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Abstract

Grassland birds are among the most rapidly declining groups of species,
largely due to historical habitat losses that have led to extinction debts. Beyond
direct habitat manipulations (e.g., prescribed fire), conservation strategies for
grassland birds often adopt a landscape-scale perspective, particularly when
guiding decisions on reserve acquisition, prioritizing management across
existing reserves, and restoring habitat. Additionally, climate is increasingly
recognized as a critical consideration for grassland bird conservation, since
temperature influences survival and nest success, while precipitation has an
outsized effect on primary productivity and habitat structure in grassland eco-
systems. Here, we used a 16-year breeding season avian point count dataset
from some of the highest quality patches of remaining grassland habitat in
Minnesota, USA, to (1) estimate occurrence trends for 33 species that use
grasslands and (2) assess the influence of two traditional habitat variables
(amount of grassland habitat, grassland edge density) and two climate factors
(temperature and precipitation anomaly) on baseline occurrence and trends.
Our model reveals declines across bird species that use grassland reserves; four
out of eight grassland-obligate species declined (with >95% confidence; six out
of eight declined with >68% confidence) whereas 6 out of 25 facultative grass-
land species declined (with >95% confidence). The traditional habitat variables
were associated with baseline occurrence of relatively few species
(e.g., proportion of grassland habitat showed a clear relationship with baseline
occurrence of four species, including two obligates) and buffered declines for
only a handful of species, none of them obligates (e.g., amount of grassland
habitat showed a clear buffering effect for Red-winged Blackbird). In contrast,
breeding-season climate anomalies showed strong relationships with occur-
rence of more species (temperature: 7 species; precipitation: 11 species). How-
ever, climate effects on trends were less common (e.g., wetter breeding seasons
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INTRODUCTION

Anthropogenic global change is driving declines and
extinctions across taxa (Butchart et al., 2010; Cardinale
et al., 2012; Dirzo et al., 2014; Keck et al., 2025). Many
bird species are declining: approximately 3 billion birds
have been lost from North America from 1970 to 2017
(Rosenberg et al., 2019), with declines occurring most
swiftly where species are abundant (Johnston et al., 2025).
For North American birds, grassland species have experi-
enced the steepest declines over the past several decades,
both in terms of the number of individuals lost and the
proportion of species in decline (Askins et al., 2007,
Brennan & Kuvlesky, 2005; Rosenberg et al., 2019).
Grassland bird declines are largely due to widespread
habitat loss, particularly the conversion of grasslands to
agricultural lands (Douglas et al., 2023; Lark et al., 2019).
Grassland landscapes are highly desirable for conversion
to row-crop agriculture, which has led to a loss of >60%
of North America’s grasslands; losses have been particu-
larly dire for tallgrass systems, with >95% of those ecosys-
tems now gone (Comer et al., 2018). Beyond conversion
of grassland to agriculture, grassland birds face a blend of
interacting anthropogenic threats (Bernath-Plaisted
et al., 2023) such as predation from invasive species (Loss
et al., 2013), collisions with human infrastructure during
migration (Van Doren et al., 2021), collapse of insect
populations (Wagner et al., 2021), climate change
(Maresh Nelson et al., 2024), pesticides (Li et al., 2020;
Stanton et al., 2018), and woody vegetation encroach-
ment of grassland ecosystems due to alteration of distur-
bance regimes (Auken, 2000; Eldridge et al., 2011;
Stanton et al., 2018). These threats are often studied in
the breeding ranges of species, but their impacts in the
overwintering and migration ranges may be just as
important (Marra et al., 2015). Conservation of grassland
birds must focus on protecting and managing grassland
habitats while also anticipating and mitigating the effects

buffered declines of Savannah Sparrows). Considered holistically, our results
suggest that grassland bird declines are apparent even in the highest quality
remaining habitats of the upper midwestern United States. Conservation strat-
egies focused exclusively on protection and management of high-quality prai-
rie may have limited benefits for grassland bird populations, especially as
temperature and precipitation anomalies exert increasingly strong impacts on

population trajectories and climate conditions continue to change.

area-based conservation, Bayesian, grassland birds, landscape configuration,
occupancy model, prairie, precipitation anomaly

of other stressors (Bernath-Plaisted et al., 2023; Handler
et al., 2022; Wilsey, Grand, et al., 2019).

