
Contents lists available at ScienceDirect

Biological Conservation

journal homepage: www.elsevier.com/locate/biocon

Removal of cattle grazing correlates with increases in vegetation
productivity and in abundance of imperiled breeding birds
Sharon A. Poessela,⁎, Joan C. Hagarb, Patricia K. Haggertyb, Todd E. Katznera
a U.S. Geological Survey, Forest and Rangeland Ecosystem Science Center, 970 S. Lusk St., Boise, ID 83706, USA
b U.S. Geological Survey, Forest and Rangeland Ecosystem Science Center, 3200 SW Jefferson Way, Corvallis, OR 97331, USA

A R T I C L E I N F O

Keywords:
Breeding bird surveys
Livestock
Neotropical migrants
Migratory bird populations
Riparian ecosystems
Passive restoration

A B S T R A C T

Livestock grazing is the most prevalent land use practice in the western United States and a widespread cause of
degradation of riparian vegetation. Riparian areas provide high-quality habitat for many species of declining
migratory breeding birds. We analyzed changes in vegetation and bird abundance at a wildlife refuge in
southeastern Oregon over 24 years, following cessation of 120 years of livestock grazing. We quantified long-
term changes in overall avian abundance and species richness and, specifically, in the abundances of 20 focal
species. We then compared the local responses of the focal species to population-scale trends of the same species
at three different large spatial scales. Overall avian abundance increased 23% during the 12 years after removal
and remained consistent from then through year 24. Three times as many species colonized the survey sites as
dropped out. Of the focal species, most riparian woodland-tree or shrub dependent, sagebrush obligate, and
grassland or meadow taxa increased in abundance or remained stable locally. As these species were generally of
conservation concern, the population increases contradicted regionally declining or stable trends. In contrast,
most riparian woodland-cavity nester species decreased in abundance locally, reflecting disruption of aspen
stand dynamics by decades of grazing. Avian nest parasites and competitors of native species declined in
abundance locally, matching regional trends. Restoring riparian ecosystems by removing livestock appeared to
be beneficial to the conservation of many of these declining populations of migratory birds.

1. Introduction

Livestock grazing is the most widespread land use practice in the
arid western conterminous United States, and it has had a profound
influence on native ecosystems (Fleischner, 1994; Saab et al., 1995).
Unmanaged grazing can affect landscapes through loss of native plant
and animal species, erosion of soil, reduction of water infiltration, and
degradation of native plant and wildlife habitat (Belsky and
Blumenthal, 1997; Yong-Zhong et al., 2005). Long-term grazing can
alter the structure of grasses and shrubs, but these effects can have both
positive and negative consequences for sagebrush and grassland com-
munities (Davies et al., 2018). Grazing also can disrupt ecological
succession by transforming a landscape into vegetation communities
with a prolonged early seral stage (Fleischner, 1994; Belsky and
Blumenthal, 1997). Furthermore, grazing has been linked to the inva-
sion of non-native plant and animal species (Hobbs, 2001). Thus, ha-
bitat degradation from unmanaged grazing is one of the primary threats
to biological diversity in the western United States (Fleischner, 1994).

The ecological impacts of grazing increase especially in riparian

ecosystems (Hansen et al., 2019), which are among the most biologi-
cally rich habitats in arid lands (Fleischner, 1994). In the United States,
livestock were introduced into these ecosystems between one and two
centuries ago (Belsky et al., 1999). Since then, grazed streams and ri-
parian zones have been extensively affected by loss of streamside ve-
getation and streambed and channel alteration (Armour et al., 1994;
Wyman et al., 2006). These disturbances reduce the amount and con-
nectivity of habitat for riparian plants and animals, leading to the local
decline or extirpation of many native species (Armour et al., 1994;
Belsky et al., 1999). Riparian areas evolved with a low level of grazing
by native herbivores, but high levels of grazing can be detrimental to
these ecosystems (Swanson et al., 2015). The cumulative effects of li-
vestock grazing have caused some to propose that it is the most pre-
valent source of habitat degradation in riparian areas in the western
United States (Belsky et al., 1999). Because few riparian communities
have been unaffected by grazing, opportunities to quantify the impacts
of grazing on these ecosystems are rare.

Populations of many migrant bird species are declining across North
America (Sauer et al., 2013, 2017). Although evidence of bird declines

https://doi.org/10.1016/j.biocon.2019.108378
Received 9 August 2019; Received in revised form 25 November 2019; Accepted 3 December 2019

⁎ Corresponding author.
E-mail address: spoessel@usgs.gov (S.A. Poessel).

