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Abstract

Populations of grassland songbirds are rapidly declining across North America.

Although large swathes of natural grasslands have been lost, habitat loss alone does not fully
explain these population declines, and a portion of these losses may be due to changing
environmental conditions. Using detailed demographic data collected between 2013-2021 from
grasshopper sparrows (Ammodramus savannarum) at the Konza Prairie Biological Station,
Kansas, USA, we first developed an integrated population model (IPM). Then, using the vital
rates from the IPM, we conducted sensitivity analyses and a path analysis to assess the effect of
variability in weather on individual vital rates including survival, immigration, and fecundity and
overall population growth. Average annual apparent survival of males (adult: 58%, juvenile:
21%) was higher than females (adult: 51%, juvenile: 20%), while the average number of young
produced per female was 2.4. Population growth rate was over twice as sensitive to changes in
adult apparent survival than other vital rates and declined following wetter years. Because adult
apparent survival in this system is shaped more by emigration than mortality, these results
suggest population declines are largely mediated by adults dispersing away from the study site.

Projections of population size under forecasted precipitation predict that grasshopper sparrows
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may be locally extirpated in the next century under future climate scenarios. Our study shows
that combining sophisticated modelling with detailed demographic data is critical for predicting

trends in population growth and guiding conservation approaches in declining species.

Keywords: drought, fecundity, IPM, population dynamics, population projection, rainfall,

sensitivity, survival

Introduction

Understanding the external drivers that limit or regulate population growth is a fundamental goal
of ecology (May 1999). Studies of animal populations commonly involve species that live in
relatively stable and predictable environments where populations can approach carrying capacity
and are thought to be shaped by food availability and competition (Caughley & Gunn, 1993;
Holmes, 2007). However, the drivers of population dynamics of species living in more
climatically variable environments are less understood. Theory predicts that the drivers of
population dynamics should be increasingly important for fitness as temporal variability in
environmental drivers increases (Andrewartha & Birch, 1954; Drake & Lodge, 2004; Jenouvrier
et al., 2015). In response to this variability, populations may evolve low sensitivity to highly
variable vital rates to minimize the negative fitness impacts of environmental heterogeneity (e.g.,
demographic buffering: Pfister, 1998). Demographic buffering could dampen the effects of
environmental variability on individual vital rates, but increased variability in population growth
rate will lead to lower geometric or stochastic population growth rates (Boyce, 1977; Tuljapurkar

& Orzack, 1980). Currently, it is unknown whether climate-induced variability in vital rates and



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

population growth rate is sufficient enough to generate meaningful change in and significantly
affect population persistence.

Climatic conditions can have diverse and substantial effects on vital rates at multiple
phases of the annual cycle (Woodworth et al., 2017; Sutton et al., 2021) and influence survival,
fecundity, and immigration (e.g., Halkka et al., 2006; Chen et al., 2015) in animals. Responses to
temperature are mediated via well understood physiological processes; animals are constrained
by thermal tolerance thresholds (Araujo et al., 2013) that have direct effects on survival and
population persistence (insects: Addo-Bediako et al., 2000; birds: Albright et al., 2017). Far less
1s known about how precipitation drives population growth. Precipitation can influence
physiology (Freeman et al., 2023), behaviour (Wingfield et al., 2017), and survival (Shogren et
al., 2019), with precipitation extremes appearing to have substantial direct and indirect effects on
demographic rates (Tinkle et al., 1993; Ryder & Sillett, 2016). As climates continue to shift and
increase in variability, understanding how both temperature and precipitation impacts
populations, and the specific demographic processes most strongly influenced will be of
increasing importance.

The grasslands of mid-continental North America are highly climatically variable (Knapp
& Smith, 2001) and are one of the most threatened biomes in the world (Hoekstra et al., 2005;
Scholtz & Twidwell, 2022). The region experiences tremendous swings in both temperature and
precipitation within and between seasons (Borchert, 1950). Within the next century, temperatures
in the Great Plains are projected to increase by 4.4—6.6°C (Vose et al., 2017) with mean annual
precipitation predicted to decline by 5-10% (Easterling et al., 2017). Precipitation plays a
particularly important role in grasslands because it is the strongest driver of plant productivity

(Petrie et al., 2018) and affects plant, invertebrate, and vertebrate communities (Barnett & Facey,
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2016; Deguines et al., 2017; Welti et al., 2020). Furthermore, precipitation often has delayed
effects on grassland communities (e.g., total rainfall in the prior year affecting plant composition;
Dudney et al., 2017). Grassland birds exhibit large fluctuations in local population sizes (Dornak
et al., 2013), and are subject to multiple direct and indirect climatic effects via food availability,
habitat structure, and predator abundance (Ockendon et al., 2014; Correll et al., 2019;
Baltensperger et al., 2020). These effects may be driven by temperature, precipitation, or both;
therefore, elucidating the effects of climate on avian demographics and identifying contributions
of individual vital rates to population growth will contribute to directed conservation efforts for
declining grassland birds.