Given the widespread loss of grasslands, reserves—
protected areas with active management and high-quality
habitat—are essential for conserving grassland birds and
mitigating population declines. While reserves generally
support biodiversity conservation (Barnes et al., 2023;
Geldmann et al., 2013; Gray et al., 2016), their effective-
ness varies, and reserves alone may be insufficient to halt
population declines (Dornak et al., 2020; Gardner
et al.,, 2023; Geldmann et al.,, 2013). The capacity of
reserves to buffer declines may depend on local- and
landscape-scale factors such as the amount and configu-
ration of habitat. Many obligate grassland species—
defined as species restricted to grasslands (Vickery
et al, 1999)—are area sensitive, meaning they occur
more frequently in larger patches of grassland habitat
(Davis, 2004; Ribic et al., 2009). They also tend to occur
more frequently in patches with less complex shapes and
thus less edge habitat, perhaps because of higher rates of
nest predation or nest parasitism near edges (Davis, 2004;
Lockhart & Koper, 2018; Patten et al., 2006; Shahan
et al., 2017). Therefore, reserves with large amounts of
grassland habitat and few edges may support the highest
occurrences of obligate grassland species, potentially pro-
viding a local buffer against broader-scale declines. Fac-
ultative grassland species—those that use multiple
habitats, including grasslands (Vickery et al., 1999)—also
occur in grassland reserves but may be less sensitive to
the amount of grassland habitat. Indeed, some facultative
grassland species that occupy other habitats may pre-
fer reserves with less grassland habitat and abundant
edges. While baseline associations between local- and
landscape-scale variables and grassland bird occurrence,
abundance, and demography have been well studied
(Billerman et al., 2020; Davis, 2004; Ribic et al., 2009), it
is still unclear whether characteristics of reserves influ-
ence population trends, and whether favorable habitat
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factors, both locally and in the surrounding landscape,
could mitigate local declines.

Beyond habitat factors, climate conditions also play a
role in the distribution and population dynamics of grass-
land birds, and grasslands are experiencing more rapid
changes in climate than other ecosystems in the contigu-
ous United States (Dobrowski et al., 2013). Increasing
minimum and mean temperatures may enhance pro-
cesses such as adult survival and nest success, whereas
increases in maximum temperatures are associated with
negative effects, though these patterns vary considerably
among species (Conrey et al., 2016; Felton et al., 2021;
Maresh Nelson et al., 2024; Maurer et al., 2020). Precipi-
tation generally increases primary productivity, which
alters habitat structure and height (Collins et al., 2012;
Lane et al., 2000), which in turn influences nest microcli-
mate (Bernath-Plaisted et al., 2025), key food resources
such as arthropods (Lenhart et al., 2015; Zhu et al., 2014),
and multiple demographic parameters of grassland
bird populations (Freeman, Silber, et al., 2025; Silber
et al., 2023). The effects of precipitation on grassland bird
populations are complex: both drought and excessive
rainfall can negatively affect populations, and responses
vary by taxonomic group and climate regime (Maresh
Nelson et al., 2024; Zuckerberg et al., 2018). Species
responses are also influenced by their habitat associa-
tions. For example, wetter-than-normal periods with
vigorous vegetation growth tend to benefit species ass-
ociated with wet-to-mesic grass habitat, while potentially
disadvantaging species associated with dry grass habitat.
Understanding these differential responses to climate var-
iability is essential for effectively managing grassland bird
communities (Maresh Nelson et al., 2024). While climate
change and habitat loss threaten bird communities
broadly, managers can only act locally, through reserve
acquisition, restoration, or active management. However,
the extent to which habitat management and local cli-
mate conditions can offset population declines remains
uncertain.

