The
small seasonal or ephemeral streams are isolated strands of
riparian vegetation amidst large expanses of grassland or sage
steppe. Typical riparian vegetation in the region includes woody
shrubs like common snowberry (Symphoricarpos albus), sandbar
willow (Salix exigua), and wild rose (Rosa spp.). Common tree
species are eastern cottonwood (Populus deltoides), box elder
(Acer negundo), and peach-leaf willow (Salix amygdaloides). In
heavily grazed areas, woody vegetation can be entirely absent,
with low-growing grasses and forbs found up to the channel edge.

American Prairie is a private non-governmental organization
with the mission to create the largest nature reserve in the
lower 48 states1. American Prairie owns 423 km2 of private
land and holds the grazing leases for an additional 1,275 km2

acres of public land as of 2021. The goal of American Prairie is
to manage its lands as a fully-functioning grassland ecosystem
complete with keystone grazers (bison and black-tailed prairie-
dogs Cynomys ludovicianus) fulfilling their ecological role
(Knapp et al., 1999; Freese et al., 2018). From 2005 through
2021, American Prairie has reintroduced bison to three large
parcels of either private land or a mixture of private land
and leased grazing allotments managed by the Bureau of Land
Management (BLM; Freese et al., 2018; Boyce et al., 2021).
Bison herds vary in size; approximately 150, 200, and 400
animals within 2,349, 2,963, and 10,909 ha pastures as of 2021.
These herds have corresponding stocking rates of 0.77, 0.81,
and 0.44 AUMs per hectare, which correspond to normal-year
precipitation estimates calculated by BLM staff for public grazing
allotments and by a private contractor (EMPSi Inc., Boulder,
CO, United States), and conform to NRCS methodology for
private parcels. Bison populations are regulated by public hunting
opportunities, donations of animals to other conservation herds,
and temporary chemical contraception (Freese et al., 2018).
The Aaniiih and Nakoda peoples, who live at Fort Belknap
Community, also maintain a large conservation herd of bison
(∼900 individuals) on its 8,903 ha Snake Butte pasture. This
pasture has a substantially higher stocking rate (1.21 AUMs per
hectare) as those managed by American Prairie and bison were

1www.americanprairie.org
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FIGURE 1 | Survey sites. Unit outlines include Fort Belknap Indian Reservation and American Prairie lands.

introduced nearly 30 years ago (Shamon et al., 2022). All bison
herds are managed via continuous grazing, in which bison move
freely within each grazing allotment throughout the year.

Cattle pastures within our study area were managed
via deferred rotation grazing (Rhodes, 2020, BLM, personal
communication). Deferred rotation refers to a management
regime where allotments are divided into 3–4 pastures using
barbed-wire fence, and cattle are moved sequentially through
all pastures over the course of each grazing season (March–
November). During winter, cattle are removed from public lands
grazing allotments and sold or fed overwinter on private lands.
Because private lands experience winter grazing, we separated
BLM and private (Non-BLM) cattle pastures for our analysis.
Cattle pastures in the region have been managed consistently
using this protocol for 10+ years (Rhodes, 2020, BLM, personal
communication). Cattle stocking rates on BLM lands are dictated
by the same NRCS methodology used to determine bison
stocking rates on both private and BLM lands. Specific stocking
rates are variable over time in response to precipitation and
across space in response to small differences in soil productivity.
Because bison and cattle stocking rates are determined by the
same methodology, we consider the effective stocking rates as
similar, with the key difference that bison numbers per unit area
are lower because their AUMs are distributed across a 12-month
period as opposed to a shorter growing season grazing period in

cattle. There are two exceptions to this principle within our study
area. First, bison stocking rate on the Snake Butte pasture on the
Fort Belknap Indian Reservation is substantially higher than on
American Prairie bison pastures and BLM cattle pastures (Boyce
et al., 2021; Shamon et al., 2022). Second, cattle stocking rates on
private lands are variable depending on economic decisions by
individual ranchers and details are not publicly available.

Vegetation
Current Differences in Vegetation Cover Amongst
Treatments
We compared current vegetation cover proportions (2019)
between treatments using a logistic regression with logit-link
function; f

(
veg cover

)
∼ Treatment (Warton and Hui, 2011).