Here, we used nine years of demographic data of grasshopper sparrows breeding in a
tallgrass prairie of the central USA to address key gaps in our knowledge of animal population
regulation in a dynamic environment. First, we constructed an integrated population model to
estimate annual population growth and vital rates (survival, fecundity, and immigration), and
conducted sensitivity analyses to determine how the annual rate of population growth responds
to shifts in each vital rate. Then, using path analysis, we distinguished between putative direct
and indirect effects of local weather and global change on population dynamics in our system.
We hypothesized that temperature and precipitation would affect population growth of
grasshopper sparrows via one or more vital rates due to multiple underlying physiological and
ecological mechanisms. Local storms and spells of excessive heat are energetically costly to
survive, and could have downstream consequences on survival, fecundity, and immigration via
death, nest abandonment and failure, and potentially impeding movement. Additionally or
alternatively, at regional scales, temperature and precipitation cycles may have bottom-up effects

on survival, fecundity and immigration via vegetation structure and prey availability (Flanagan
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& Adkinson, 2011; Silber et al., 2023). A complete description of the predictions and
mechanisms underlying the relationships between the weather metrics and vital rates are in the
supporting materials (Table S1). Finally, we forecast population counts at our site based on
multiple projected climatic models to estimate local population persistence under future climate

regimes.

Methods

Study Site and Species

We collected data on grasshopper sparrows (dmmodramus savannarum) at the Konza Prairie
Biological Station (39°05° N, 96°35° W), a 3487-ha tallgrass prairie in NE Kansas, USA. Konza
Prairie is composed of pastures managed with replicated experimental grazing (grazed by bison
or cattle, or ungrazed) and fire frequency (1, 2, 3, 4, or 20 year interval) treatments (Collins et
al., 2021). In addition, we collected data at the Rannell’s Preserve which is a 1175-ha grassland
adjacent to Konza Prairie with pastures that are grazed by cattle and burned annually (Owensby
et al., 2008).

The grasshopper sparrow is a small, migratory songbird that breeds in grasslands
throughout North America. On the breeding grounds, grasshopper sparrows occupy patchy
grasslands with heterogenous vegetation but few shrubs (Powell, 2008; Vickery, 2020). At our
site, grasshopper sparrows are present from mid-April through September, and during the study
period, were most abundant in grazed pastures that are burned every 2—3 years. Grasshopper
sparrows may attempt multiple nests each breeding season and can raise up to three broods per
season at this site (W.A.B. unpublished data). They construct domed ground nests of grasses and

litter (Vickery, 2020). Females lay and incubate 1-7 eggs and feed nestlings with the assistance
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of males until fledging at 7-8 days old (Vickery, 2020; Winnicki, 2019). Nest success (i.¢e., at
least one sparrow fledging the nest) at the site is low with an average of 0.18 host fledglings
produced per nest attempt (Verheijen et al., 2022). Nests fail due to predation by snakes,
mammals, or other species of birds, abandonment, being trampled by large grazers, and flooding
or other extreme weather events. Additionally, grasshopper sparrows are frequent hosts for
brown-headed cowbirds (Molothrus ater), an obligate brood parasite. Brown-headed cowbirds
lay eggs in host nests, sometime removing a host egg, or removing all host eggs triggering
relaying by the host female (Arcese et al., 1996). At the Konza Prairie, female brown-headed
cowbirds deposited 1-5 eggs in 41.7% of the 240 nests we monitored between 2014-2019 (Sroor
et al., in review).

Grasshopper sparrows are highly mobile, frequently dispersing within and between
seasons. Within season, ~75% of males changed territories with known dispersal distances
reaching 8.9 km (Williams and Boyle, 2018). Furthermore, each month 52% of territories were
occupied by a new territorial male (Williams and Boyle, 2018); the limited data on female
movement suggests that they also frequently disperse, but their dispersal rates are unknown.
Grasshopper sparrows migrate annually, wintering in the southern United States and Mexico
with the NE Kansas population wintering in Texas and northern Mexico (Hill and Renfrew,
2019). In Texas, grasshopper sparrows have an overwinter survival probability ranging from
0.47 to 0.87 (Pérez-Ordoniez et al., 2022). Raw recapture or resight of males in any subsequent
year at the Konza Prairie is 26% (Silber et al., 2023) and the proportion of individuals resighted
from the previous year ranges from 13.7-2.5%, which is consistent with the 0% to 57% return

rates to the breeding grounds throughout North America (Gill et al., 2006; Jones et al., 2007).



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

Field Methods

Throughout each breeding season of 2013-2021, we captured grasshopper sparrows in mist nets
baited with a speaker playing a territorial male’s song and marked them with a unique
combination of one numbered, aluminum United States Geological Survey and three colored leg
bands. We determined sex based on the presence of a cloacal protuberance (male) or a brood
patch (female). We classified individuals as juveniles or adults based on plumage. Juveniles were
born in the year of capture while adults were born in any year prior to capture. Most juveniles
were marked as nestlings, and as a result, sex was unknown unless they were molecularly sexed
for another project.