Here, we analyze 16 years of bird monitoring data
from 40 high-quality grassland reserves in western Min-
nesota, USA (Figure 1), to assess how habitat and climate
factors mediate occurrence trends of grassland birds—
that is, whether such factors slow or accelerate occur-
rence declines. By 2017, Minnesota had lost nearly 99% of
the 73,000 sq km of prairie which covered the state when
it was first surveyed in the 19th century, primarily to
agricultural conversion (Minnesota Prairie Plan Working
Group, 2018). These reserves represent some of the best
remaining examples of native tallgrass prairie in
the state. Against this backdrop, our objectives are to
(1) estimate trends in occurrence for an assemblage of
birds that use grasslands, including both obligate and

Province

. Eastern Broadleaf Forest . Prairie Parkland

. Laurentian Mixed Forest . Tallgrass Aspen Parklands

FIGURE 1 Map of Minnesota, USA, showing the distribution
of surveyed grassland reserves (black points) within the state’s two
grassland provinces (shades of brown). Inset: the location of
Minnesota within the continental United States.

facultative species, and (2) evaluate how two commonly
used habitat factors in ecological and conservation ana-
lyses (amount of habitat and edge density between habi-
tat types), as well as two climate factors (breeding-season
temperature and precipitation deviations from long-term
averages), influence occurrence probabilities and trends.
We predict that obligate grassland species have higher
occurrence and decline less rapidly in reserves with more
grassland habitat and less edge. Conversely, we predict
that these factors have neutral or weak positive effects on
facultative grassland species, with less influence on their
trends. We expected mixed responses to anomalously
warm temperatures (e.g., due to range position; species
near the leading edge of their range might increase with
warming temperatures, whereas species near the trailing
edge might decrease), though we expected obligate spe-
cies to be more likely to show negative effects of warm
temperatures (Maresh Nelson et al., 2024). We expect the
effects of precipitation anomaly to vary by species’ habitat
associations—for example, facultative species associated
with taller vegetation and obligate species associated with
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mesic tallgrass habitats may respond positively, whereas
obligate species associated with xeric shortgrass may
respond negatively to abnormally wet years. Among-species
variation in responses to such factors is inevitable, but our
multispecies modeling approach allows us to evaluate both
species-specific responses and assemblage-level patterns
(Farr et al., 2019; Monroe et al., 2021). By clarifying how
habitat and climate factors interact to shape occurrence
trends, our research offers actionable insights for managing
existing grassland reserves and restorations, as well as guid-
ance for the design of future sites.

METHODS
Bird surveys

Trained observers conducted avian point counts at
40 reserves in western Minnesota from 2008 to 2023
(Figure 1). The reserves were selected following a stratified
random approach: A list of grassland reserves was assem-
bled, and reserves were randomly selected based on strata of
geography, reserve size (<20 ha vs. >20 ha), and landscape
context (<20% grassland vs. >50% grassland in a 1-km buffer
around reserve boundary; Carlson, 2019). Except for one site
that is privately owned but notable for its size and integrity
of its grassland plant and animal communities, these
reserves are permanently protected parcels and include pub-
lic properties (e.g., state parks, wildlife management areas)
and permanent private conservation easements. While the
type, frequency, and intensity of management actions vary
among reserves, all reserves are actively managed
(e.g., prescribed fire, grazing) to sustain their status as high-
quality grassland ecosystems, with particular emphases on
preventing woody encroachment and limiting the domi-
nance of non-native plant species (Ahlering et al., 2020;
Carlson, 2019). Within each reserve, trained observers sur-
veyed points that were systematically spaced at least 200 m
apart. The number of points chosen for each reserve
depended on reserve size and shape, ranging from 2 to
24 (median: 7), for a total of 383 unique sampling points.
Due to resource limitations, we used a panel design such
that four reserves were surveyed annually while the other
36 reserves were sampled on a 6-year rotation
(McDonald, 2003; Wright et al., 2022). Points were sur-
veyed three times per year within the breeding season (late
May through early July).

Observers (n =13 over the lifetime of the study)
conducted 10-min point counts during the morning hours
on days with favorable weather (no precipitation and low
wind). Observers recorded the estimated distance (0-25 m,
25-50 m, 50-100 m, >100 m) to each detected bird, and we
limited analysis to detections within 100 m of the point,

except for three large-bodied species with large territory
sizes and high detectability (Western Meadowlark, Upland
Sandpiper, and Ring-necked Pheasant) for which we con-
sidered unlimited radius detections. We retained all species
for analysis that were recorded on at least 3% of surveys
except for waterfowl (Anatidae), which were primarily
represented by flyovers. The resulting 33 species
(Appendix S1: Table S1) include eight obligate grassland
species (Vickery et al., 1999), as well as species with broader
habitat preferences (e.g., Eastern Kingbird and Yellow War-
bler), which we collectively define as facultative grassland
species.