Intercept was set to BLM cattle, the most common form of
management in the study region. We ran 8 model combinations
(2 distance categories × 4 vegetation types). Current vegetation
cover estimates were derived from Range Analysis Platform
(RAP) Vegetation Cover Dataset 2019 at 30 m resolution
(Allred et al., 2021).

We assessed riparian vegetation structure across four general
treatments: BLM cattle, private lands cattle, bison, and no bovine
grazers. Bison pastures were then subcategorized according to
the year at which bison were reintroduced to the pasture (2005,

Frontiers in Ecology and Evolution | www.frontiersin.org 3 March 2022 | Volume 10 | Article 821822

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-821822 March 17, 2022 Time: 8:58 # 4

Boyce et al. Bison Restoration Increases Riparian Biodiversity

2009, 2010, 2011, 2012, 2013, 2014), creating 10 total grazing
treatments. First, we identified riparian segments using the
National Hydrography Dataset (Moore et al., 2019). Next, we
created two distance category buffers around streams: (1) 0 m
from stream (e.g., within streambed); (2) <30 m from stream
edge. Distance categories were chosen at 30 m scale which
matches the resolution of the vegetation cover data used for
the analysis. Distance categories highlight the gradient effects of
grazing treatment on vegetation. Next, we extracted vegetation
cover percentages for each pixel centroid that fell within the
two distance categories of a streams using Google Earth Engine
(Gorelick et al., 2017).

Long-Term Vegetation Trends
We assessed the direction and rate of change of vegetation
cover using RAP Vegetation Cover Dataset 2000–2019 time-
series (Allred et al., 2021). We computed a pixel-wise Mann–
Kendall rank correlation and estimated Theil-Sen’s slope for
four vegetation types. Calculations were done using the “rkt”
package (Marchetto, 2017) available from CRAN (R Core, 2018).
Mann–Kendall rank correlation is a non-parametric test that
is considered resilient to outliers and combined with Theil-
Sen’s slope has proven to be a successful predictor for time-
series analysis such as vegetation and climate trends (Gocic and
Trajkovic, 2013; Li et al., 2013). Mann–Kendall test provides an
assessment of slope estimate uncertainty, and the slope indicates
the rate of change and the direction of the trend where positive
slope means increase in vegetation cover and negative slope
means reduction. Overall, we calculated vegetation tends for
80 combinations of grazing treatment (10) × distance category
(2) × vegetation type (4). Vegetation types included: (1) annual
forbs and grasses; (2) perennial forbs and grasses; (3) shrubs;
and (4) tree cover.

We modeled current vegetation cover and time-series slope
estimates to determine differences between BLM cattle and
the other nine treatments. The analysis was conducted at two
distance categories, and four vegetation types separately. We only
used estimates with significance level of <0.05 in this analysis.
Slope estimates were used as a response variable against treatment
categories using a generalized linear model framework (GLM);
“stats” R base package (R Core, 2018). Intercept was set to
BLM cattle grazed (most common form of management in the
study region) and we ran 8 model combinations (2 distance
categories× 4 vegetation types).

Vertebrate Surveys
Occupancy of Grazers and Browsers
We detected ungulates with camera traps (model Reconyx
HyperFire 2) during two growing seasons (July–October 2018,
May–September 2019). We deployed camera traps at 78 riparian
sites. We placed three cameras in each survey site spaced 250–
400 m apart. Cameras were set at 50 cm above ground, facing
north to minimize false triggers induced by direct sun exposure.
Images were sorted, identified to species, and stored in the
eMammal repository (Shamon, 2021). We collected habitat data
at each camera location to assess detection bias. These data
included the percentage of ground cover vegetation (bare ground,

grass, forb, and shrub), percentage of canopy cover, mean shrub
height within 5 m in front of each camera, distance at which
the camera sensor was triggered in response to an approaching
human, and whether or not the camera was set on an obvious
animal trail. Percent cover class and mean shrub height were
estimated visually. Riparian sites were used to model cervid
occupancy in relation to vegetation cover and structure, and
these data were used to compare cattle and bison activity with
the riparian area. We only used camera deployments which
functioned for≥7 days, which resulted in 213 deployments in the
riparian area for deer species. For the bison and cattle models, we
eliminated deployments from areas where no cattle were present
in the pasture due to rotation to other sub-pastures or removal
from the pasture entirely, resulting in 198 deployments (107
bison and 91 cattle).