Field crews surveyed 18 pastures totalling 1643.8 ha every 10 days from mid-April
through late-August so that each pasture was surveyed 8—10 times per breeding season. The
pastures surveyed ranged in size from 27.9-226.3 ha and included three ungrazed x annual burn,
three ungrazed x 2-year burn, two bison grazed x annual burn, two bison grazed x 2-year burn,
two cattle grazed x annual burn pastures, and six cattle grazed x 3-year patch burn pastures. Each
survey was conducted by one or two observers and routes varied between each survey to ensure
all areas within each pasture were surveyed multiple times throughout the season. Using
binoculars, scopes, and cameras, observers counted and recorded the identify of individuals
based on their unique color-band combinations or recorded that they were unmarked, which
triggered subsequent capture efforts.

We searched for nests throughout the breeding season in areas where males were
defending territories. We located nests by observing adults carrying food and by flushing females
off nests, either incidentally or by dragging a weighted rope over the top of the vegetation

(Higgins et al., 1969). We visited nests every 2—3 days and recorded the number of grasshopper
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sparrow and brown-headed cowbird eggs or nestlings present until the nest successfully fledged
young or failed. We marked nestlings at approximately day 4 post hatch with a single, numbered
metal band to enable identification post-fledge. For each nest, we attempted to identify the
female and the social male using a combination of behavioural observations (e.g., if they took
food to the nest to feed nestlings) and captures at the nest. We captured females by placing a
mist-net immediately in front of the nest opening and, after allowing her to return to the nest,
flushed her into the net. Identifying the females by band combination was difficult because they
are secretive and can evade both capture and resight by running through the tall grasses.
Therefore, some nests had an unknown parent, in which case we generated a unique parental ID
for that individual.

We followed all guidelines for the care and use of animals as well as institutional, state,
and federal regulations throughout our study (Kansas State University [ACUC permits #3260,

3733, and 4250 and North American Bird Banding Laboratory permit #23836).

Integrated Population Model

We collated the demographic data collected during the surveys, capture events, and nest
monitoring into three data sets: annual population counts, a capture-recapture/resighting matrix,
and annual measures of productivity. To get annual population counts of adult and juvenile
males and females, we summed the number of unique individuals observed at least once each
year. Similarly, we included all individuals in the capture-recapture/resighting matrix if they
were observed at least once within a breeding season. Individuals with unknown IDs or sex were
excluded from the counts and matrix except for juveniles whose sexes are unknown due to lack

of secondary sex characteristics. Juveniles of unknown sex were randomly assigned a sex based
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on a 1:1 offspring sex ratio common in passerines (Gowaty, 1993). The productivity data set
included the total count of females observed (including females of nests with generated IDs) and
the number of grasshopper sparrow juveniles in each year. To estimate annual vital rates and
population growth rates from these three datasets, we fit an integrated population model (IPM;
Schaub et al., 2007). In an IPM, a state-space model describes the population count data (Schaub
and Kéry, 2021). The state process represented a population projection model that considered
two sexes and three stages (recruits, surviving adults, and immigrants). Recruits were individuals
born in the study area in the year prior that returned to their natal site to breed. Surviving adults
were >2-years old that had bred in the study area in previous years while immigrants were
individuals that were not known to have been born or have bred in the study area in previous
years. We projected stage-specific abundance using binomial and Poisson distributions to
account for demographic stochasticity (Schaub and Kéry, 2021).

We estimated apparent survival of both sexes and two age classes (juvenile and adult)
using the capture-recapture/resight data set and a Cormack-Jolly-Seber model (Schaub and Kéry,
2021). We estimated both apparent survival, which is the probability of an individual surviving
and returning in the next year, and recapture/resight, which is the probability of detecting an
individual the following year given the individual is alive and present in the study area (Schaub
and Kéry, 2021).

We estimated fecundity, or annual productivity of the population, using a regression
model with a Poisson distribution fitted to the number of juveniles and females each breeding
season (Schaub and Kéry, 2021). We included a parameter dividing fecundity in the regression
model to account for known underestimation of the number of offspring produced each year. We

included this parameter because when studying post-fledge survival in 2021 and 2022, only
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0.04% of juveniles caught at the end of the breeding season were recaptures (i.e., birds banded as
nestlings). This underestimation was a result of several methodological and biological factors
including the amount of land surveyed relative to the number of observers, the difficulty of
finding ground nests in grasslands, and rapid pace of embryonic and nestling development in this
species. A uniform prior was specified for the parameter with support from 1 to 3, which
accounts for finding between 33% and 100% of all nests each year.

