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Abstract

Many exogenous factors may influence demographic rates

(i.e., births, deaths, immigration, emigration), particularly for

migratory birds that must cope with variable weather and

habitat throughout their range and annual cycle. In midconti-

nental grasslands, disturbance (e.g., fire and grazing) and

precipitation influence variation in grassland structure and

function, but we know little about when and why precipitation

is associated with grassland species' vital rates. We related

estimates of detection, survival, and emigration to a priori sets

of precipitation metrics to test the putative alternative factors

influencing movement and mortality in grasshopper sparrows

(Ammodramus savannarum). This species is a migratory song-

bird that exhibits exceptionally high rates of within‐season and

between‐season dispersal. Between 2013 and 2020, we

captured and resighted grasshopper sparrows in northeastern

Kansas, USA, compiling capture histories for 1,332 adult males.

We tested predictions of climatic hypotheses explaining

variation in survival and emigration throughout a grasshopper

sparrow's annual cycle; both survival and emigration were

associated with the El Niño‐Southern Oscillation precipitation

index (ESPI). Survival was positively related with ESPI during

winter, and temporary emigration was curvilinearly related

to breeding season ESPI lagged 2 years, with the highest

site fidelity associated with intermediate rainfall values. The

relationship between rainfall and temporary emigration likely

reflects the influence of weather over multiple years on
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vegetation structure with consequent effects on local demog-

raphy. This study provides compelling support for the idea that

grassland species respond to high interannual variability by

adopting dispersal strategies unlike those of many well‐studied

migrant birds. Furthermore, the results imply that the conse-

quences of increasing climatic extremes may not be immedi-

ately apparent, with demographic consequences lasting for at

least a few years.

K E YWORD S

breeding dispersal, Great Plains, Konza Prairie, rainfall, tallgrass prairie

Local abundance is determined by the relative contributions of births, deaths, immigration, and emigration, all of

which are affected by biotic and abiotic factors. Density dependence may limit populations near thresholds

(Schreiber 2003), but density‐independent factors are a stronger influence on population dynamics and species

interactions in many systems (Vucetich and Peterson 2003, Rêgo et al. 2013, Sudakov et al. 2017). Habitat loss,

fragmentation, and weather are relatively well‐documented factors influencing population change (Newton 1998,

Addo‐Bediako et al. 2000, Sahanatien et al. 2012, Albright et al. 2017). While temperature affects vital rates such as

reproduction or survival via individual physiology influencing species ranges and life histories (Angilletta 2009,

Forero‐Medina et al. 2011, Day et al. 2018), less is known about when and why precipitation affects vital rates

(Boyle et al. 2020).

In grassland systems, precipitation variability is a key feature of ecological function; precipitation mediates

the effects of natural disturbances such as fire and grazing (Blair et al. 2014). The nature and magnitude of these

interactions shape soil organic matter, primary productivity, and plant community composition (Briggs et al. 2002,

Koerner and Collins 2014), making grasslands more sensitive to variation in precipitation than most systems (Blair et al.

2014). Vegetation can help buffer grassland consumer communities from weather variability by providing physical

shelter during adverse conditions (Wiens 1973). Consequently, vegetation structure is closely intertwined with

arthropods (Welti et al. 2020), mammals (Jones et al. 2017), and birds (Klug et al. 2010, Shew et al. 2019). Grassland

animal populations are sensitive to variability in their environment, including precipitation regime (Reed et al. 2007,

Skagen and Yackel Adams 2012, Wilson et al. 2018, Zuckerberg et al. 2018). That sensitivity is likely manifest as

fluctuations in vital rates and local abundance; however, we lack a general understanding of how precipitation is related

to demographic parameters and the underlying mechanisms that might lead to those relationships.

The influence of movement on local abundance is especially important in grassland systems (e.g., butterflies;

Franzen et al. 2013). Many grassland species are highly mobile, which enables individuals to track changes in

resources (e.g., bison [Bison bison], Plumb et al. 2009; amphibians, Searcy et al. 2012; birds, Wells et al. 2008). In

particular, grassland birds exhibit lower rates of site fidelity than birds of most other biomes, which has been

hypothesized to reflect adaptation to variability in their environment (Switzer et al. 1993). In migratory grassland

birds, an individual may return to its previous breeding site, find the habitat unsuitable, and decide to settle

elsewhere (Ahlering et al. 2009). Grassland songbirds exhibit both inter‐ and intraspecific variation in temporary

emigration; some individuals will return to breed at the same site each year, while others will disperse elsewhere to

breed (Jones et al. 2007, Ruth 2017). Additionally, individuals may settle in an area and find their home range has

become unsuitable after a few weeks, leading to within‐season dispersal (Gow and Stutchbury 2013). Dispersal can

allow grassland birds to track rainfall‐mediated fluxes in vegetation conditions and food availability conducive to

survival and reproduction. But the ultimate factors influencing dispersal, the relationships between movement and

rainfall (Wiens 1973), and the consequences of such mobility on demography remain unclear.
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Given that many grassland songbirds move among sites within and among years, estimating vital rates can be

challenging because researchers are often unable to collect sufficient data over large spatial scales to determine if

individuals have dispersed from a study site. Therefore, true survival and site fidelity in mobile species are often

combined into a single metric, apparent survival (Sandercock 2006). While apparent survival is assumed to be

equivalent to (or at least, a good surrogate for) true survival by many authors, growing evidence suggests that in

grassland birds, apparent survival estimates may largely be shaped by dispersal (Gilroy et al. 2012, Schaub and Royle