To compare between bison and cattle activity at streams
we used detections counts for each species. Detection counts
were modeled using N-mixture models, a family of models that
can estimate counts while accounting for imperfect detection
(Royle, 2004; Joseph et al., 2009; Zhou and Carin, 2015).
Cattle and bison densities in the tested area remained steady
during the study period, therefore we do not expect bias due
to population fluctuations. Model calculations were done in
a two-step process where first we identified the variables that
affect detection probability (binominal distribution; see detection
covariates above). Detection models were ranked by Akaike
information criterion (AIC) and the best fitting model was
used in each N-mixture model combination (count model using
Poisson distribution). We modeled both species together using
“species” as a categorical covariate to learn about the difference in
activity by streams, and bison was set as an intercept. We assumed
detection probability would be the same for bison and cattle given
the similarity of body size and the consistency of camera setups,
therefore detection was modeled for both species together.

We estimated occupancy for three deer species (mule deer;
Odocoileus hemionus, white-tailed deer; Odocoileus virginianus,
and elk; Cervus canadensis) in riparian habitats (MacKenzie
et al., 2002). We used presence-absence data instead of
detection counts to avoid bias of population fluctuations between
years. Model calculations were done in a two-step process
where first we identified the variables that affect detection
probability (binominal distribution; see detection covariates
above). Detection models were ranked by AIC and the best
fitting model was used in each occupancy model. Second,
we modeled deer presence-absence data against proportion of
vegetation cover within 100 m buffer around the camera location
derived from both the RAP vegetation cover dataset and the
distance from major rivers. Different combinations were tested
and competing models were ranked by AIC score for each species
and we considered models with <2 delta AIC as equivalent.

Bird Diversity
To characterize riparian bird communities we conducted 10-min
200 m fixed-radius point counts laid out along ephemeral or
seasonal streams such that the center points of each point count
were at least 500 m from the nearest neighbor point count
location to avoid double-counting (Hutto et al., 1986). Each cell
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was visited once per field season between May 30 and July 3,
in 2018 and in 2019. All birds seen or heard were recorded
and estimated distance and bearing to each individual was
recorded to help prevent double-counting. Point counts began
at 30 min before sunrise and all counts were completed prior
to 8 am to minimize variation in detectability related to time
of day. Following Hutto et al. (1986), point counts were not
conducted during strong wind or precipitation. We aimed to
describe communities of birds associated with riparian habitats,
so we removed grassland obligate species under the assumption
they were detected in adjacent grassland or sage steppe. We
also removed species only detected as flyovers which we could
not safely assume were using habitat in the point count area
(primarily raptors and waterfowl).

We used three diversity metrics to describe the bird
community at each survey location: species richness (SR), Faith’s
phylogenetic diversity (Faith, 1992; hereafter PD), and functional
richness (Mason et al., 2005; Villéger et al., 2008, hereafter FRic).
Species richness is simply the number of species detected at
a given site. PD describes the total phylogenetic breadth of a
community, calculated as the sum of all branch lengths in a
phylogenetic tree including all species in a community. Under
the general assumption that ecological roles are phylogenetically
conserved, PD should be a proxy for overall niche space
encompassed by a given community. FRic is analogous to PD,
but distance among species is not defined by their phylogenetic
relatedness, but by how similar or different they are based
on a variety of functional traits related to a species’ ecology
(Villéger et al., 2008).

To facilitate calculation of PD, we downloaded a subset of
1,000 trees from www.birdtree.org (Jetz et al., 2012) containing
all riparian species detected on our counts. We produced a
consensus tree and estimated all branch lengths using the
“consensus.edges” function in the phytools package (Revell,
2012). To estimate FD, we compiled seven functional traits
for each species from the literature. Six of seven traits were
morphological measurements linked to locomotion and diet:
wing chord, tail length, tarsus length, bill length, hand-wing
index, and body mass (Miles and Ricklefs, 1984, 1994; Pigot
et al., 2020). We also compiled information on the primary
diet of each species, classified into one of six categories:
invertebrates, vertebrates, seeds, fruits, plants, and omnivores.
Hand-wing index, body mass, and diet data were sampled from
a comprehensive dataset compiled by Sheard et al. (2020).
All other morphological traits were compiled from a large
dataset of passerine morphology (Ricklefs, 2017), Cornell’s Birds
of the World (Billerman et al., 2020) or references therein.
Body mass values were log-transformed before analyses and
all analyses were conducted in R v. 3.5.1 “Feather Spray”
(R Core Team, 2015).