Biological Conservation 241 (2020) 108378

0006-3207/ Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/00063207
https://www.elsevier.com/locate/biocon
https://doi.org/10.1016/j.biocon.2019.108378
https://doi.org/10.1016/j.biocon.2019.108378
mailto:spoessel@usgs.gov
https://doi.org/10.1016/j.biocon.2019.108378
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2019.108378&domain=pdf
Jonathan
Highlight

Jonathan
Highlight

Jonathan
Highlight



is well documented, the functional causes of these declines are not well
understood. The most prevalent hypotheses to explain declines in mi-
gratory birds are habitat alteration or loss, and related demographic
processes, on (i) breeding grounds (Vander Haegen, 2007); (ii) win-
tering grounds (Dybala et al., 2015); and (iii) during migration (Hutto,
2000). Some riparian areas are reported to have the highest densities of
breeding birds in North America, and conservation of these bird species
relies on protection of their riparian habitats (Saab et al., 1995). Live-
stock grazing affects riparian vegetation, which, in turn, limits bird
abundance and productivity (Saab et al., 1995; Dobkin et al., 1998;
Tewksbury et al., 2002; Krueper et al., 2003; Earnst et al., 2012; Hansen
et al., 2019), and therefore limits the capacity of riparian ecosystems to
support birds.

We tested the hypothesis that passive habitat restoration (i.e., the
cessation of anthropogenic activities causing degradation [Kauffman
et al., 1997]) on breeding grounds would be correlated with increasing
local trends of migratory bird species that occupy riparian areas in
western North America. To do this, we evaluated a 24-year dataset on
bird populations at a wildlife refuge located in the Great Basin ecor-
egion of the western United States and that has undergone dramatic
long-term habitat change. Grazing by cattle (Bos taurus), sheep (Ovis
aries), and native herbivores occurred at the 1100 km2 Hart Mountain
National Antelope Refuge (HMNAR; Fig. 1) in southeastern Oregon,
USA, during much of the 20th century (Supplementary Information
Historical Grazing). Cattle were removed from HMNAR in 1990 after
approximately 120 years of grazing. A long-term study began in 1991,
and continued for 24 years, to investigate the consequences of cattle
removal on the riparian areas of HMNAR and on avian abundance
(Dobkin et al., 1998; Earnst et al., 2012). Although a few studies have
measured recovery of plant communities post-grazing and within small-
scale exclosure plots (e.g., Dobkin et al., 1998), we are not aware of any
studies that have tracked indicators of riparian recovery at such large
spatial scales and over multiple decades. In testing our hypothesis, our
objectives were to (i) quantify the long-term changes in overall avian
abundance, species richness, and the abundance of 20 key avian species
(i.e., “focal species”) after removal of cattle grazing and to ascribe a
functional mechanism for those changes; and (ii) compare the local
trends of the focal species to population-scale trends of the same species
at three different large spatial scales, each of which encompassed
HMNAR.

2. Methods

2.1. Study area and design

HMNAR is located in the Great Basin ecoregion in southeastern
Oregon, USA (Fig. 1). Details of the study area have been described
elsewhere (Earnst et al., 2012). Generally, HMNAR consists of high-
desert sagebrush (Artemisia spp.) shrub-steppe systems (dominated by
low sagebrush [A. arbuscula] and big sagebrush [A. tridentata]) with
riparian aspen (Populus tremuloides) and willow (Salix spp.) woodlands
and snow-pocket aspen stands.

Riparian plots were established within HMNAR in 1991 (Dobkin and
Rich, 1998) and 2000 (Earnst et al., 2012) to sample the study area. Plots
were 150 × 100 m and were placed in six land cover types that re-
presented the range of riparian vegetation present at HMNAR (described
as riparian aspen, willow, meadow, shrub, deciduous, and snowpocket
aspen in Earnst et al., 2005). The center line of each plot ran near (within
approximately 15 m) and parallel to a stream for 150 m. Birds were
monitored on these plots during three phases: 1–3 years after cattle re-
moval (1991–1993; hereafter, phase 1), 10–12 years after cattle removal
(2000–2002; hereafter, phase 2), and 22–24 years after cattle removal
(2012–2014; hereafter, phase 3). During phase 1, 47 plots (“original
plots”) were surveyed, and during phases 2 and 3, the original plots plus
an additional 59 plots (“new plots”) were surveyed. Elevation of the plots
ranged from 1520 m to 2231 m.

2.2. Avian surveys

The bird community at HMNAR was surveyed with modified fixed-
width transect surveys (this was a common sampling approach when
this study was designed in 1991). Observers walked slowly along the
center line (transect) of each plot for 25 min and recorded the number
of aurally or visually detected individuals of each bird species within
50 m of the transect (Dobkin and Rich, 1998; Earnst et al., 2012). In
phase 1, each of the 47 plots was surveyed six times, twice in each of
three survey rounds, during each of the three years (seven plots were
only surveyed five times in 1993 and one plot was not surveyed in 1991
or 1992). In phases 2 and 3, because additional plots were added, the
106 plots were surveyed three times during each of the three years of
the phases (58 plots were not surveyed in 2000, five plots were only
surveyed two times in 2001, and one plot was not surveyed in 2014).
Thus, the number of times a plot was visited varied by phase, but total
survey effort did not substantially differ among the three phases (si-
milar to the survey design of Hansen et al., 2019). Surveys were con-
ducted from May to July each year (breeding season), as weather
conditions allowed (Ralph et al., 1995).