2014, Taylor et al. 2015, Becker et al. 2018). Thus, adopting modeling approaches that attempt to distinguish

survival from emigration are required to elucidate the environmental factors that shape life‐history traits and

behaviors within and among species. Furthermore, because grassland birds are among the most imperiled groups of

birds in North America with almost 75% of species declining since 1970 (Rosenberg et al. 2019), understanding the

factors affecting grassland bird population dynamics can help guide effective conservation.

We studied the grasshopper sparrow (Ammodramus savannarum), a small (~17 g), migratory grassland songbird

species that has declined by >70% since the 1960s (Sauer et al. 2020). They primarily breed in native and restored

grasslands across the mid‐continental and eastern United States and winter in grasslands and shrublands in the

southern United States and northern Mexico, where they overlap with non‐migratory sub‐species whose ranges

extend farther into Mesoamerica and the Caribbean (Vickery 2021). Their abundance and return rates vary

geographically and interannually, with return rates as high as 88% in the eastern United States (Soha et al. 2009)

and as low as 0% in the Midwest (Kaspari and O'Leary 1988). Breeding grasshopper sparrows select areas of

substantial heterogeneity in vegetation structure (Powell 2008), which provides the disparate structure required for

nesting, foraging, and shelter. They use overhanging litter and grasses to create woven nests, and nearby bare

patches of ground to forage for arthropods, which comprise ≥70% of their breeding season diet (Kaspari and

Joern 1993).

We related estimates of detection, survival, and temporary emigration from 2013–2020 to various precipitation

metrics (Figure 1) to evaluate putative alternative factors influencing apparent survival throughout a grasshopper

sparrow's annual cycle (Figure 2). We expected precipitation could influence interannual grasshopper sparrow return

rates by directly affecting survival or indirectly influencing movement via vegetation structure or prey availability. We

evaluated predictions of these alternative hypotheses to determine which precipitation metrics occurring during

different portions of the annual cycle most strongly influenced estimates of survival and emigration.

STUDY AREA

We conducted our 8‐year study (2013–2020) on the Konza Prairie Biological Station, a 3,487‐ha native tallgrass

prairie preserve in northeastern Kansas (39°05′N, 96°35′W) and the adjacent Rannells Preserve, a 1,175‐ha site.

These sites are composed of rolling hills with a mean elevation of approximately 390m. Climate in the region is

generally characterized by relatively cold, dry winters (Nov–Feb), mild springs (Mar–May), and hot summers with

highly variable rainfall (Jun–Aug). Konza Prairie is a Long‐Term Ecological Research site that has been managed

experimentally for over 40 years. It is divided into 46 experimental units with replicated fire (1‐, 2‐, 4‐, 20‐yr burns)

and grazing (bison‐grazed or ungrazed) regimes. There are also 2 patch‐burn units, grazed by cattle, each consisting

of 3 pastures, 1 of which is burned annually in rotation. We worked on 16 experimental study units every year,

representing replicated pastures managed with annual and biennial burn frequencies, all grazing regimes, and patch‐

burn grazing units. The Konza Prairie receives a mean annual precipitation of 835mm, 75% of which occurs

between May and September (Koerner and Collins 2014). The pastures on which we studied sparrows at the

Rannells Preserve are annually burned and have intensive, early cattle stocking which is a common land

management in the region (Owensby et al. 2008). Dominant grass species at our study sites include big bluestem

(Andropogon gerardii), little bluestem (Schizachyrium scoparium), Indiangrass (Sorghastrum nutans), and switchgrass

(Panicum virgatum), and dominant forb species include goldenrod (Solidago canandensis, S. missouriensis), ironweed
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(Vernonia baldwinii), lead plant (Amorpha canescens), white heath aster (Aster ericoides), scurfpea (Psoralidum

tenuiflorum), and ragweed (Ambrosia psilotachya). Dominant avifauna consist of eastern meadowlark (Sturnella

magna), dickcissel (Spiza americana), brown‐headed cowbird (Molothrus ater), northern bobwhite (Colinus virginianus),

upland sandpiper (Bartramia longicauda), common nighthawk (Chordeiles minor), and greater prairie‐chicken

(Tympanuchus cupido). Other dominant fauna include white‐tailed deer (Odocoileus virginianus), eastern cottontail

(Sylvilagus floridanus), raccoon (Procyon lotor), striped skunk (Mephitis mephitis), deer mouse (Peromyscus

maniculatus), eastern yellow‐bellied racer (Coluber constrictor flaviventris), and gopher snake (Pituophis catenifer

sayi), along with a variety of arthropods.