We used results from other studies on grasshopper sparrows and knowledge of the local
system to inform priors. We specified a uniform prior with support from 0.3 to 0.9 for the adult
male and female apparent survival parameters based on a published range of adult male survival
estimates (0.4 to 0.9; Bernath-Plaisted et al., 2021). We applied a uniform prior with support
from 0.1 to 0.5 for juvenile male and female apparent survival (i.e., young birds that survived
and returned to the site the following year) because juvenile survival is estimated to be
approximately half that of adults (Seigal, 2009). The prior for adult male recapture probability
was set as uniform with support from 0 to 1, reflecting the range of published return rates of 0%
(Kaspari and O’Leary, 1988) to 84% (Delany et al., 1995). Female and juvenile recapture rates
were expected to be less than the adults (Small et al. 2009), so the prior for juvenile male
recapture probability was specified as uniform with support 0 to 0.5, while the priors applied to
juvenile and adult female recapture probabilities were uniform with support from 0 to 0.3. The
number of immigrants into a population is likely site specific and immigration rates have not
been well characterized in grasshopper sparrows, so we set the limits of the immigration prior to
be broad. Both priors for male and female immigration were uniform with support 0 to 175
individuals. Because grasshopper sparrows can have as many as 4.2 fledglings per nest (Davis et

al., 2016) and have multiple nest attempts per year (e.g., 3.5-4.8 nest attempts per year; Wray et

10
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al., 1982), we specified the prior for fecundity to be uniform with support from 0 to 14 offspring.
We estimated the initial population size to be between 80 and 350 individuals. These estimates
are ~2x the lowest and highest number of individuals counted within the previous five years

from line transects conducted throughout the field site prior to 2013 (Boyle, 2023a; Boyle,
2023b). We doubled the counts because almost all individuals counted were territorial males. We
used Markov chain Monte Carlo (MCMC) to fit the model to the data, using three independent
chains for 1,500,000 iterations (burn in = 750,000 and thin = 100). We fit the IPM and performed

MCMC-based diagnostics using the package jagsUI (Kellner, 2021) in R version 4.1.1.

Sensitivity analyses
Using the annual vital rates derived from the integrated population model, we constructed a
simple stage-based population model. We estimated population size (N) as
Ny =1 + (Nt—l * ¢a.t) + (Ne_q * Fp) = ¢j,t’
Using estimates of juvenile apparent survival (¢;) and adult apparent survival (¢ ), immigration

estimates (/;), and fecundity estimates (F) at year t. We calculated the annual population growth

N(t+1)
N(t)

as Ay = . We then calculated the geometric mean of A; across the seven annual transitions

(i.e., 144, ... /171/ 7, to estimate the mean annual population growth rate throughout the entire
study period (Morris & Doak, 2002).

We then used a perturbation approach (as in Vélez-Espino 2005 and Dahlgren et al.
2016) to estimate sensitivity and elasticity of population growth to each of the vital rates (sex-
specific juvenile and adult apparent survival, male and female immigration, and fecundity). We
perturbed the annual estimates of each vital rate by 5%, one vital rate at a time, and then

recalculated the population growth rate across the seven annual transitions, estimating the

11
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sensitivity of the annual population growth rate to each vital rate by averaging the changes in the
population growth rate across transitions. To estimate elasticity, we calculated the proportional
change in the population growth rate for each vital rate (i.e., change in annual population growth

rate divided by the change in vital rate; Morris & Doak, 2002).

Weather Metrics

To assess the relationships between weather, vital rates, and population growth, we calculated
three weather variables previously shown to be associated with grasshopper sparrow physiology
(Freeman et al., 2023) and demography (Silber et al., 2023) that encompass local measures of
temperature, humidity, and rainfall, as well as a regional, integrative measure of weather patterns
based on rainfall anomalies related to the El Nifio cycles. First, we extracted local data from the
Gridded Surface Meteorological (gridMET) dataset that consists of high resolution (~4 km)
meteorological data (Abatzoglou, 2013). We extracted the maximum daily temperature (°C) and
maximum daily relative humidity (%) for the duration of the breeding season (May 1 — August
31) and used an equation derived by Stull (2011) to calculate the average daily high wet bulb
temperature (°C) for each breeding season. Wet bulb temperature incorporates both air
temperature and humidity, is always lower than the measured dry bulb temperatures, and is
biologically relevant because the thermoregulatory costs of high air temperature increase with
high humidity (Gerson et al., 2014). Second, we calculated the number of storms within each
breeding season because storms can have both direct and indirect consequences on survival,
movement, and reproduction (Wingfield et al., 2017). We classified rainfall as a storm event if
more than 18.21 mm of precipitation fell within a day (i.e., if rainfall exceeded one standard

deviation above the mean, Freeman et al., 2023), and summed the number of storms per breeding

12
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season using daily rainfall (mm) from gridMET. Lastly, we included a broad, regional metric of
breeding season temperature and precipitation: the El Nifio-Southern Oscillation Precipitation
Index (ESPI). The ESPI is a normalized index that incorporates El Nifio and La Nifia
precipitation indices which are measures of the precipitation anomalies in the tropical eastern
Pacific and the Maritime Continent (Curtis & Adler, 2000). In Kansas, positive values indicate a
wet and cold El Niflo year while negative values indicate dry and warm La Nifia summer (Curtis
& Adler, 2003). We obtained monthly ESPI data from the University of Maryland Global
Precipitation Climatology Project (2020) and to calculate an overall value for each breeding
season, we summed ESPI across May to August and lagged it by two years. We lagged ESPI
because, in previous work, ESPI lagged by two years was curvilinearly related to grasshopper

sparrow emigration rates (Silber et al., 2023).