For each plot, we estimated bird abundance, bird species richness,
and bird species diversity. To capture broad-scale variation across
phases, we estimated bird abundance as the mean number of in-
dividuals of all species detected per visit during each phase, bird species
richness as the number of positively-identified species detected per
phase, and bird species diversity per phase with Simpson's index of
diversity (Simpson, 1949; Krebs, 2014). For both species richness and
diversity, we did not include in our calculations those species detected
at only one plot and during only one phase (Krebs, 2014).

We also calculated the percentage of plots surveyed in a given phase
in which each species was detected. Changes in species composition can
reflect environmental change, so we summarized species turnover in
terms of species that colonized the study site and those that dropped out
over the duration of the study. We defined species that colonized as
those that occurred at either (i) 0 plots in phase 1 and>1 original plot
in phase 3 or (ii) 0 plots in phases 1 and 2 and>1 plot (original or
new) in phase 3. We defined species that dropped out as those that
occurred at> 1 plot in phase 1 and 0 plots in phase 3.

We additionally estimated bird abundances of 20 focal species se-
parately (see Table 1 for list of species; number of species was chosen a
priori). We chose focal species that occupied a variety of habitat types
representing the range of possible responses to cattle grazing and sub-
sequent removal and that were well-represented in our dataset. We
defined abundance as the maximum number of individuals of a species
detected during a visit to a plot within each phase (count-based
abundance). We used maximum abundance because, when considering
individual species, it is a more sensitive index of abundance than mean
abundance, and it has been shown to produce better-fitting models
(Toms et al., 2006). We placed each of these 20 species into one of the
following functional groups (GBBO, 2010): (i) riparian woodland-tree
or shrub dependent; (ii) riparian woodland-cavity nester; (iii) grassland
or meadow; (iv) sagebrush obligate; and (v) avian nest parasite or na-
tive species competitor.

2.3. Vegetation data

We used the Normalized Difference Vegetation Index (NDVI) to
measure changes in vegetation productivity during the three phases of
our study. NDVI is calculated from surface reflectance data in visible
and near-infrared bands that are acquired by sensors on satellites, such
as Landsat (Robinson et al., 2017). It has been used as a proxy for a
wide range of vegetation characteristics related to productivity, in-
cluding canopy greenness and gross primary productivity (St-Louis
et al., 2009, 2014). Avian populations also are known to respond to
changes in vegetation as measured by NDVI. For example, NDVI ac-
counted for> 80% of the variability in bird species richness in a semi-
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arid landscape (St-Louis et al., 2009). NDVI has also been used to
identify changes in community-scale cover of photosynthetic vegetation
after changes in livestock grazing practices (Bradley and O'Sullivan,
2011).

We obtained NDVI data from the Landsat NDVI web application
(https://ndvi.ntsg.umt.edu/), which produces, for each 30-m pixel on
the landscape, 16-day composites of all available Landsat surface re-
flectance images (Robinson et al., 2017). If no images are available in
the 16-day period, or all images in the period are covered by clouds or
shadows, then the web application calculates the median NDVI of

available images over the same 16-day period from a user-specified
number of previous years (the web application refers to this as a “cli-
matology”). NDVI values are adjusted to account for radiometric dif-
ferences across Landsat sensors (Robinson et al., 2017).

We downloaded NDVI data for each plot for each of the nine years
of our study for three specific days of each year (days 145, 161, and
177), representing the end of May to the beginning of July. We chose
this period because we expected vegetation (especially trees) then to be
at maximum green-up. We chose a climatology of two years, and we
also selected that the data be smoothed to account for atmospheric

Fig. 1. Locations of the 106 survey plots (47 original, 59 new) at which bird surveys were conducted in Hart Mountain National Antelope Refuge (HMNAR),
1991–2014. Inset map shows the location of HMNAR (represented by black circle) in southeastern Oregon, USA.
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contamination or poor data quality (Robinson et al., 2017).
Each study plot contained between 17 and 26 Landsat pixels. To

obtain one NDVI value per plot per phase, we averaged, for each pixel,
the nine NDVI values (three days for each of three years within a
phase). We then calculated, for each phase, the mean of the average
values of all pixels within the plot.