F IGURE 1 Description of hypotheses, associated mechanisms, predictions, rationale, and expected
relationships between grasshopper sparrow survival, movement, and precipitation in northeastern Kansas, USA,
2013–2020.
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METHODS

Field data collection

We captured and marked territorial males within each of our 16 study units from 2013–2020. Each study unit

contained a randomly located 10‐ha plot on which we intensively captured birds and surveyed throughout the

breeding season. Additionally, we captured and re‐sighted birds opportunistically throughout the entirety of each

unit. This resulted in about 50% spatial coverage of the whole of Konza and the Rannells Preserve. Between

late April and early August, we captured territorial males by placing a 12 × 2.5‐m mist net (Ecotone, Gdynia, Poland;

32‐mm mesh size) adjacent to singing perches. At the base of each net, we placed a small audio player and speaker

broadcasting conspecific song to attract territorial males. Each captured adult sparrow received a numbered United

States Geological Survey leg band and a unique combination of 3 color bands (i.e., 2 bands/leg). We determined the

age and sex of each bird using plumage, cloacal protuberances, and brood patches (only females incubate; Bent and

Austin 1968, Pyle et al. 2008). We aged birds in the field as hatch year or after hatch year by plumage; all individuals

undergo a complete pre‐basic molt in late summer and early fall, so they cannot be aged as second years or

older unless captured previously (Pyle et al. 2008). We measured tarsus length, wing length, and a structural

measurement of skull morphology, and collected blood, feather samples, or both, for other portions of our project.

We attempted to capture all unmarked territorial males and recapture individuals marked in previous years in every

unit. Because of the frequency of within‐season dispersal (Williams and Boyle 2018), we revisited each study unit

repeatedly to capture birds throughout the whole season.

We surveyed each unit approximately once every 10 days (9.6 ± 4.5 [SD]) for an average of 9 times

(range = 8–10 rounds) per season between late April and late July. Observers traversed the units via different routes

each survey, attempting to pass within 100m of all points within study units on each visit, or for the largest units, to

ensure all areas were surveyed multiple times throughout the season. Observers recorded each individual as

banded (with color band combination), unbanded (no silver or color bands), or unknown (banded but unable to

discern combination). We determined the identity of each individual using 8 × 42 binoculars, 10× scopes, high zoom

cameras, or a combination of optics to confirm color band combinations. We trained and tested all observers in

color‐band resighting skills, working in conjunction with a crew leader until survey methods and bird IDs were

consistent with the crew leader. Each survey was generally conducted by 1 observer, but larger units were split

between 2 observers to ensure the whole area was covered adequately. We did not survey in rainfall heavier than a

mist because grasshopper sparrows are unlikely to perch and sing, making observations of band combinations

difficult. We also occasionally spotted banded birds outside our focal units and included these opportunistic

detections in resighting histories.

F IGURE 2 Temporal scale of precipitation variables in the grasshopper sparrow robust design model from
northeastern Kansas, USA, 2013–2020. Boxes reflect the temporal extent over which precipitation variables are
summarized. Precipitation may affect survival directly through mortality (blue box) or affect temporary emigration
indirectly (green box) via habitat characteristics such as vegetation or prey abundance.

GRASSHOPPER SPARROW SURVIVAL AND MOVEMENT | 5 of 17

 19372817, 2023, 3, D
ow

nloaded from
 https://w

ildlife.onlinelibrary.w
iley.com

/doi/10.1002/jw
m

g.22371 by K
ansas State U

niversity, W
iley O

nline Library on [04/10/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Weather covariates

If apparent survival estimates primarily reflect true survival, we predicted precipitation would affect sparrows over

winter when they are most vulnerable. Grasshopper sparrows experience high rates of mortality on their wintering

grounds, particularly during winter storms (Macias‐Duarte et al. 2017, Pérez‐Ordoñez et al. 2022). Because

precipitation increases thermoregulatory costs (Wilson et al. 2004, Boyle et al. 2020), individuals may be less likely

to survive during periods of high winter precipitation. To test the relationship between survival and local winter

precipitation (Figure 1A), we first estimated the wintering range for the subspecies of grasshopper sparrow that

occurs in northeastern Kansas (A. s. perpadillus). We limited their estimated wintering range to west of the Texas‐

Louisiana border to minimize overlap with another overwintering subspecies, A. s. pratensis, and north of the central

volcanic belt of central Mexico to minimize overlap with a resident subspecies, A. s. ammolegus (longitude:

−14.7531, −93.53536, latitude: 23, 32.66821; Ruth 2017, Vickery 2021). We obtained winter precipitation data

from the National Oceanic and Atmospheric Association Physical Sciences Laboratory (NOAA PSL 2020) from

grasslands and shrublands cover (Dewitz 2020) across the estimated wintering range for our breeding population,

calculated the mean daily precipitation across all pixels, and summed the daily precipitation from 15 November–15

March.