Path Analysis

We quantified the relative effects of weather on annual population growth rates via the annual
vital rates using a path analysis following the approach developed by Woodworth et al. (2017).
We modeled all hypothesised linkages between the weather metrics, the sex and age specific
vital rates, and the annual population growth rates using multiple linear regressions (supporting
materials Fig. S1). In total, the path analysis was composed of seven linear regressions: one for
each vital rate with annual weather metrics as predictors and one for the annual population
growth rates with annual vital rates as predictors. We modeled vital rate-weather regressions
using linear relationships due to lack of statistical power to fit more complex models. We scaled
all variables included within the path by subtracting the mean and dividing by the standard

deviation. We fitted each model to each sample of the posterior distribution generated by the
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IPM which allowed for the uncertainty within the IPM to be carried forward (Woodworth et al.,
2017). We ran each model within the path for 225,000 iterations, once for each value of the
posterior distributions generated by the IPM, after which we calculated the mean estimate and
the 95% credible intervals. We estimated the indirect effects of weather on the annual population
growth rate by calculating the product of the direct effects of each weather metric on a vital rate
and that vital rate on population growth. We then summed these indirect effects across the vital
rates to obtain a cumulative indirect effect of a weather metric across all vital rates on annual

population growth rates.

Population Projections

Because the path analysis revealed lagged breeding season ESPI to have a 5x and 10x greater
effect on the annual population growth rate than the other two weather metrics, we aimed to use
this regional index to estimate the population size under future climate scenarios. However,
because ESPI is a record of ongoing weather patterns and thus does not support climate
projections, as a proxy we used lagged precipitation extracted at our study site from the gridMET
dataset for climate projections. We extracted and summed the daily rainfall (mm) from May 1 —
August 31 then lagged these totals by two years to match the two-year lagged ESPI. The
gridMET lagged precipitation data were highly correlated with the lagged ESPI index (Pearson’s
correlation: r = 0.53, supporting materials: Table S2), indicating that it was a good proxy for this
variable in population projections. We then fit a regression to predict changes in the annual
population growth rate in our study area as a function of lagged precipitation. To project
population change under future climate conditions, we predicted the population growth rate with

all the 18 available Multivariate Adaptive Constructed Analogs (MACA) global climate models
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from the Climatology Lab (Abatsoglou & Brown, 2012). We projected annual population growth
rates from the regression under each of the MACA model-predicted climate scenarios and used

these growth rates to project annual population size at our site from 2021-2100.

Results

Integrated Population Model

From 2013-2021, we captured 2898 unique individuals comprising 1640 adult males, 277 adult
females, 36 juvenile males, 20 juvenile females, and 925 juveniles of unknown sex. Across the
nine years we recaptured or resighted 2445 individuals at least once for a total of 3641
recaptures/resights. Average annual probability of apparent survival varied by sex and age class
(adult male = 58%, adult female = 51%, juvenile male = 21%, juvenile female = 20%, Fig. 1A
and 1B). Immigration into the study area was high and varied by sex, with an estimated average
of 79 males and 40 females joining the population each year (Fig. 1D). Overall, the estimated
number of individuals in the population fluctuated from a high of 810 in 2014 to a low of 369 in
2020 (Fig. 1F) with no clear directional change over time. The estimated annual population
growth rate was relatively high in the first year of the study (population growth rate in 2013=
1.71) after which it oscillated around 1 (range for remaining years = 0.89-1.20, Fig. 1C).

We located and monitored 498 nests over the nine years of the study, 206 of which had
known females. Females attempted 1-3 known clutches per year at the site, and nests contained
an average of 3.32 grasshopper sparrow eggs (range = 0 —7) with an average of 0.85 grasshopper
sparrow nestlings successfully reaching fledge (range = 0—6). The total clutch size (grasshopper
sparrow and brown-headed cowbird eggs combined) ranged from 0-10 eggs and the total brood

size (grasshopper sparrow and brown-headed cowbird nestlings combined) ranged from 0—6
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348  nestlings. The number of grasshopper sparrow juveniles known to be produced each breeding
349  season ranged from 17 to 120 and the average number of juveniles produced per female per
350  breeding season (i.e., fecundity) was estimated at 2.40 (Fig. 1E).

351

352 Sensitivity Analyses

353  The population growth rate was most sensitive to changes adult male apparent survival

354  (supporting materials: Fig. S2). Sensitivity was highest for adult male apparent survival (0.13),
355  moderate for adult female apparent survival (0.08) and juvenile survival (male = 0.06, female =
356  0.08), and lowest for fecundity (0.03) and immigration (male and female < 0.01). The elasticity
357  (i.e., proportional change in population growth rate) was also higher for adult apparent survival
358  (0.08) than for adult female apparent survival (0.04), fecundity (0.03), juvenile survival (male =
359  0.01, female = 0.02), and immigration (male and female = 0.02).