Covariates

We quantified four ecological covariates that we hypothe-
sized would affect the occurrence of grassland birds and
possibly mediate their trends through time. Rather than
exhaustively searching for the variable(s) with the stron-
gest association with occurrence, we chose a small num-
ber of variables that are often used in ecological and
conservation analyses to make inference about their pos-
sible mediating influence on trends. That is, our statisti-
cal goal was inference rather than prediction (Tredennick
et al.,, 2021), and we prioritized variables that may be
useful for managers planning habitat manipulations or
conservation planners designing reserve networks
(Zuckerberg et al., 2026). We calculated the first two
variables—proportion grassland and grassland edge
density—from a contiguous grassland shapefile, which
was derived from a Minnesota Department of Natural
Resources layer on native plant communities (https://
www.dnr.state.mn.us/npc/index.html) and the following
LANDFIRE (https://landfire.gov/vegetation) land-cover
classes: grasslands, pasture, hay, and idle cropland. We
smoothed the layer by removing isolated shapes
<2800 m” and filling in gaps <8200 m” to represent the
contiguous grassland present within an area. We calcu-
lated the proportion of grassland and grassland edge den-
sity within two spatial scales of each point: within radii
of 250 and 3000 m, intended to represent habitat condi-
tions at a local scale relevant to individual bird territories
and local management actions (e.g., controlled burns of
pastures) and at a landscape scale relevant to broader
level management decisions (e.g., acquisition of new
reserves). Finally, we calculated average breeding-season
(May and June) temperature deviation and cumulative
breeding-season precipitation deviation from the 1985-
2005 average using the R package daymetr (Hufkens
et al., 2018). Positive anomalies represent warmer and
wetter than average breeding seasons, while negative pre-
cipitation anomalies indicate cooler and drier than average
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breeding seasons. Because the effects of weather variables
may be lagged (e.g., overwinter precipitation may influ-
ence breeding-season vegetation growth and subsequent
bird habitat selection or productivity; Pearce-Higgins
et al., 2015; Silber et al., 2023; Williams et al., 2015), we
also calculated nonbreeding season (defined as January
through April, since many species included do not arrive
and begin breeding until May) anomalies to be evaluated
in supplemental analyses (Appendix S1).

Multispecies occupancy model

We used multispecies occupancy models to estimate spe-
cies and assemblage occurrence trends, and to evaluate
the influence of environmental variables on these trends
(Kéry & Royle, 2015; MacKenzie et al., 2002). We chose
an occupancy approach rather than abundance models
because counts greater than one individual (7.4% of
observations) or two individuals (2.9% of observations,
potentially representing a pair) were rare, and because
abundance approaches such as N-mixture models may
perform poorly when assumptions are violated (Barker
et al., 2018; Link et al., 2018). Occupancy models consist
of two linked logistic regressions: One describes the eco-
logical pattern of a species’ occurrence, and the other
describes the observational process during sampling. Var-
iation among species in both occurrence and detection
probabilities is incorporated via a random-effects struc-
ture that treats species-specific parameters as draws from
assemblage-level distributions for each parameter. In this
way, assemblage occurrence trends represent the aggre-
gate pattern across all species, providing insight into how
the grassland bird assemblage responds to environmental
heterogeneity, while accommodating species-specific
responses within the broader assemblage.

The submodel for occurrence at a point included an
intercept and linear effects of year (to characterize occur-
rence trends), either proportion grassland or edge density
(the two variables were too collinear to include together
in a global model; Pearson’s |r| > 0.6; Dormann
et al., 2013), temperature anomaly, and precipitation
anomaly. To understand how the habitat and climate fac-
tors influenced occurrence trends over time, we allowed
each environmental variable to interact with year. While
many species might be expected to show hump-shaped
relationships between occurrence and climate anomalies
(what we call the “Just Right” Hypothesis, or preference
for average conditions), a supplemental analysis indi-
cated that no species showed support for the “Just Right”
Hypothesis for temperature anomaly, and only three spe-
cies for precipitation anomaly (Appendix S1: Figure S1).
Therefore, we chose to focus on linear effects for

simplicity, particularly for interpreting interactions
between trends and the environmental variables.