Phylogenetic diversity and species richness were calculated
using the “pd” function in the package “picante” (Kembel et al.,
2010). PD can only be estimated for communities of at least two
species, so we assigned a PD value of 0 to communities of only
one species. FRic was calculated using the “dbFD” function in the
package “FD” (Laliberte and Legendre, 2010). FRic can only be
estimated for communities containing at least three species, so

we assigned a FRic value of zero to all communities with fewer
than three species (1 site).

To describe associations between riparian vegetation and bird
communities we combined data from the remotely sensed RAP
platform (Allred et al., 2021) with our riparian point-count
data. We fitted generalized linear models with each diversity
metric (SR, PD, and FRic) as the response variable, and three
of the four vegetation metrics (tree cover, shrub cover, perennial
grass/forb cover) as explanatory variables. Since percentages must
add to 100, the fourth category, annual grass/shrub, was excluded
from the model as redundant and the parameter estimated for
each included category are in comparison to annual grass/forb.
Models explaining variation in raw species richness values were
fit using a Poisson distribution while all other models used a
Gaussian distribution.

RESULTS

Contemporary Differences in Vegetation
We found perennial grass/forb cover was significantly higher in
private cattle grazed pastures and bison pastures in areas at, or
closer to, the stream (category 0 m and <30 m; excluding 2014
bison pastures; Figure 2). In contrast, annual grass/forb cover
was significantly higher at BLM cattle streams; consistent for
categories 0 m and <30 m (Figure 2). Differences in shrub cover
were variable between BLM cattle and bison pastures but were
significantly lower at private cattle pastures and higher in the no-
grazer area (Figure 2). Differences in tree cover were variable
between BLM cattle and bison pastures with a tendency to be
higher at bison pastures and were significantly higher at private
cattle pastures and the no-grazer area (Figure 2).

Long-Term Vegetation Trends
We found perennial grass/forb cover trends were significantly
higher in bison pastures at both distance categories and no-grazer
areas for distance categories <30 m (Figure 3). At stream (0 m)
results were variable with a tendency to be higher than BLM
cattle (Figure 4); the opposite trend was observed for private
cattle pastures. Annual grass/forb cover trends were variable with
a tendency to be higher for 0 m at bison pasture and lower
for <30 m at bison and no-grazer areas (Figure 3). Annual
grass/forb cover trends were significantly higher at private cattle
pastures. Differences in shrub cover trends were variable between
BLM cattle and bison pastures but were significantly lower at
private cattle pastures and higher in no-grazer areas (Figure 3).
Differences in tree cover trends were variable between BLM
cattle and bison pastures with tendency to be higher at bison
pastures and were significantly higher at private cattle pastures
and no-grazer areas (Figure 3).

Ungulate Occupancy
Comparison of Cattle and Bison Detection Counts
The mean and standard deviation of cattle and bison detections
per 100 camera nights at riparian cameras were 106.8 ± 376.7
and 40.0 ± 107.9, respectively (number of camera deployments:
ncattle = 91 and nbison = 107). Because cattle graze seasonally
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FIGURE 2 | 2019 percentage of vegetation cover in relation to grazing treatment. Intercept: BLM cattle grazed streams. Vegetation: perennial forbs and grasses,
annual forbs and grasses, shrub cover, and tree cover. Treatment: BLM cattle, Bison (2005, 2009, 2010, 2011, 2012, 2013, 2014), no grazers, private lands cattle.
Models were run for two distance categories: (1) 0 m from stream; (2) <30 m from stream edge.

and are rotated among multiple pastures, they were not always
present during camera surveys. Accordingly, the data were subset
to include only times when cattle were present, resulting in mean
of 255.7± 553.2 cattle detections per 100 camera nights (number
of camera deployments: n = 38). Modeling the full dataset that
included times when cattle were not present at the pasture show
there are no significant differences between bison and cattle
overall activity in riparian areas (Table 1). However, modeling the
dataset that only contained deployments when cattle were present
in the pasture containing the camera deployment revealed that
cattle are significantly more active in riparian areas than bison
(coefficient = 1.4 ± 0.1 where bison category was set as the
intercept; Table 1A).