Overwinter survival may also be influenced by large‐scale climate indices, such as the El Niño‐Southern

Oscillation (ENSO), that reflect multiple aspects of climate variability. Local precipitation and ENSO are often

correlated (Davey et al. 2014), but ENSO events affect multiple axes of weather including precipitation frequency,

intensity, total breeding season precipitation, and temperature regime (Cai et al. 2018). To test the relationship

between survival and ENSO over the winter, we obtained monthly values for the ENSO precipitation index (ESPI)

from the University of Maryland Global Precipitation Climatology Project (2020). We then summed these monthly

values for December, January, and February. If survival on the wintering grounds influences the number of

individuals that return each year, then we expected survival to be negatively affected by local winter precipitation

on overwintering sites or ENSO (Figure 1A, B).

Alternatively, vegetation on overwintering sites may provide important refugia for overwintering grassland

sparrows during inclement weather. Vegetation growth is correlated with rainfall, particularly in arid grasslands, so

we expected survival may increase with growing season precipitation on wintering grounds (Figure 1C). To test the

relationship between survival and precipitation on the wintering grounds during the previous growing season

(i.e., t – 1), we summed daily precipitation across the previous 1 April–1 October in the wintering range.

Given the putative importance of movement to sparrow life history, movement propensity (i.e.,

temporary emigration) may instead have a stronger effect on local abundance than survival. If so, we

expected weather to affect grasshopper sparrow emigration via vegetation structure or arthropod abundance.

Grasshopper sparrows prefer grasslands with a mosaic of cover types (Shaffer et al. 2021). In tallgrass prairies,

these heterogenous landscapes are created through variation in vegetation structure and plant species

richness over the growing season, which is positively correlated with spring precipitation (Ladwig et al. 2016).

Therefore, if vegetation structure influences temporary emigration estimates via settlement decisions, we

expected temporary emigration to decrease with more spring precipitation (Figure 1D). To test the

relationship between temporary emigration and breeding range spring precipitation, we obtained daily local

precipitation data from the Konza Prairie Data Portal (Nippert 2021) and summed the daily precipitation from

1 March–1 May.

Vegetation productivity is also correlated with fluctuations in precipitation between May–August, mediated by

ENSO (Ferris 1999). Because precipitation can influence growth and recruitment of even small perennial

herbaceous plants for 2 years (Tenhumberg et al. 2018), we considered local breeding season precipitation and

ENSO, and both at 1‐ and 2‐year lags. If intermediate growing (i.e., breeding) season precipitation supports

heterogenous vegetation structure and intermediate vegetation density, then we would expect lower rates of

emigration (i.e., higher site fidelity) following years with intermediate precipitation. Conversely, we would expect
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higher rates of emigration in extreme dry or wet years. We therefore expected a curvilinear relationship between

temporary emigration and summer breeding season precipitation and the ESPI (Figure 1E). To assess local breeding

season precipitation at a 1‐ and 2‐year lag (i.e., t – 1, t – 2), we summed daily local precipitation data from the Konza

Prairie Data Portal (Nippert 2021) data from 1 May–15 August. To test relationships between temporary emigration

and broad‐scale climatic indices (Figure 1F), we summed the monthly ESPI May–August and delayed the index for

1‐ and 2‐year lags (i.e., t – 1, t – 2).

Arthropods, particularly grasshoppers, are grasshopper sparrows' primary food sources (Kaspari and Joern

1993), and intake rates are positively associated with fledging success (Kaspari 1991). Insect abundances have been

linked to the North Atlantic Oscillation (NAO) cycle in many biomes (Halkka et al. 2006, Westgarth‐Smith et al.

2007). Grasshopper abundance on our study site was negatively correlated with the NAO in the previous growing

season (Welti et al. 2020). This affects prey abundance through vegetation composition; higher rainfall increases

plant biomass resulting in higher carbon and lower nutrient concentrations, ultimately decreasing grasshopper

abundance. Therefore, if precipitation negatively affects prey availability, we expected a positive relationship

between summer NAO lagged 1 year and temporary emigration (Figure 1G). We obtained NAO values from the

University of Maryland Global Precipitation Climatology Project (2020) and summed the monthly values for

May–August at a 1‐year lag (i.e., t – 1). For all precipitation variables, we summed instead of averaging, as averages

do not always reflect extremes in the dataset (Gaines and Denny 1993).