Because different species can respond differently to
these factors, the model treated the influence of each covari-
ate (and their interactions) as random effects that vary by
species. Finally, to accommodate heterogeneity in occur-
rence among reserves and at survey points within reserves,
we included random effects of reserve (specific to each spe-
cies) and point within reserve (specific to each species), so
the baseline probability of occurrence for each species was
adjusted according to where the survey took place.

In the detection submodel, we included quadratic
effects of survey date and time of day, as detectability
could plausibly peak at intermediate values—for exam-
ple, midway through the breeding season or during
midmorning. Coefficients for these covariates, along with
the intercept (representing average detectability), were
treated as random effects by species to account for
species-specific variation in detectability. Additionally,
we included a random effect of observer to capture varia-
tion in observer skill or sensory ability. We standardized
all covariates to have a mean of 0 and a SD of 1.

We fit the model with Nimble (de Valpine et al.,
2017) through R v4.2.1 (R Core Team, 2025), using three
Markov chain Monte Carlo chains of 30,000 iterations
each, discarding the initial 10,000 iterations as burn-in
and thinning by 10. We applied commonly used weakly
informative priors, for example, Normal(0,1) for stan-
dardized covariate coefficients and Exponential(1) for
variance components (Kéry & Royle, 2015; McElreath,
2020). We ensured that models had converged by visually
inspecting parameter traceplots and checking that the
Gelman-Rubin diagnostic R was <1.1 (Brooks &
Gelman, 1998). We provide additional details about the
model in Appendix S1. When discussing results, we use
‘with 68% confidence’ and ‘with 95% confidence’ to refer
to cases when the 68% and 95% credible intervals for a
given parameter did not include zero, respectively.

RESULTS

Occurrence declines outnumber increases
in the grassland bird assemblage

The assemblage of birds in grassland reserves as a whole
declined in occurrence between 2008 and 2023. The
assemblage average for linear effect of year (i.e., trend)
was —0.12 (95% CI: —0.30, 0.08), indicating that, on aver-
age, species in the assemblage experienced weak declines
in occurrence (Figure 2). This corresponds to a —22%
(95% CI: —53%, 19%) change in occurrence between 2008
and 2023 for a species with an assemblage-average
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FIGURE 2 Occurrence trends (logit scale) for an assemblage
of 33 bird species that use grasslands. Points and thick and thin
bars are posterior means and 68% and 95% credible intervals,
respectively, for species-level trend estimates. Shaded red rectangles
are the 68% (darker) and 95% (lighter) credible intervals for the
assemblage-level trend estimate.

response. Four out of eight of the obligate grassland spe-
cies declined with >0.95 probability (6/8 with >0.68 pr-
obability); only the Dickcissel increased with >0.95
probability (Figure 2)—notably, this species is famously
irruptive, often shifting towards and beyond range edges
(which occur in our study region) during droughts within
their range core (Bateman et al., 2015). Declines were less
extreme for facultative grassland species; 6 out of 25 spe-
cies declined with >0.95 probability, two species showed
increasing occurrence trends with >0.95 probability, and
the remaining 17 showed no clear trends (Figure 2).

Effect of grassland amount

At the assemblage level, there was no clear relationship
between amount of grassland habitat (at either spatial

scale) and occurrence probability across species
(Figure 3a, Appendix S1: Figure S2). At the species level,
three species (Bobolink, Savannah Sparrow, Wilson’s
Snipe) showed positive relationships with proportion
grassland within 250 m with >0.95 probability (Figure 4);
at the broader scale, only one species showed a relation-
ship with proportion grassland within 3000 m (Brown-
headed Cowbird, negative relationship; Appendix S1:
Figure S3). We found no evidence that amount of grass-
land habitat (at either spatial scale) modulated occur-
rence trends at the assemblage level (Figure 3a). Only
four species (all facultative) showed strong evidence
(>0.95 probability) of occurrence trends being affected by
amount of grassland habitat: Increasing grassland accel-
erated declines for House Wren (250 m scale), Brewer’s
Blackbird (3000 m scale), and Yellow Warbler (both
scales) but buffered declines for Red-winged Blackbird
(3000 m scale; Figure 4, Appendix S1: Figure S3).