Deer Occupancy in Relation to Riparian Vegetation
Cover
Elk occupancy was primarily determined by distance to major
rivers and the interaction between woody cover and distance
to major rivers (Table 1B). Mule deer occupancy was unrelated
to distance to rivers and did not show any specific relationship
with vegetation cover (Table 1B). White-tailed deer occupancy

increased with higher tree cover and higher perennial grass/forb
cover (Table 1B).

Bird Diversity
We conducted 147 point-counts along prairie streams (Figure 1)
and detected 59 species (mean species richness per count = 6.9;
range 1–18; Supplementary Material). All three metrics of
riparian bird community diversity (SR, PD, and FRic) increased
with increasing tree cover, shrub cover, and perennial grass/forb
cover in comparison with annual grass cover (Table 2 and
Figure 4). Across all three metrics tree cover had the largest
positive effect on diversity, followed by woody shrub cover and
finally perennial grass/forb (Table 2 and Figure 4).

DISCUSSION

Reintroduction of bison and replacement of cattle with bison
significantly impacted riparian systems in our study area. We
found that streams in pastures grazed year-round by bison had
a faster rate of increase of perennial grass/forb cover, as well as
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FIGURE 3 | Long-term vegetation trend estimates (slope) in relation to grazing treatment. Intercept: BLM cattle grazed streams. Vegetation: perennial forbs and
grasses, annual forbs and grasses, shrub cover, and tree cover. Treatment: BLM cattle, Bison (2005, 2009, 2010, 2011, 2012, 2013, 2014), no grazers, private
lands cattle. Models were run for two distance categories: (1) 0 m from stream; (2) <30 m from stream edge.

shrub and woody cover, when compared to streams in seasonally
grazed cattle pastures. These trends are supported by camera trap
records in streams that show cattle are detected significantly more
within streams than bison and that activity is concentrated in
time due to the rotation schedule. These results are consistent
with previous studies showing that bison select against low-
elevations and woody vegetation compared with cattle, and that
bison forage farther from water (Knapp et al., 1999; Allred et al.,
2011; Kohl et al., 2013; Ranglack and du Toit, 2015). We used
remote sensing to document riparian area changes, but a ground-
based study in the same area comparing vegetation plots within
bison and cattle pastures found similar results of increased plant
diversity and increased shrub cover within riparian areas of
bison pastures (Yu, 2021). Furthermore, we show that streams
with more trees and woody shrubs, and higher percent cover of
perennial grasses and forbs relative to non-native annuals are
associated with more diverse breeding bird communities and
have higher rates of occupancy for two of three species of native
ungulates (the exception was mule deer). The idea that greater

amounts and complexity of vegetation drives increased bird
diversity is hardly a new result (see Macarthur, 1964), but taken
together, our results suggest that bison reintroduction, and a
minimal intervention grazing management strategy, is associated
with positive biodiversity outcomes in riparian habitats found
within the Northern Great Plains.

Negative impacts of cattle grazing on riparian systems are
well documented, particularly intense in arid regions (Fleischner,
1994; Belsky et al., 1999), negatively impact imperiled species
(Ohmart, 1994; Wilcove et al., 1998; USFWS, 2002, 2020;
Dettenmaier et al., 2017), and may increase in severity with
climate change (Allred et al., 2013). Cattle grazing has been
shown to have negative effects on riparian breeding bird
communities in Montana (Fletcher and Hutto, 2008) and across
the west (Tewksbury et al., 2002). In forested systems, removal
of domestic grazers may present a suitable remedy for this
issue since forest succession does not rely on intense grazing
by bovines as a primary source of disturbance (Hessburg
et al., 2019). Because of their ecological and physiological
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FIGURE 4 | Marginal relationships between three components of remotely sensed vegetative cover and three metrics riparian bird community diversity; functional
richness (FRic), species richness (SR), and Faith’s phylogenetic diversity (PD). Dots represent individual samples, lines and shading represent predicted relationships
and associated 95% confidence intervals. All three vegetative components shown here are increasing in percent cover most rapidly in areas grazed by bison and
areas with no grazers. Vegetation cover data are estimated from the RAP platform.