360

361  Path Analysis

362  Weather metrics were highly variable among the nine years of study (supporting materials: Fig.
363  S3). During the breeding season, average daily highs for wet bulb temperature stayed

364  consistently around 27°C (range = 26.1 to 28.8°C). Total rainfall across the breeding seasons was
365  highly variable, ranging from 347 mm in 2017 to 847 mm in 2019. Grasshopper sparrows were
366  exposed to 4 (2018) to 16 (2019) storms (i.e., rainfall events exceeding 18.2 mm) between May
367  and August each breeding season. ESPI was lowest in 2015 (-1.10) and highest in 2017 (2.68),
368  which when lagged by two years, matched the extremes of the total rainfall.

369 The path analysis revealed that immigration had the largest direct effect on the annual

370  population growth rate (mean estimate = 0.63, 95% credible interval (CI) = -0.64, 1.98) followed
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by adult male apparent survival (mean = 0.39, 95% CI =-0.83, 1.59) where more immigrants and
higher apparent survival increased the annual population growth rate. All direct relationships
including effects of weather on vital rates and the effect of vital rates on the annual population
growth rate had credible intervals that substantially overlapped zero (Fig. 2A and 2B, supporting
materials: Table S3).

Combining the direct effects of weather on vital rates and vital rates on the annual
population growth rate we also estimated the indirect effects that the average daily high wet bulb
temperature, number of storms, and lagged ESPI had on the annual population growth rate.
Lagged ESPI had the strongest effect on annual rates of population growth (mean estimate = -
0.21, 95% CI = -0.63, 0.23) where the annual population growth rate was highest two years after
a hot and dry year. Locally measured temperature and storms were less strongly related to annual

rates of population growth than lagged ESPI (Fig. 2C, supporting materials: Table S4).

Population Projections

We projected annual population growth rate and size through 2100 using precipitation lagged by
two years in 18 GCMs. The mean annual population growth rate over the 2021-2100 period was
projected to be 0.98 (95% CI = 0.86, 1.11; supporting materials: Fig. S4). The projected
population size declined under all climate scenarios (Fig. 3). The median population estimate
declined from the 2013 estimate of 539 individuals to 87 individuals by 2100, with two GCMs
predicting the population size to dropping below 100 individuals as early as 2055. Projected
grasshopper sparrow population sizes remained relatively stable under climate models with
lower mean annual rainfall (<425 mm), while projected population sizes decreased more under

climate projections with higher mean annual rainfall (Fig. 4).
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Discussion

In the eastern tallgrass prairies of the central Great Plains, climate variability strongly influences
the demography of an imperiled grassland songbird. Furthermore, grasshopper sparrows are
expected to decline under future climate scenarios and may be locally extirpated within the next
century. Importantly, our population projection is conservative and does not take into account
other factors that are known to drive declines in grassland birds observed since the 1970s
(Rosenberg et al., 2019). While grasshopper sparrow declines at our local site are predicted given
future precipitation trends, many grassland birds exhibit sharp declines in response to habitat
loss, habitat degradation, and habitat fragmentation across their ranges (Herkert, 1998, Stanton et
al., 2018). Thus, the changing climate will likely exacerbate ongoing declines. By investigating
the drivers of population growth we may be able to mitigate threats to the population.

Over this nine-year study, estimated annual population growth rates fluctuated around 1
suggesting that the population remained relatively stable. Despite this, the population is projected
to decline over the coming century, which with temporal changes in the climate, is likely due to
high interannual variation. The annual population growth rates were highly variable and
exceeded the common bounds of long-term variation in population growth rates (annual
population growth rates in our population: 0.89—1.71, common bounds: 0.95-1.05, Koons et al.,
2006). We would expect species that are highly mobile such as the grasshopper sparrow to have
higher variation in local population growth because they have a higher propensity to move in and
out of a local site. This variability in population growth rates and individual vital rates often
leads to declines when compared to a population with more stable growth and vital rates (Morris

& Doak, 2002). The variation we observed is consistent with regional analyses that predict
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grasshopper sparrows are not regionally viable (With et al., 2008). Therefore, while high
dispersal propensity means that populations can easily be "rescued" by immigrants from
elsewhere, the stochastic nature of the climate and the links between climate and population
growth expose these birds to regional-scale risks.

Interannual variation in the annual population growth rate was most sensitive to changes
in adult apparent survival (i.e., the product of true survival and movement), which in this
population is shaped more by emigration than true survival (Silber et al., 2023). Species with low
breeding site fidelity are often responsive to spatial variation in rainfall so we expected
precipitation metrics to play an important role in shaping vital rates and population growth.
Based on evidence from this and other studies (Silber et al., 2023; in review), it seems likely that
the causal links between lagged ESPI and grasshopper sparrow demography are mediated by
vegetation structure for several reasons. (1) Grasshopper sparrows select quite specific structural
attributes for breeding territories, and those attributes are linked by lagged rainfall (Silber et al.,
2023; in review). (2) Nest success in grasshopper sparrows is associated with vegetation
structure, mediated, in part, by precipitation in previous years (Ruth & Skagen, 2018), and
juveniles move to areas with higher vegetation cover (Small et al., 2015; Guido, 2020). (3)
Vegetation structure is associated with multiple vital rates in this species and their communities
(e.g., Anderson et al., 2015; Giovanni et al., 2015). Overall, in this study, lagged ESPI had a 5—
10 times larger indirect effect on the population growth rate than the other weather variables we
included. But, unlike previous work, we uncovered a stronger relationship of lagged ESPI with
fecundity than emigration of adult males (Silber et al., 2023), likely reflecting differences in

modeling framework of the two studies. Combined, these studies highlight the need for large
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scale, regional analyses to determine why and where birds are moving to elucidate the
mechanisms underlying meta-population dynamics.