2.4. Statistical analyses

We tested our research hypothesis with three sets of models fit using
R (R Core Team, 2017). In the first model set, we tested whether bird
indices changed over time. We fit three models, one with each of the
three bird metrics (abundance, species richness, and species diversity)
as the response variable and phase (1, 2 or 3) as the predictor variable.
For the bird abundance model, we log-transformed the response vari-
able to meet distributional assumptions of linear models and used a
Gaussian distribution. For the species richness model, we used a Poisson
distribution because the response variable was a count of bird species.
We ran linear mixed-effects models using the ‘lme4’ package (Bates
et al., 2015) for both the bird abundance and species richness data, with
the individual plot as a random effect in each model to account for
multiple observations within a plot. For the species diversity model, no
transformation allowed us to meet distributional assumptions, so we
ran a non-parametric Kruskal-Wallis test (R Core Team, 2017).

In the second model set, we tested whether the vegetation index
changed over time. We again used the ‘lme4’ package (Bates et al.,
2015) to run one model with mean NDVI as the response variable,
phase as the predictor variable, and plot as a random effect. We log-
transformed the response variable to meet distributional assumptions
and specified a Gaussian distribution.

For the first and second model sets, we used multiple comparisons to
test whether phase was associated with the response variables. For the
bird abundance, species richness, and vegetation index models, we used
the emmeans function in the ‘emmeans’ package (Lenth, 2017) to run
all pairwise comparisons of the phase variable with a Tukey adjust-
ment. For the species diversity model, if the Kruskal-Wallis test was
significant (P < 0.05), we used the dunn.test function in the
‘dunn.test’ package (Dinno, 2017) to run all pairwise comparisons of
the phase variable with a Bonferroni adjustment.

In the third model set, we tested whether abundance of each of the
20 focal bird species responded to elevation, time, and changes in ve-
getation (as represented by NDVI) over time (n = 47 plots in phase 1
and 106 plots in phases 2 and 3). We included elevation as a fixed effect
because of its known associations with bird species distributions
(Martin, 2001). We averaged the ground elevation for each pixel in a
given plot from a 30-m resolution digital elevation model (USGS,
2015). For modeling purposes, we rescaled the NDVI and elevation
values by subtracting the mean and dividing by two times the standard

Table 1
Local abundance response, regional population trends, and conservation concern score for 20 focal bird species within five functional groups during three phases of
study after cattle removal at Hart Mountain National Antelope Refuge, 1991–2014.

Increasea Decreasea BBS trendb

Functional group and common
name Scientific name Early Late Steady Early Late Steady

No changea

Oregon
Great Basin Western BBS Concern scorec

Riparian Woodland-Tree or Shrub Dependent
American robin Turdus migratorius X Declining Stable Declining 5
Dusky flycatcher Empidonaxoberholseri X Stable Declining Stable 11
Green-tailed towheed Pipilo chlorurus X Declining Declining Stable 11
MacGillivray's warbler Geothlypis tolmiei X Declining Stable Declining 12
Orange-crowned warbler Oreothlypis celata X Declining Deficient Declining 9
Spotted towhee Pipilo maculatus X Declining Increasing Stable 8
Warbling vireo Vireo gilvus X Stable Increasing Increasing 9
Western wood-pewee Contopus sordidulus X Declining Increasing Declining 11
Yellow warbler Setophaga petechia X Declining Stable Declining 8

Riparian Woodland-Cavity Nester
Mountain bluebird Sialia currucoides X Stable Increasing Stable 12
Northern flicker Colaptes auratus X Declining Stable Declining 9
Sapsuckerse Sphyrapicus spp. X Deficient Deficient inc./stable 9, 11
Swallowsf Tachycineta spp. X Declining Stable Declining 10, 9

Grassland or Meadow
Savannah sparrow Passerculus sandwichensis X Declining Declining Declining 8
Vesper sparrow Pooecetes gramineus X Declining Declining Declining 11
Western meadowlark Sturnella neglecta X Declining Declining Declining 10

Sagebrush Obligate
Brewer's sparrow Spizella breweri X Declining Stable Stable 11
Sage thrasher Oreoscoptes montanus X Declining Declining Declining 11

Avian Nest Parasite or Native Species Competitor
Brown-headed cowbird Molothrus ater X Declining Declining Declining 7
European starling Sturnus vulgaris X Declining Declining Declining NA

a Early increase or decrease indicates the most change between phases 1 and 2, late increase or decrease indicates the most change between phases 1 or 2 and 3,
steady increase or decrease indicates a consistent change throughout all phases, and no change indicates no significant change throughout all phases.

b BBS trend is the North American Breeding Bird Survey trend for populations of each species in Oregon, Great Basin, and Western BBS regions for 1966–2015.
‘Deficient’ indicates that insufficient BBS data were available, so no trend is reported. For the Western BBS region, one sapsucker species was increasing (‘inc.’) and
the other was stable (see footnote e for description of the two sapsucker species).

c Conservation concern scores were obtained from the State of North America's Birds 2016. Higher scores indicate greater conservation concern. Invasive European
starlings were not scored.