Effect of grassland edge density

At the assemblage level, there was no clear relationship
between grassland edge density (at either spatial scale)
and occurrence probability across species (Figure 3b,
Appendix S1: Figure S2). At the local 250 m scale, occur-
rence of four species (three obligate: Bobolink, Grasshop-
per Sparrow, Savannah Sparrow; 1 facultative: Wilson’s
Snipe) decreased with increasing edge density, whereas
four species (all facultative) showed increasing occur-
rence with increasing edge density (Figure 4). At the
3000 m scale, only two species (Western Meadowlark,
obligate; Wilson’s Snipe, facultative) showed strong rela-
tionships with edge density: Occurrence of both species
decreased with increasing edge density (Appendix SI:
Figure S3). Across species, there was no evidence that
grassland edge density (at either spatial scale) influenced
the probability of decline in a species with assemblage-
average values (Figure 3b). Edge density buffered
declines for Yellow Warbler (facultative; both scales) and
House Wren (facultative; 250 m scale) but accelerated
declines for Willow Flycatcher (facultative; 3000 m scale;
Appendix S1: Figure S3).

Effect of temperature anomaly

Across species, there was not a strong association between
occurrence and breeding-season temperature anomaly
(Figure 3a). At the species level, six species (three obligate,
three facultative) showed lower occurrence during abnor-
mally warm breeding seasons, whereas one species
(Dickcissel, obligate) showed higher occurrence during
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FIGURE 3 (a) Marginal effects of the environmental covariates on the occurrence of an assemblage of birds that use grasslands. The
red lines and shaded regions are the posterior means and 95% credible intervals for the relationship at the assemblage level, while the blue
lines are the posterior means of the species-level relationships. (b) Probability of decline in occurrence between 2008 and 2023 at differing
values of the environmental covariates. The red line represents the average at the assemblage level, while the blue lines are species-level
curves. An asterisk (*) or double asterisk (**) in the top left corner of a panel indicates that either the main effect of the covariate (a) or the
interaction between the covariate and trend (b) had a 68% or 95% credible interval that did not include zero at the assemblage level.

abnormally warm breeding seasons (Figure 4). Across spe-
cies, there was weak evidence that breeding-season tem-
perature anomaly buffered declines at an assemblage level
(Figure 3b). At the species level, abnormally warm breed-
ing seasons buffered occurrence declines for eight species
(four obligate, four facultative) and did not accelerate
declines for any species. Alternative models with nonbr-
eeding (January-April) weather anomalies identified a
weak (>68% confidence) negative main effect of tempera-
ture anomaly (i.e., lower occurrence following warmer
winters) but, contrary to the breeding-season model, no
evidence that nonbreeding temperature anomaly influ-
enced trends (Appendix S1: Figure S4). At the species level,
eight species (four obligate, four facultative) showed lower
occurrence following abnormally warm nonbreeding sea-
sons, whereas one species (Sedge Wren, obligate) showed
higher occurrence following abnormally warm nonbreeding
seasons (Appendix S1: Figure S3).

Effect of precipitation anomaly

Across species, there was no clear relationship between
breeding-season precipitation anomaly and occurrence
probability, likely because of similar numbers of species
with strong positive and negative effects canceling out any
assemblage-level pattern (Figure 3a). Six species showed
strong positive relationships with breeding-season precipi-
tation anomaly (Dickcissel, Grasshopper Sparrow, Clay-
colored Sparrow, Common Yellowthroat, Swamp Sparrow,
Wilson’s Snipe), indicating higher occurrence probabilities
in wetter breeding seasons (Figure 4a), whereas five spe-
cies showed strong negative relationships with precipita-
tion anomaly (American Goldfinch, American Robin,
Brown-headed Cowbird, Common Grackle, Ring-necked
Pheasant), indicating higher occurrence probabilities in
drier breeding seasons (Figure 4a). Across species, there
was weak evidence that breeding-season precipitation
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FIGURE 4 Estimated influence of ecological factors on (a) occurrence and (b) occurrence trends. In (b), “Accelerates decline” indicates

that a decline occurs more rapidly (or an increase occurs more slowly) at a higher value of the covariate, whereas “buffers decline” indicates

that a decline occurs less rapidly (or an increase occurs more rapidly) at a higher value of the covariate. Proportion grassland and edge

density were measured within 250 m of survey points, and the weather anomalies are calculated for the breeding season (defined as May and