coevolution with arid grassland systems, bison are ideally suited
to grassland ecosystems because they provide disturbance and
thus heterogeneity in upland habitats (Gibson, 1989; McMillan
et al., 2018), but have reduced impacts on riparian habitats,
at least at agency standard stocking rates. Whether bison
are reintroduced and managed as wild animals for ecosystem
benefits, cultural benefits, or meat production, they are likely to
provide ecosystem benefits if managed in a way that facilitates
natural grazing patterns (Shamon et al., 2022).

Restoration in the Northern Great Plains will not only involve
the introduction of large herbivores but also large carnivores.
Due to their great mobility large carnivores can repopulate
areas once given adequate movement corridors. Riparian
systems are important movement corridors and refugia for
dispersing, migrating, or resident wildlife (Machtans et al., 1996;
Skagen et al., 2005). Linear features such as streams are used

by both predator and prey species (Dickie et al., 2020) and
forested riparian areas are key dispersal corridors for large
mammals including species recolonizing grassland ecosystems
in North America (Morrison et al., 2015; Gigliotti et al.,
2019). Specifically, riparian corridors are used by black bears
(Ursus americanus) for movement across grasslands in south-
central United States (Gantchoff and Belant, 2017). Grizzly
bears (Ursus arctos) use riparian areas to move through mixed
use areas in British Columbia, Canada (McLellan and Hovey,
2001). Finally, mountain lions (Felis concolor) use riparian
corridors to disperse between forest fragments (LaRue and
Nielsen, 2008) and use riparian forest for dispersal through an
agricultural/grassland matrix. The passive restoration of riparian
corridors via bison reintroduction has the potential to increase
landscape connectivity for large predators including grizzly
bears and mountain lions which are actively recolonizing the
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TABLE 1 | (A) Bison and cattle count model including the full dataset (all) and a subset that only includes deployments when cattle were active. (B) Occupancy
estimation for deer species in relation to vegetation cover within a 100 m buffer around a camera and distance to major rivers.

(A) Detection Counts model

Intercept Intercept Cattle negLogLike nPars n AIC

Bison and cattle (all) −3.23 ± 0.07 2.135 ± 0.07 0.127 ± 0.07 6565.58 3 179 13141.16

Bison and cattle (subset) −3.62 ± 0.07 2.30 ± 0.08 1.43 ± 0.06 6098.20 3 128 12202.41

(B) Elk White-tailed deer Mule deer

Accumulative AIC models <12.1 Model 1 Model 1 Model 1 Model 2 Model 3 Model 4

Intercept −3.12 ± 0.32 −1.39 ± 0.08 −1.82 ± 0.07 −1.82 ± 0.07 −1.82 ± 0.07 −1.82 ± 0.07

Grass 0.01 ± 0.005

Shrub 0.006 ± 0.004 −0.006 ± 0.004 −0.006 ± 0.004 −0.006 ± 0.004 −0.006 ± 0.004

Intercept −1.55 ± 0.31 −0.54 ± 0.15 0.54 ± 0.16 0.54 ± 0.16 0.54 ± 0.15 0.54 ± 0.15

Distance to major river −1.54 ± 0.44

Perennial forbs and grasses 0.44 ± 0.16 −0.05 ± 0.15

Shrub 0.19 ± 0.16 −0.01 ± 0.16 0.04 ± 0.16

Tree 0.29 ± 0.29 0.55 ± 0.19 0.23 ± 0.17 0.24 ± 0.17

Tree × Distance to major river 0.93 ± 0.45

negLogLike 395.43 1220.83 1479.00 1479.00 1480.00 1480.03

K 6 6 4 5 4 4

AIC 802.86 2453.66 2965.99 2967.99 2967.99 2968.06

delta 0 0 0 2.00 2.00 2.07

AICwt 0.50 0.76 0.42 0.15 0.15 0.15

cumltvWt 0.50 0.76 0.42 0.57 0.73 0.88

Northern Great Plains, and a conservation network of riparian
systems would benefit the movement of multiple mammal species
(Fremier et al., 2015).