d Green-tailed towhee uses montane shrub and riparian habitats with a diversity of shrub species (GBBO, 2010).
e Sapsucker species were primarily red-naped sapsucker (Sphyrapicus nuchalis) and hybrids with red-breasted sapsucker (S. ruber), although some birds were not

identified to species and pure red-breasted sapsuckers may also be present.
f Swallow species include tree swallow (Tachycineta bicolor) and violet-green swallow (T. thalassina).
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deviation (Gelman, 2008).
We used a fixed-area survey method to generate our abundance

index (Hutto, 2016). We assumed that all birds observed within a 50-m
radius of either side of the transect in each plot had equal detectability
(Norvell et al., 2003). The fixed-area survey is considered an effective
way to control for potential distance-based detectability biases (Hutto,
2016, 2017).

Because the abundance data for each of the 20 focal species con-
tained multiple zeroes (many plots had no detections of a species), we
analyzed these data with zero-inflated models in the ‘glmmTMB’
package (Brooks et al., 2017). These models consist of two parts, a
conditional model and a zero-inflation model. The conditional model is
similar to a generalized linear mixed model (consisting of a response
variable, one or more fixed effects, and one or more random effects).
The zero-inflation model describes the probability of observing an extra
zero. For each species, we ran 20 models with a combination of dis-
tributions (Supplementary Information Table S1) and zero-inflation
parameters, including no zero-inflation (Supplementary Information
Table S2). In each conditional model, we used the abundance of each
species in a plot during each phase as the response variable, the re-
scaled NDVI nested within phase and the rescaled elevation as the fixed
effect predictor variables, and plot as a random effect. We also tested
for an effect of differing number of surveys between phases, but as this
parameter did not improve model fit, we did not include the number of
surveys in our final models (see Supplementary Information Model
Selection for details). We nested NDVI within phase because of the
positive association between these two variables (see Results;
Schielzeth and Nakagawa, 2013).

For those models that converged, we then used Akaike's Information
Criterion corrected for small sample size (AICc) to rank the models, and
we based our inference on the best-performing model for each species
(Burnham and Anderson, 2002; Anderson, 2008; Supplementary In-
formation Model Selection, Table S3). We did not average among
models because they specified different distributions. We categorized
the response of each species as “early increase” or “early decrease” (a
statistically significant change in the phase coefficients between phases
1 and 2 only), “late increase” or “late decrease” (significant change
between phases 1 or 2 and 3 only), “steady increase” or “steady de-
crease” (consistent significant change throughout all phases), or “no
change” (no significant change throughout all phases).

2.5. Population trends

We used North American Breeding Bird Survey (BBS) data to place

the responses of our focal species in the context of larger-scale popu-
lation trends. The BBS is a joint effort between the U.S. Geological
Survey and Environment Canada to monitor bird populations in the two
countries. Long-term trends in avian populations are designated as
declining, increasing, or stable based on analysis of survey data (Sauer
et al., 2017). We obtained BBS trends for three regions, Oregon, Great
Basin, and Western BBS, for 1966–2015 for each of the 20 focal species
(Sauer et al., 2017). Oregon represents the “state-level” where wildlife
conservation and management decisions are made but contains mul-
tiple vegetation types not present at HMNAR. The “Great Basin ecor-
egion-level” is representative of a smaller variety of land cover types
and similar historical management practices as at HMNAR, but it in-
cludes a variety of vegetation types determined by differing elevations,
precipitation, and phenologies. Finally, the Western BBS region re-
presents a “semi-continent-level” that may influence smaller-scale ha-
bitat occupancy dynamics and trends in local abundance but, like
Oregon, includes many vegetation types that were not sampled. For
each species, we compared all three BBS trends to trends documented at
HMNAR. We defined a “positive contradiction” as a population benefit
at HMNAR compared to BBS (either an increasing or stable response at
HMNAR when the BBS trend was declining, or an increasing response at
HMNAR when the BBS trend was stable). We defined a “negative
contradiction” as a population decline at HMNAR compared to BBS
(either a decreasing or stable response at HMNAR when the BBS trend
was increasing, or a decreasing response at HMNAR when the BBS trend
was stable). A matching response was the same response at HMNAR as
the BBS trend.

We obtained the conservation status of each species from the State
of North America's Birds (NABCI, 2016). This report assigns a con-
servation concern score to each avian species. We evaluated the con-
servation concern status of each of the 20 focal species in the context of
the change in abundance at HMNAR during the study and the BBS
trend.