June). See Appendix S1: Figure S3 for results for proportion grassland and edge density at the broader (within 3000 m of points) scale and for

nonbreeding (January through April) climate anomalies.

anomaly buffered occurrence declines for a species with
assemblage-average values (Figure 3b). At the species
level, only the Savannah Sparrow showed strong evidence
that wetter breeding seasons buffered declines (Figure 4).
Alternative models with nonbreeding (January-April)
weather anomalies identified a weak (>68% confidence)
positive main effect of precipitation anomaly (higher
occurrence following wet nonbreeding seasons) and,
contrary to the breeding-season model, strong (>95%

confidence) evidence that wetter nonbreeding seasons
accelerated declines (Appendix S1: Figure S4). At the
species level, seven species (four obligate, three faculta-
tive) showed higher occurrence following wetter non-
breeding seasons (no species showed strong evidence of
lowered occurrence), but eight species (two obligate, six
facultative) showed evidence of wetter nonbreeding sea-
sons accelerating occurrence declines (Appendix SI:
Figure S3).
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DISCUSSION

We found limited evidence that habitat factors commonly
used in ecological and conservation analyses buffer
declines in occurrence of grassland birds. While several
obligate grassland species showed the predicted higher
baseline occurrence with increasing grassland habitat
and decreasing edge (Figure 4a), neither proportion of
grassland habitat nor grassland edge density (at either
spatial scale) influenced occurrence trends of any of the
obligate grassland species (Figure 4b, Appendix S1:
Figure S3). Only two facultative species showed associa-
tions between baseline occurrence and proportion grass-
land, and three species showed evidence of proportion
grassland accelerating declines while one species showed
evidence of proportion grassland buffering declines
(Figure 4, Appendix S1: Figure S3). While we did find the
expected positive effect of edge density on baseline occur-
rence for four facultative species (and one species with a
negative effect), only three species showed evidence of
edge density influencing occurrence trends (Figure 4,
Appendix S1: Figure S3). While our analysis focused on
occurrence, it is possible that mediating influences of
habitat and climate factors may be more readily apparent
via abundance monitoring, since changes in abundance
occur more rapidly than changes in occurrence (Brodie
et al., 2025; Freeman, Eyster, et al.,, 2025; Johnston
et al., 2015). Considered holistically, our results indicate
that while traditional habitat factors may influence base-
line occurrence of grassland birds, they generally do not
slow declines, particularly in any consistent fashion that
would support multispecies conservation.

The limited influence of habitat characteristics on
trends suggests that traditional, reserve-based approaches
to prairie management may be insufficient to slow the
declines of grassland birds. Indeed, these declines have
continued despite decades of emphasis on such app-
roaches. These declines may reflect historical land con-
version, as the widespread transformation of native
grasslands to agriculture destroyed the majority of habi-
tat, especially tallgrass prairie (Augustine et al., 2021).
Such habitat loss often does not immediately precipitate
local extirpations but instead creates an extinction debt,
whereby species decline gradually over time following
habitat conversion (Kuussaari et al., 2009). In North
America, agricultural expansion has been linked to extinc-
tion debt in birds, with habitat patches in converted land-
scapes supporting species unlikely to persist in the long
term (Haddou et al., 2022). If ongoing declines are driven
by extinction debt, then management actions such as
acquiring new reserves or expanding grassland habitat
within existing reserves may be insufficient—at least at
the rate these actions are currently implemented. Declines

are likely compounded by pressures outside of breeding
ranges, such as conditions during migration or on winter-
ing grounds, which remain comparatively understudied
(Bernath-Plaisted et al., 2023). Additional broad-scale
threats, including climate change, may further drive
declines irrespective of the amount or quality of habitat
(Bernath-Plaisted et al., 2023; Grand et al., 2019; Wilsey,
Taylor, et al., 2019). Reserve-based management remains
critical, but expanding such efforts to a degree sufficient to
slow declines may not be feasible given the dominance of
private land ownership and agricultural land use in the
prairie region. Complementary conservation strategies that
create or enhance grassland habitat on private, working
lands may offer the greatest potential to slow grassland
bird declines because a majority (>80%) of remaining
native grasslands are privately owned (Burger et al., 2019;
Keyser et al., 2019; NABCI, 2013; Pavlacky et al., 2021).
Working land conservation differs from reserve-based con-
servation in that management supports habitat and eco-
logical services while also supporting production of
commodities such as food, water, fiber, and fuel (Garibaldi
et al., 2023; Kremen & Merenlender, 2018). After decades
to centuries of habitat loss, such efforts to expand and
improve grassland habitat are essential to preventing fur-
ther population declines.