Analytical methods

We compiled capture and re‐sighting histories for each individual male. We split each breeding season into 3

observation periods: early‐season (9 Apr–31 May), mid‐season (1 Jun–10 Jul), and late‐season (11 Jul–3 Sep).

Individuals that were captured or re‐sighted at least once within each observation period were assigned

a 1 in their capture histories for that period. If an individual was not captured or re‐sighted within that period,

it was assigned a 0. We did not include age or sex in our analyses because in most cases, adults cannot be aged

more precisely than after hatch year and females are extremely secretive, leading to low resighting and

recapture probabilities. Therefore, we excluded females from our analyses and our inferences are limited to

adult males.

Using the individual capture histories, we fit Pollock's robust design models (Pollock 1982) in RMark (Laake

2013) to assess correlations between effort and precipitation metrics to estimates of survival, emigration, and

detection. These models allow for temporary and permanent emigration between primary observation periods (i.e.,

yrs), while assuming the population remains closed to mortality and emigration between secondary sampling

periods (i.e., within the breeding season; Pollock 1982). The robust design model allows estimation of the

probability of survival between each primary observation period (S), the probability of surviving and not

permanently emigrating from the study site between primary observation periods (F), the probability of being off

the study site between primary observation periods given the individual was not present in the previous

observation period (γ′), the probability of temporary emigration between primary observation periods given the

individual was present in the previous observation period (γ″), the probability of encountering an individual (p), and

the probability of recapturing or resighting an individual (c).

We fit 3 sets of models to our data: detection (p), survival (S), and movement (i.e., temporary emigration

[γ″]). In the first set of models, we determined the variables most closely associated with detection while keeping

survival and movement constant. We fit 3 models to assess detection as a function of the summed time that all

observers spent surveying each year (i.e., effort), the number of surveys completed by experienced observers (i.e.,

experience), and year. We ranked models using second‐order Akaike's Information Criterion (AICc) to adjust for

small sample size and considered models with a ΔAICc > 2 to be uncompetitive (Burnham and Anderson 2002). If

multiple models were within ΔAICc < 2, we considered the most parsimonious model (i.e., the model with the fewest
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parameters with ΔAICc < 2) to be the most competitive (Arnold 2010). We used AICc instead of the quasi‐Akaike's

Information Criterion (QAICc) because the data were not overdispersed (i.e., ĉ < 1 for our dataset); therefore, an

overdispersion parameter was unnecessary (Burnham and Anderson 2002).

In the second step, we retained the top detection model and evaluated factors potentially explaining variation

in true survival (Figure 1). While our survival estimates may be influenced to some degree by permanent emigration,

we limited our predictions to those we expect to be related to true survival (S) instead of the probability of surviving

and not permanently emigrating from the study site between primary observation periods (F). We therefore

interpret our estimates as true survival. We fit 3 models to assess survival as a function of the summed precipitation

on the wintering grounds during the winter, the summed winter ESPI, and the summed precipitation on the

wintering grounds during the previous growing season. Again, we ranked models using AICc and retained the top

ranked model within the final modeling step.

In the final step, we used the top detection and survival models and evaluated factors potentially

explaining variation in temporary emigration (Figure 1). We fit 6 models to assess temporary emigration as a

function of 1) the summed precipitation on the breeding grounds during spring, 2) the summed precipitation

on the breeding grounds during the breeding season lagged 1 year (quadratic), 3) the summed precipitation on

the breeding grounds during the breeding season lagged 2 years (quadratic), 4) the summed ESPI on the

breeding grounds during the breeding season lagged 1 year (quadratic), 5) the summed ESPI on the breeding

grounds during the breeding season lagged 2 years (quadratic), and 6) the summed NAO on the breeding

grounds during the breeding season lagged 1 year. We transformed all covariates hypothesized to be quadratic

into orthogonal polynomials to reduce collinearity. We then ranked models using AICc and considered models

with a ΔAICc > 2 to be uncompetitive (Burnham and Anderson 2002). Finally, we used parameter estimates and

detection probabilities from the top model to estimate the number of territorial males present within our study

units each year.

RESULTS

Between late April to early August from 2013 to 2020, we color‐banded 1,332 adult male grasshopper sparrows,

26% of which were resighted or recaptured in later years, for 3,821 observations. Of these individuals, 248 were

resighted in 2 years, 69 were sighted in 3 years, 20 were resighted in 4 years, 3 were resighted in 5 years, and 1 was

resighted in 6 consecutive years. Many individuals apparently skipped breeding seasons and were undetected at

any time during an entire breeding season but then returned to breed in another year, often in almost the same

location. Approximately 9.5% of individuals were absent for ≥1 breeding season at our site, and some individuals

skipped up to 5 breeding seasons at our site before returning to breed. Six individuals lived to be ≥6 years old. The

oldest adult male recorded within our study was banded as an adult in 2014 and was detected in all 6 subsequent

years, which means the individual was ≥7 years old in 2020.