3. Results

Average bird abundance of all species increased between phases 1
and 2 (P < 0.001) and did not change between phases 2 and 3 (Fig. 2a;
Supplementary Information Abundance and Species Richness by Phase,
Table S4). Although the total number of bird species was higher in each
phase than in the previous phase, species richness per plot decreased
from phase 1 to phase 2 (P = 0.007) but increased from phase 2 to
phase 3 (P = 0.010; Fig. 2b; Supplementary Information Abundance
and Species Richness by Phase, Table S4). Species diversity did not

Fig. 2. Average (± SE) (a) relative abundance of birds detected per plot (all species combined), (b) species richness of birds per plot, and (c) Normalized Difference
Vegetation Index (NDVI) per plot during three phases of study at Hart Mountain National Antelope Refuge, 1991–2014. Phase 1 occurred during 1991–1993, phase 2
occurred during 2000–2002, and phase 3 occurred during 2012–2014. Sample size in phase 1 was 47 plots in (a) and (b) and 106 plots in (c). Sample size in phases 2
and 3 was 106 plots. Within each panel, phases with different capital letters above bars are those that differ in statistical significance (see Supplementary Information
Table S4).
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change among any of the three phases (P = 0.482; Supplementary
Information Table S4). Over the course of the study, 12 species colo-
nized study plots, but only four species dropped out (Supplementary
Information Table S5). Average NDVI increased with time, indicating
increases in vegetation productivity (phase 1 vs. phase 3: P < 0.001;
Fig. 2c; Supplementary Information Fig. S1, Table S4).

Most riparian woodland-tree or shrub dependent focal avian species

increased in abundance after phase 1 (78%), and, of these, the majority
increased late (Fig. 3a; Table 1; Supplementary Information Fig. S2; for
specific species, see referenced figures). Most of these species also
tended, within at least one phase, to be more abundant in areas with
higher NDVI (Supplementary Information Table S6). Abundances of
some species were correlated with elevation. However, we included
elevation in our models to account for a potential source of variation in
avian abundance, but we do not interpret its effect as it was not relevant
to our focal research question.

The majority of riparian woodland-cavity nester focal species de-
creased in abundance after phase 1 (75%), usually decreasing early
(Fig. 3b; Table 1; Supplementary Information Fig. S3). Abundances of
most of these species were, within at least one phase, positively asso-
ciated with NDVI (Supplementary Information Table S7). The abun-
dances of grassland or meadow focal species varied following grazing
removal, with one species showing a late increase, another showing an
early decrease, and the third showing no change in abundance (Table 1;
Supplementary Information Fig. S4). Abundances of most of these
species were, within at least one phase, negatively associated with
NDVI (Supplementary Information Table S8). One of the sagebrush
obligate focal species showed a late increase in abundance following
grazing removal and the other did not change (Fig. 3a; Table 1; Sup-
plementary Information Fig. S5). Abundances of both of these species
were, within at least one phase, negatively associated with NDVI
(Supplementary Information Table S9). Both of the avian nest parasite
or native species competitors decreased in abundance following re-
moval of grazing, one early and one consistently throughout the study
(Fig. 3b; Table 1; Supplementary Information Fig. S6). Abundances of
both species were, within at least one phase, positively associated with
NDVI (Supplementary Information Table S10).

Population trends at HMNAR were often opposite of declining large-
scale trends. We observed positive contradiction of “state-level” popu-
lation trends for 68% of focal species at HMNAR (i.e., trends at HMNAR
were positive and opposite of trends from BBS data; Table 1; Supple-
mentary Information Table S11). Five percent showed negative con-
tradiction (HMNAR trends were negative and opposite of BBS trends),
and one species had insufficient data to determine a BBS trend. Trends
for the remaining five species matched those for BBS. We observed
positive contradiction of “Great Basin ecoregion-level” population
trends for 44% of focal species and negative contradiction for 22%
(Table 1; Supplementary Information Table S11). Two species had in-
sufficient data to determine a BBS trend. Finally, we observed positive
contradiction of “western semi-continent-level” population trends for
60% of focal species and negative contradiction for 10% (Table 1;
Supplementary Information Table S11).

We combined BBS trends across all spatial scales to represent the
multiple spatial contexts relevant to evaluation of abundance changes
at HMNAR within broader bird population dynamics. Of the 57 com-
bined BBS trends (19 state-level, 18 ecoregion-level, and 20 semi-con-
tinent level), positive contradictions (58% of trends) were far more
common than matching trends (30%) or negative contradictions (12%;

Fig. 3. Average (± SE) relative abundances of six bird species representing
different types of responses during three phases of study after cattle removal at
Hart Mountain National Antelope Refuge, 1991–2014. These represent: (a)
early increase (spotted towhee [SPTO]; no other species showed this response),
late increase (Brewer's sparrow [BRSP]; five other species responded similarly),
and steady increase (yellow warbler [YEWA] and one other species) and (b)
early decrease (European starling [EUST] and three other species), late decrease
(mountain bluebird [MOBL] and no other species), and steady decrease
(American robin [AMRO] and one other species). Phase 1 occurred during
1991–1993, phase 2 occurred during 2000–2002, and phase 3 occurred during
2012–2014. Sample size was 47 plots in phase 1 and 106 plots in both phases 2
and 3.