Compared to traditional habitat factors, the climate
anomalies—especially precipitation—had more wide-
spread effects on baseline occurrence (Figure 4a). For
24 species (73%), breeding-season precipitation anomaly
was associated with occurrence with >68% confidence,
and the relationships were often quite strong (Figure 4a).
However, because roughly equal numbers of species
responded positively and negatively, no net effect
emerged at the assemblage level (Figure 3a). This con-
trasts with temperature, which showed associations with
fewer species, but these associations were more consis-
tently negative across species (Figure 4a). Among obligate
grassland species, five (Bobolink, Dickcissel, Grasshopper
Sparrow, LeConte’s Sparrow, Upland Sandpiper) showed
higher occurrence in wetter breeding seasons, while
Western Meadowlark was less common under such con-
ditions. Among the facultative species, strong negative
relationships with precipitation were slightly more com-
mon than positive ones (5 vs. 4); three of the facultative
species with positive relationships (Common Yellow-
throat, Swamp Sparrow, Wilson’s Snipe) are associated
with wetland habitats (Guzy & Ritchison, 2020;
Herbert & Mowbray, 2020; Mueller, 2020). The faculta-
tive species with negative effects are somewhat perp-
lexing given that precipitation should facilitate growth of
woody plants that many of these species use—perhaps
short-term detriments of precipitation (e.g., nest failure)
outweigh benefits, which may require longer timeframes
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to come to fruition (Maresh Nelson et al., 2024). The sup-
plemental analysis with nonbreeding precipitation sup-
ports this idea: No species showed strong negative effects
of nonbreeding precipitation, and all species with strong
negative effects of breeding precipitation showed either
neutral or positive effects of nonbreeding precipitation
(Appendix S1: Figure S3).

Interactions between climate anomalies and occur-
rence trends were detected for fewer species, and these
are more difficult to interpret than the effects of tradi-
tional habitat factors. For example, Savannah Sparrow
exhibited reduced likelihood of decline in wetter breed-
ing seasons, but such an effect would require sustained
above-average rainfall to influence long-term popula-
tion trajectories, whereas precipitation varies annually.
Because precipitation likely influences birds through
changes in habitat structure and productivity, manage-
ment interventions such as prescribed fire or grazing
could potentially replicate its effects (Fuhlendorf
et al., 2006). Ultimately, the strong influence of climate
anomalies, especially precipitation, on occurrence
underscores the importance of incorporating climate
considerations into grassland bird conservation, par-
ticularly given the potential for broad-scale shifts in
precipitation patterns to offset or undermine local
management actions.

Our results highlight the importance of considering
climate alongside traditional habitat factors when con-
serving grassland birds. North American grassland cli-
mates are changing rapidly: Temperate grasslands are
warming swiftly (Loarie et al., 2009), and breeding birds
are shifting poleward (Hovick et al., 2016; Neate-Clegg
et al., 2024), though precipitation changes may ultimately
exert stronger influences on range dynamics than tem-
perature alone (Bateman et al., 2016). In Minnesota,
breeding-season precipitation is predicted to increase
over this century (Liess et al., 2022), potentially benefit-
ing obligate grassland species. Yet, heavier rainfall events
are also expected (Harding & Snyder, 2014), which could
negate these benefits by increasing nest failure (Maresh
Nelson et al., 2024). Thus, in addition to safeguarding
high-quality habitat, prioritizing areas with both current
and future climate suitability may provide a more effec-
tive path forward (Grand et al., 2019; Nixon et al., 2016).
Ultimately, our findings highlight the precarious status of
North America’s grassland birds, suggest that grassland
protection and habitat manipulation at current scales
alone will not halt declines, and emphasize that conserv-
ing grassland birds in the face of climate change will
require coordinated, international efforts across the full
annual cycle to conserve grassland landscapes (Maresh
Nelson et al., 2024) while incorporating human social
and economic values.
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