Despite a massive effort covering many hectares, our study is limited by a relatively short
temporal extent of 9 years, and the difficulties of locating females and their nests. First, because
the habitat, weather, and population are highly dynamic in this system, nine years may not
provide enough data to explore fine scale relationships between environmental conditions and
individual performance. Second, due to the secretive nature of females, and the unachievable
amounts of time and manpower required to find all renests, considerable uncertainty remains
around fecundity estimates. Nevertheless, this combination of an IPM, sensitivity and path
analyses, and population projection is the most comprehensive study of the population dynamics
of a grassland bird at a single site to date, and represents a significant advancement in the road to
recovery of a declining species. Our incorporation of informative priors is also an important step
forward when compared to other demographic studies (e.g. Woodworth et al., 2015) and draws
on years of in-depth knowledge to strengthen inference.

Developing IPMs is a critical step in guiding effective conservation efforts (Zipkin &
Saunders, 2018). Often, the focus of applied studies is on local habitat selection; although it is
important to understand local conditions most strongly associated with occupancy, we need a
broader perspective on species’ relationships with their environment. Demographic models such
as this one aid in understanding which vital rates are most important for persistence which
represents a key step in recovering North American birds (Road to Recovery, 2022). Such work
paves the way for the next step which is to implement targeted conservation actions. In this
population we recommend mitigating climatic drivers through careful, and year-specific habitat

management in ways that willl to increase fecundity, promote immigration, and supress
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emigration (Silber et al. in review). Given the propensity for movement in grassland birds (Jones
et al., 2007), and the ultimate effects on local population persistence, management plans and
action at regional scales are imperative. Pastures with heterogenous vegetation and suppression
of woody encroachment best support diverse communities of grassland-dependent species
(Wiens, 1969, Bakker, 2003). Furthermore, combining land management efforts on the breeding
grounds with ongoing work at grasshopper sparrow overwintering sites (e.g. Macias-Duarte et al.
2017, Pérez-Ordotiez et al. 2022) will be an important step in the recovery of the population.
Overall, this study supports the idea that in climatically variable environments, animal
populations are regulated by environmental conditions (Andrewartha & Birch, 1954; Drake &
Lodge, 2004; Jenouvrier et al., 2015). Unlike animals living in more stable environments, the
lives and vital rates of grassland-obligate birds appear to be shaped to a large degree by
interannual variation in rainfall that affects both individual vital rates and population growth
rates. By revealing the nature of those associations and the magnitude of responses, our study
helps identify the mechanistic links between environmental conditions and demographic
responses. Our work provides an example of how such insight paves the way for action that
mitigates the future predicted for birds under anticipated climate scenarios. Because animal
population growth is likely mediated by vegetation responses, management can compensate in

other ways to mitigate changes driven by climate.
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Fig.1. Annual estimates of vital rates and population counts of grasshopper sparrows
(Ammodramus savannarum) including survival probabilities of adults (A) and juveniles (B),
annual population growth rates (C), the number of immigrants (D), fecundity (i.e., the number of
juveniles produced per female, E), and population counts (F). Dots represent the mean estimate

and the error bars represent the 95% credible intervals.
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Fig.2. Estimates of the direct (A, B) and indirect (C) effects of weather and vital rates on annual

population growth rate of a population of grasshopper sparrows (Ammodramus savannarum) at

Konza Prairie Biological Station, KS, USA. ESPI = El Niiio-Southern Oscillation Precipitation

Index, AF = adult female, AM = adult male, JF = juvenile female, and JM = juvenile male. Dots

represent the mean estimate and the error bars represent the 95% credible intervals.
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Supplemental Materials
Changing precipitation regime threatens population growth and persistence of a declining

grassland songbird
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Tables

Table S1. Hypothesized relationships between weather and vital rates of a population of grasshopper sparrows (Ammodramus

savannarum) in northeastern Kansas, USA during the breeding season (May to August). The weather metrics considered include the

number of storms, the average daily high wet bulb temperature (°C), and the summed monthly El Nifio-Southern Oscillation

Precipitation Index (ESPI) lagged by two years.