Table 2
Number of combined North American Breeding Bird Survey (BBS) trends at three spatial scales (Oregon, Great Basin, and Western BBS) and responses in abundances
of 20 focal bird species during three phases of study after cattle removal at Hart Mountain National Antelope Refuge, 1991–2014. Light gray shaded cells indicate
positive contradiction of trends, dark gray shaded cells indicate negative contradiction of trends, and cells with no fill (white) indicate matching response (no
contradiction). Because trends are combined across spatial scales, each avian species is represented up to three times. In the Western BBS region, each of the two
sapsucker species (see Table 1, footnote e for description of the two sapsucker species) had a different trend, one stable and one increasing. We assigned a stable trend
(the more conservative of the two trends) to sapsuckers as a whole.

Hart Mountain National Antelope Refuge

BBS Combined Decreasing Stable Increasing

Declining trend 13 10 14

Stable trend 5 1 9

Increasing trend 1 1 3
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Table 2). The majority (58%) of positive contradictions were for ri-
parian woodland-tree or shrub dependent species (Supplementary In-
formation Table S12). The majority (71%) of negative contradictions
were for riparian woodland-cavity nester species. All responses were
positive for sagebrush obligate species, as were 67% of responses for
grassland or meadow species. All responses for the avian nest parasite
or native species competitors matched the BBS trends (declining; Sup-
plementary Information Table S12).

Of the 14 focal species we studied that were of high or moderate
conservation concern (conservation score > 8 [NABCI, 2016]), po-
pulations of six (43%) increased and four (28%) remained stable
(Table 1). Of these species, 77% showed positive contradictions at the
state level, 8% showed negative contradictions, and one species had
insufficient data (Supplementary Information Table S11). Likewise, at
the ecoregion level, 50% had positive contradictions, 25% had negative
contradictions, and two species had insufficient data (Supplementary
Information Table S11). Finally, at the semi-continent level, 64%
showed positive contradictions and 14% showed negative contra-
dictions (Supplementary Information Table S11).

4. Discussion

Our data suggest that removal of cattle was correlated with in-
creases in vegetation productivity and in local abundances of many
regionally declining avian species of conservation concern in the arid
western United States. This is consistent with the hypothesis that these
local trends were driven, at least in part, by restoring habitat on
breeding grounds. Such patterns do not obviate the possibility that
these declining bird populations are influenced by processes across the
full annual cycle (both breeding and non-breeding seasons; Hostetler
et al., 2015), but they provide a mechanism for how habitat alterations
on breeding grounds might contribute to ongoing bird declines.

Although vegetation productivity, as measured by NDVI, recovered
consistently across the three phases of the study (see Supplementary
Information Alternative Explanations for Vegetation Change), we ob-
served a broad range of temporal response patterns in the avian com-
munity. Overall avian abundance increased primarily between phases 1
and 2, indicating an immediate, relatively rapid positive response fol-
lowing the removal of cattle grazing. However, the three different re-
sponses of the focal bird species we observed – early, late, or steady –
suggested differences in rates of change of key habitat elements. An
increase in species richness per plot later in the study, and numbers of
colonizing species that were 3 times higher than the numbers of species
that dropped out, may have corresponded to increases in aspen tree
diameter and the gradual development of habitat complexity over time
(Tews et al., 2004). These patterns suggest that although responses of
vegetation and some bird species can be rapid after removal of livestock
grazing, ecosystem change can continue over many years in a long-
term, dynamic process. Thus, some species at HMNAR may still be re-
covering>24 years after cattle removal.

Riparian woodland-tree or shrub dependent species were most fre-
quently affected positively after removal of cattle grazing, and the
majority of these positive responses were delayed. The likely me-
chanism for the increase in abundance of these species was recovery of
the riparian vegetation (i.e., tall, dense shrubs and trees; Supplementary
Information Fig. S1) that these species rely upon for nesting and fora-
ging (Martin and Possingham, 2005). Our work suggests that grazing
may play at least a partial role in population-level declines observed at
broader spatial scales of five species in this group – dusky flycatcher
(Empidonax oberholseri), green-tailed towhee (Pipilo chlorurus), Mac-
Gillivray's warbler (Geothlypis tolmiei), orange-crowned warbler (Or-
eothlypis celata), and yellow warbler (Setophaga petechia; Table 1). In
contrast, American robin (Turdus migratorius), the most abundant and
broadly distributed thrush in North America (Vanderhoff et al., 2016),
is the one species in this group that decreased in abundance. This re-
sponse was not unexpected because robins are ubiquitous in pastures,

farmyards, and other agricultural landscapes and benefit from conver-
sion of riparian forests to pastureland (Tewksbury et al., 2002).