We spent, on average, 347.1 ± 2.12 (SE) hours (range = 182.2–424.6 hr) surveying each year. Precipitation fell

on 24–42 days (mean = 33 days) during the breeding season, and rain throughout the previous biological year

ranged from 706mm in 2014 to 1,003mm in 2015 (mean = 842mm). This is consistent with local long‐term

average annual precipitation of 834mm (Knapp and Smith 2001). Precipitation on the wintering grounds ranged

from 39mm in 2013 to 72mm in 2015 (mean = 50mm). Local breeding season precipitation varied from 191mm in

2012 to 430mm in 2015 (mean = 328mm), and the ESPI ranged from −4.4 in 2013 to 10.7 in 2015 (mean = 0.66).

In the first modeling step, year best explained annual detection probability. The next most competitive model

included effort and year and was 2.02 ΔAICc from the top model (Table 1). The detection probability over the entire

study period was 0.34 ± 0.04 (range = 0.29 − 0.40). In the next modeling step, winter ESPI best explained survival

(β̂ = 0.15, 95% CI = −0.06 − 0.35). The next most competitive model was growing season precipitation on the

wintering grounds and was 2.70 ΔAICc from the top model (Table 2). The probability of survival (Ŝ) was 0.77 ± 0.06
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(range = 0.71−0.84). Survival was lowest in years when birds experienced dry and warm conditions on the wintering

grounds, and highest in years with wet and cold winter weather (Figure 3A). In the final modeling step, the top

ranked model included temporary emigration as a function of ESPI lagged 2 years (Table 3). The relationship

between temporary emigration and ESPI lagged 2 years was curvilinear (ESPI lagged 2 years: β̂ = −0.11, 95%

CI = −0.59−0.38; ESPI lagged 2 years2: β̂ = 0.62, 95% CI = 0.16−1.08). The probability of temporary emigration (γ″̂)

each year was 0.63 ± 0.05 (range = 0.53−0.70), with the lowest estimates of emigration occurring in years of

average precipitation (Figure 3B). The ESPI lagged 1 year was 0.87 AICc from the top model, but the model weight

was much lower than that of ESPI lagged 2 years and the 95% confidence interval of the beta estimate overlapped

TABLE 1 Models fit to describe variation in grasshopper sparrow detection estimates as a function of effort
(summed amount of time spent surveying each year), proportion of surveys conducted by observers with ≥2 years
of experience, and year in northeastern Kansas, USA, 2013–2020. Detection models were fit while holding all
other parameters constant.

Detection model Ka ΔAICc
b wi

c Deviance

Year 13 0.00 0.54 −3,337.40

Effort + year 14 2.02 0.20 −6,785.89

Year + experience 14 2.02 0.20 −6,785.89

Effort + year + experience 15 4.05 0.07 −6,785.89

Experience 7 12.82 0.00 −6,760.96

~1 (constant model) 6 13.93 0.00 −3,309.35

Effort 7 13.95 0.00 −6,759.83

Effort + experience 8 14.42 0.00 −6,761.38

aNumber of parameters used in each model. Each covariate has 1 value/year.
bThe difference in Akaike's Information Criterion adjusted for small sample sizes (AICc) between the model and the best‐
fitting model.
cModel weight = exp(–0.5 × ΔAICc for that model), divided by the sum of these values for all models.

TABLE 2 Models fit to describe variation in grasshopper sparrow survival estimates as a function of
precipitation in northeastern Kansas, USA, 2013–2020. All models were fit with detection varying by year, which
was the top detection model.

Survival model Ka ΔAICc
b wi

c Deviance

Winter ESPId 14 0.00 0.69 −6,789.44

Growing season precipitation on wintering grounds 14 2.70 0.18 −6,786.74

Local winter precipitation 14 3.30 0.13 −6,786.14

~1 (constant model) 6 15.46 0.00 −3,309.35

aNumber of parameters used in each model. Each covariate has 1 value/year.
bThe difference in Akaike's Information Criterion adjusted for small sample sizes (AICc) between the model and the best‐
fitting model.
cModel weight = exp(–0.5 × ΔAICc for that model), divided by the sum of these values for all models.
dEl Niño‐Southern Oscillation precipitation index.
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zero. Estimates for the number of territorial males in our study units varied between 250 and 393 in different years

of the study: 285 (95% CI = 265 −310) in 2013, 346 (95% CI = 326−371) in 2014, 393 (95% CI = 373−418) in 2015,

328 (95% CI = 308−353) in 2016, 292 (95% CI = 272−317) in 2017, 264 (95% CI = 244−289) in 2018, 317 (95%

CI = 297 −342) in 2019, and 250 individuals (95% CI = 230−275) in 2020.