In addition to movement corridors, riparian areas can serve as
seasonal habitat for many species, as evidenced by our breeding

TABLE 2 | Models describing the relationship between raw and fitted values of
avian community diversity and remotely sensed vegetation metrics from the
Rangeland Analysis Platform (Allred et al., 2021).

Biodiversity metric Estimate Std.
error

z value p

Species richness (SR) (Intercept) −0.87 0.40 −2.18 0.03

Tree 0.10 0.01 8.37 <2.00 e-16

Shrub 0.06 0.01 4.76 1.93 e-06

Perennial
forb/grass

0.03 0.01 7.22 5.12 e-13

Phylogenetic diversity (PD) (Intercept) −321.36 151.38 −2.12 0.036

Tree 33.81 6.13 5.52 1.58 e-07

Shrub 15.82 5.30 2.98 <0.01

Perennial
forb/grass

7.63 1.77 4.30 5.59 e-05

Functional richness (FRic) (Intercept) −0.26 0.10 −2.65 0.01

Tree 0.02 0.004 3.88 1.62 e-04

Shrub 0.01 0.003 2.86 <0.01

Perennial
forb/grass

0.01 0.001 4.11 6.69 e-05

All effects in model summaries are in comparison to the 4th category of land cover,
annual grass/forb. Predictors significant at the P < 0.05 level are bolded.

bird surveys. Intact riparian and mesic areas within a grassland
or sage steppe matrix are of critical importance for sage grouse
brood-rearing (Aldridge and Boyce, 2007; Donnelly et al., 2016),
but are subject to damage via cattle grazing (Beck and Mitchell,
2000). Sage grouse conservation is of critical importance to
multiple stakeholders in the western United States (Duvall et al.,
2017), but habitat manipulations for their benefit do not always
improve overall biodiversity measures (Carlisle et al., 2018).
To this end, grazing with bison has the potential for positive
conservation outcomes for sage grouse via reduced damage to wet
habitats within a grassland or sage-steppe matrix.

Intact riparian systems in grasslands also buffer temperature
extremes and may serve as thermal refugia during increasingly
frequent and severe heat waves (Turunen et al., 2021). Increased
native plant cover along stream banks increased stream stability
in North Dakota grasslands (Hecker et al., 2019). Grassland
streams with forested riparian buffers have increased abundance
of aquatic insects (Wahl et al., 2013). A high diversity stream in a
tall grass prairie system in Illinois saw some improvements (and
no degradation) in stream quality following bison restoration
(Vandermyde, 2017). In this way, year-round bison grazing in
large pastures and with appropriate stocking rates, may facilitate
increased climate resilience in grassland ecosystems.

Despite the potential ecological benefits of year-round bison
grazing in comparison to seasonal cattle grazing, bison are not
a singular solution to grassland conservation or restoration of
the system. Bison constrained to small pastures or maintained
at high stocking rates can certainly have negative effects on
grassland biodiversity (Beschta et al., 2020) or individual species
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(Powell, 2006). Furthermore, upland bird communities are
similar between seasonally grazed cattle and year-round bison
(Boyce et al., 2021), meaning that exclusion of cattle from riparian
zones within a grassland matrix may result in similar overall
ecosystem health compared with bison pastures. True restoration
efforts of prairie riparian areas must include restoration of
beaver (Castor canadensis) as major engineers of riparian systems
(Pollock et al., 1995; Hood and Bayley, 2008).

Domestic livestock grazing has negative biodiversity effects
across trophic levels (Filazzola et al., 2020), but paradoxically,
grassland ecosystems require disturbance from grazers to
produce the diverse vegetative niches required for maximal
biodiversity (Becerra et al., 2017). Bison appear to resolve this
paradox due to reduced preference for riparian habitats and
vegetation, along with increased heat and drought tolerance that
facilitates grazing far from water resources (Allred et al., 2013;
Kohl et al., 2013). The use of bison as a restoration tool may
therefore be particularly effective as northern grasslands become
increasingly hot and dry, such that their role as a keystone grazer
not only supports biodiversity, but also increases resilience to
climate change in one the world’s most imperiled ecosystems.
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