The decline in cavity-nesting species may also reflect structural
habitat change. Old aspen trees are susceptible to heart rot (Phellinus
tremulae) infection, and primary cavity-nesting birds (northern flickers
[Colaptes auratus] and red-naped sapsuckers [Sphyrapicus nuchalis]) are
associated with rot-infected trees (Witt, 2010). Grazing appeared to
cause a recruitment gap in riparian aspen stands at HMNAR. By phase 3
of our study, because of mortality of overstory trees, aspen stands were
dominated by small- and medium-sized trees, resulting in only a few
older individuals, and thus a near absence of heart rot (Beschta et al.,
2014). Hence, the declines in primary cavity-nesting species likely re-
flect a deficit of suitable nest trees as a consequence of a disruption in
aspen stand dynamics caused by a century of grazing (Dobkin et al.,
1995). The current two-layered condition of aspen stands at HMNAR,
with an upper layer of sparsely occurring mature trees and a dense
understory of small trees, reflects recruitment of aspen since grazing
removal (Beschta et al., 2014). However, these younger trees will need
to mature over the next several years before they can provide suitable
structural conditions for cavity-nesting species that prefer large-dia-
meter trees (Earnst et al., 2012).

In addition to vegetation regrowth, decreases in both of the avian
nest parasite or native species competitors after removal of cattle may
have benefited other avian species by decreasing risk of nest failure.
Brown-headed cowbirds (Molothrus ater) have a commensal feeding
relationship with cattle and often abandon a site when cattle are re-
moved (Goguen and Mathews, 2001). Furthermore, because cowbirds
parasitize nests and reduce productivity of other bird species, declines
in cowbirds may have thus contributed to increases in abundances of
these species (Cox et al., 2012). European starlings (Sturnus vulgaris)
rely upon short grasses to access their prey, and regional declines in
starling abundance have been correlated with reductions in grazing
pressure (Heldbjerg et al., 2016).

Finally, the sagebrush obligates and grassland or meadow species
showed mixed responses after cattle removal. Although sagebrush cover
declined in riparian areas (Earnst et al., 2012; Batchelor et al., 2015),
removal of cattle likely allowed the recovery of adjacent sagebrush and
meadow communities (Anderson and Holte, 1981). Recovery of depleted
upland shrub-steppe landscapes can take a long time, a temporal lag that
likely explains the lack of change or late increases in abundances of some
of these species (i.e., vesper sparrow [Pooecetes gramineus; a grassland
species] and Brewer's sparrow [Spizella breweri; a sagebrush species]).

The responses of avian species after regeneration of vegetation that
followed grazing removal at HMNAR were consistent with findings in
other studies. In New South Wales, Australia, avian species richness
increased after restoration of vegetation by plantings of trees and
shrubs (Ikin et al., 2019). Likewise, in Victoria, Australia, the opposite
pattern was detected – woodland species decreased, and non-woodland
species increased, in riparian zones where vegetation was denuded by
heavy grazing (Hansen et al., 2019). Finally, in ranchlands near
HMNAR, abundances of focal riparian bird species (including yellow
warblers) declined since the 1990s, consistent with the state-level BBS
trends (Ellis et al., 2019) and opposite of the trends we documented.

The changes in abundance that we observed over the study should
be considered in the context of regional population dynamics. The
majority of BBS trends were positively contradicted at HMNAR after
removal of cattle. This pattern was particularly evident for those species
of highest conservation concern and for riparian woodland-tree or
shrub dependent species, sagebrush obligates, and grassland or meadow
species. Such contradictions not only indicate potential causative
agents for ongoing bird declines, but they also inform management
options to restore avian populations. However, because each of the
three regions we included in our comparison to HMNAR had different
habitat types and climatic environments than did HMNAR, these re-
gional trends may not be indicative of trends in riparian areas at each of
these spatial scales.
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5. Conclusions

Landscape-scale removal of livestock at HMNAR provided a rare
opportunity to observe the potential effectiveness of passive restoration
in riparian areas at a large spatial and temporal scale (Kauffman et al.,
1997; Beschta et al., 2014; Batchelor et al., 2015). This work also il-
lustrates the long temporal scales required to assess species responses to
these types of habitat disturbances. In particular, the effects of cattle
grazing endured for more than two decades after release from grazing
pressure, and the abundance and occurrence of some species still ap-
pear to be in flux. On a global scale, riparian areas that have been
damaged by livestock grazing and are in the process of recovery can be
maintained by either continuing to exclude grazing or by implementing
grazing systems that reduce impacts to riparian zones (George et al.,
2011). Such maintained riparian areas may therefore function as re-
fuges for avian populations that are otherwise declining across their
range. Programs that further such protection can be an important
strategy for conservation of imperiled migratory birds.
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