F IGURE 3 A) Grasshopper sparrow survival in northeastern Kansas, USA, 2013–2020, is positively correlated
with the El Niño‐Southern Oscillation precipitation index (ESPI) on their winter range. Positive ESPI values are
associated with wetter, cooler conditions, and negative ESPI values indicate dryer, warmer conditions. Survival is
highest in years with slightly wetter winters; however, the estimates of the slope of this relationship overlap zero.
The blue line represents model predictions with 95% prediction intervals highlighted in light blue. Black points are
survival estimates with 95% confidence intervals. B) Grasshopper sparrow temporary emigration exhibits a
quadratic relationship with the ESPI cycle lagged 2 years in northeastern Kansas, USA, 2013–2020. Temporary
emigration is highest in years with average or slightly lower precipitation and decreases towards extreme ESPI
values. The dark green line represents model predictions with 95% prediction intervals highlighted in light green.
Black points are temporary emigration estimates with 95% confidence intervals.

TABLE 3 Models fit to describe variation in grasshopper sparrow emigration estimates as a function of
precipitation in northeastern Kansas, USA, 2013–2020. All models were fit with detection varying by year and
survival varying by winter El Niño‐Southern Oscillation precipitation index (ESPI), which were retained from the
previous modeling steps.

Temporary emigration model Ka ΔAICc
b wi

c Deviance

ESPI lagged 2 yr2 16 0.00 0.43 −6,797.44

ESPI lagged 1 yr2 16 0.87 0.28 −6,796.57

Local breeding season precipitation lagged 1 yr2 16 2.93 0.10 −6,794.51

~1 (constant model) 14 3.94 0.06 −6,789.44

Local spring precipitation 15 4.01 0.06 −6,791.40

NAOd lagged 1 yr 15 4.02 0.06 −6,791.39

Local breeding season precipitation lagged 2 yr2 16 6.47 0.02 −6,790.96

0 (i.e., no temporary emigration) 12 149.39 0.00 −6,639.95

aNumber of parameters used in each model. Each covariate has 1 value/year.
bThe difference in Akaike's Information Criterion adjusted for small sample sizes (AICc) between the model and the best‐
fitting model.
cModel weight = exp(–0.5 × ΔAICc for that model), divided by the sum of these values for all models.
dNorth Atlantic Oscillation index.
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DISCUSSION

Grasshopper sparrow emigration and survival were related to precipitation in different periods of their annual cycle

and exhibited delayed effects, suggesting rainfall can affect grassland birds over relatively long time scales. While

about a quarter of the male grasshopper sparrows likely did not return for the breeding season because they did not

survive, >50% did not return because they had temporarily emigrated to another site. We highlight these high

emigration rates, which provides compelling support for the idea that grassland species respond to high interannual

variability by routinely engaging in breeding dispersal, unlike many well‐studied migrant birds (Winger et al. 2018).

Local abundance is determined in large part by the indirect effects of precipitation on adult vital rates, particularly

movement, a relationship likely mediated by vegetation structure. These results suggest the effects of more variable

weather under future climate conditions may not be evident for several years, which may confound attempts to

detect the effects of conservation actions via population responses.

The ESPI throughout the winter was positively correlated with survival estimates, which was opposite to the

relationship we expected; under wet and cold conditions, sparrows were more likely to survive the winter. Part of

the uncertainty regarding mechanisms linking weather and winter mortality may also result from the fact that we

estimated winter conditions over large geographic scales that may poorly reflect conditions that individual sparrows

in this study experienced. More precise estimates of grasshopper sparrow wintering ranges may yield stronger

relationships between winter weather and survival. Alternatively, the positive relationship between winter ESPI and

survival may manifest from more food availability (Hill et al. 2019), another axis of winter weather captured by ESPI

(e.g., temp; Macias‐Duarte et al. 2017), or precipitation increasing the amount of vegetative cover (i.e., refugia)

during inclement weather (Pérez‐Ordoñez et al. 2022). While our survival estimates may be slightly affected by

permanent emigration, the relationship between winter weather and survival suggests most individuals that never

returned to our study site to breed likely died.

Survival models often assume that when individuals move away from a study site, they are permanently

emigrating (Schaub and Royle 2014), but individuals within our study frequently appeared to skip years at our site

to breed elsewhere then return to our site in later years. We have multiple lines of evidence that individuals within

our breeding population often disperse within and among breeding seasons; this study provides yet another. This

result is borne out by the high estimates for temporary emigration and is consistent with preliminary geolocator

data and feather stable isotope data; feathers collected in 2014 and 2015 indicated about 75% of individuals bred

≥100 km away the previous year (W. A. Boyle, Kansas State University, unpublished data). Over larger scales within

the Great Plains, local abundances change each year, shifting the centroid of the grasshopper sparrow breeding

distribution by up to 87 km, consistent with high mobility and low breeding site fidelity (Smith 2021). If grasshopper

sparrows exhibited high side fidelity, we would expect their behavior and demography to be more strongly

correlated with local weather than regional climatic indices because they would be subject to conditions at 1

breeding site. But the relationship between temporary emigration and broad‐scale weather metrics affirms their

propensity for regional breeding dispersal and responses to conditions at multiple sites over larger spatial scales.