Weather metric Proposed hypotheses

Predicted response

storms storms are energetically costly and could impact survival
storms can lead to nest failure via flooding or abandonment

storms may impede movement of individuals

temperature excessive heat could impact survival if at thermoregulatory limits

excessive heat is energetically costly and could impact provisioning
and offspring survival

excessive heat is energetically costly, could impact resources, and
could impact movement and choice to settle

lagged ESPI bottom-up effects of weather two years prior on vegetation and prey
availability could alter exposure to predators and impact whether
individuals choose to return

bottom-up effects of weather two years prior on vegetation and prey
availability could impact nest placement and success

bottom-up effects of weather two years prior on vegetation and prey
availability could impact whether individuals choose to settle

more storms lower survival
more storms lower fecundity

more storms reduce immigration

hotter temperatures lower survival

hotter temperatures lower fecundity

hotter temperatures reduce
immigration

prior wet conditions increase
survival by increasing concealment
and site fidelity

prior wet conditions increase
fecundity by increasing nest
concealment and prey availability

prior wet conditions increase
immigration via vegetation structure
and increased prey availability
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Table S2. Pearson’s correlation matrix of the weather variables included in analyses. Annual

measures of the number of storms, the average daily high wet bulb temperature (°C), and the

summed monthly El Nifio-Southern Oscillation Precipitation Index (ESPI) lagged by two years

were included in a path model fitted to assess the direct and indirect relationships between
weather metrics, vital rates, and population growth rate. Total breeding season precipitation

lagged by two years was used as a proxy for ESPI in the population projection models.

Variable storms temperature lagged ESPI lagged precipitation
storms 1
temperature -0.07 1
lagged ESPI -0.31 -0.17 1
lagged precipitation -0.29 0.08 0.53 1
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Table S3. Mean estimates and the lower and upper limits of the 95% credible interval from a

path model fitted to assess the direct relationships between annual weather metrics (the number

of storms, the average daily high wet bulb temperature (°C), and the summed monthly El Nifio-

Southern Oscillation Precipitation Index (ESPI) lagged by two years), annual vital rates, and

annual population growth rates of a population of grasshopper sparrows (Ammodramus

savannarum) in northeastern Kansas, USA during the breeding season (May to August).

Predictor Response Mean Lower Upper
storm juvenile female survival 0.00 -0.13 0.13
adult female survival -0.01 -0.16 0.11
juvenile male survival 0.01 -0.11 0.13
adult male survival 0.00 -0.09 0.08
fecundity -0.02 -0.14 0.08
immigration -0.01 -0.18 0.17
temperature juvenile female survival 0.02 -0.43 0.60
adult female survival -0.07 -0.84 0.59
juvenile male survival 0.13 -0.50 0.87
adult male survival 0.05 -0.31 0.49
fecundity -0.08 -0.64 0.38
immigration -0.04 -0.87 0.82
lagged ESPI juvenile female survival 0.01 -0.46 0.45
adult female survival -0.04 -0.50 0.38
juvenile male survival 0.01 -0.30 0.39
adult male survival 0.01 -0.21 0.27
fecundity -0.16 -0.79 0.44
immigration -0.04 -0.64 0.54
juvenile female survival population growth rate 0.09 -1.22 1.38
adult female survival 0.21 -0.94 1.57
juvenile male survival 0.26 -1.07 1.43
adult male survival 0.39 -0.83 1.59
fecundity 0.32 -0.93 1.52
immigration 0.63 -0.64 1.98
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Table S4. Mean estimates and the lower and upper limits of the 95% credible interval from a
path model fitted to assess the indirect relationships between annual weather metrics (the number
of storms, the average daily high wet bulb temperature (°C), and the summed monthly El Nifio-
Southern Oscillation Precipitation Index (ESPI) lagged by two years) and the annual population
growth rate of a population of grasshopper sparrows (dmmodramus savannarum) in northeastern

Kansas, USA during the breeding season (May to August).

Predictor Response Mean Lower  Upper
storm population growth rate -0.04 -0.18 0.11
temperature 0.02 -0.77 0.72
lagged ESPI -0.21 -0.63 0.23
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Fig.S1. Diagram of the path model fit to assess the direct and indirect relationships between

annual weather metrics (the number of storms, the average daily high wet bulb temperature (°C),

and the summed monthly El Nifio-Southern Oscillation Precipitation Index (ESPI) lagged by two

years), annual vital rates, and the annual population growth rate in a population of grasshopper

sparrows (Ammodramus savannarum) in northeastern Kansas, USA during the breeding season

(May to August).
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Fig.S2. Percent change in the population growth rate (1) of grasshopper sparrows (Ammodramus
savannarum) given a 5% change in each vital rate each year (i.e., sensitivity; A). The
proportional contribution, or percent change scaled for vital rate units, in the population growth
rate (B). The population growth rate changes more in response to adult survival than in response
to changes in juvenile survival, fecundity, or immigration. JM = juvenile male, JF = juvenile

female, AM = adult male, AF = adult female, M = male, and F = female.
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Fig.S3. Change in average daily high wet bulb temperature (°C, A), total precipitation (mm, B),
the monthly summed El Nifio-Southern Oscillation Precipitation Index (ESPI) lagged by two
years (C), and the number of storms (D) across the breeding seasons (May to August) of 2013—

2021 at Konza Prairie Biological Station, KS, USA.
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Fig.S4. Projected population growth rates of a population of grasshopper sparrows
(Ammodramus savannarum) at the Konza Prairie Biological Station, KS, USA (2021-2100).
Future population growth rates were calculated using projected breeding season precipitation
lagged two years, derived from global climate models. Each line represents projections derived
from a different global climate model and shaded areas are 95% credible intervals around the

projected population growth rate.
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