Grassland birds likely respond to habitat characteristics at multiple spatial scales (Shahan et al. 2017);

grasshopper sparrow behavior is correlated with large‐scale weather patterns, which likely act via local, site‐, and

territory‐level habitat features. Once grasshopper sparrows establish their breeding territories each year, they

spend most of their time within their territories, making territory selection important for their survival and

reproduction (Wiens 1969, Ruth and Skagen 2017). Grasshopper sparrows nest on the ground, and their

reproductive success is dependent on with vegetation structure (Ruth and Skagen 2018). We present a new line of

evidence the relationships between precipitation, vegetation, and grasshopper sparrows may be influenced by

weather conditions multiple years prior. Given that grasshopper sparrows have limited time in the year to breed

(Vickery 2021), it is possible that individuals take cues from their nest success in previous years to indicate whether

they should return to breed. Individuals entering the breeding season with information about where to settle will be

able to select higher quality territories at the start of the breeding season, increasing the likelihood they could
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successfully fledge multiple broods. If patchy vegetation conditions, shaped at our site by average values of

precipitation in combination with management (e.g., fire return interval), lead to higher nest success, then

individuals may be more likely to return to nest in subsequent years. These hypotheses reflect patterns observed

for within‐season dispersal; individuals are more likely to disperse following nest failure, adopting a win‐stay, lose‐

switch strategy (Williams and Boyle 2019). Approximately 75% of males disperse at some point within the breeding

season (Williams and Boyle 2018). This value is roughly congruous with our average detection probability because

Pollock's robust design model assumes no death or dispersal occurs within the breeding season (Pollock 1982). If

males on average are detected in only 1 period during the breeding season (because of within‐season dispersal), the

34% detection in this study suggests we detect the majority of individuals present at some point during each year.

Our annual survival estimates averaged 77%, which is considerably higher than prior estimates from 2 sites in

Florida, averaging 51% annual apparent survival over a 3‐year study (Perkins and Vickery 2001). The Florida

grasshopper sparrow (A. s. floridanus) is endangered and this difference may reflect real differences in risks to these

different populations, but it could also highlight the importance of explicitly incorporating movement into apparent

survival models. With mobile species, estimates of apparent survival likely would increase with study length. This is

particularly true when short‐term studies span less time than the species' longevity because individuals may

emigrate to another study area for several breeding seasons before returning. If the study period does not overlap

the individual's return, then the individual will be considered deceased instead of dispersed.

The relationship between grassland songbird demography, climatic cycles, and lagged precipitation suggests

ecological processes may extend beyond the spatial or temporal extent of most studies, potentially missing lagged

effects. Studies of mobile species in dynamic systems should be conducted at broad spatial and temporal scales to

capture climatic and landscape‐level factors and ensure correct conservation assessments (Webb et al. 2017). Long‐

term studies in species with high dispersal rates are essential to increase the likelihood that individuals will be re‐

observed and delayed effects can be detected (Igl and Johnson 1999). Furthermore, future analyses should include

consideration of habitat at multiple sites to assess if emigration is a function of habitat at 1 site or a tradeoff of

relative habitat quality at multiple sites.

Many grassland taxa have exhibited declines over the past decades (With et al. 2008, Rosenberg et al. 2019,

birds; Sang et al. 2010, insects; Bruggeman and Licht 2020, mammals), several of which have delayed responses to

environmental change (Thompson et al. 2015, Welti et al. 2020). While grassland species live in areas characterized

by periodic weather disturbances, climate change is expected to increase the frequency and intensity of severe

weather events across all ecosystems (Prein and Mearns 2021). These extremes in weather variability will affect

population dynamics in many systems (Frederiksen et al. 2008, Latimer and Zuckerberg 2021, Neilson et al. 2020),

the results of which may not be evident for years. Movement may be one of many strategies to cope with changing

conditions, and temporary emigration may help bolster small or declining populations. Temperature regulates

changes in vital rates across many taxa (Savage et al. 2004, Giovanni et al. 2015, Wingler and Hennessey 2016), but

precipitation is an often‐overlooked factor influencing population dynamics (Boyle et al. 2020). Precipitation may be

particularly influential during important periods in an organism's life cycle and during periods of extreme

precipitation, ultimately dictating species persistence. We can gain insights about how other systems may respond

to a changing climate by studying systems, like grasslands, that already experience weather variability.

MANAGEMENT IMPLICATIONS

Grassland bird demography is largely shaped by land managers because of the ways by which precipitation interacts

with fire and grazing to determine vegetation structure. While methods like patch‐burn grazing are promising for

creating vegetation heterogeneity to which grassland species respond positively, the relationships between

precipitation and management may change under future climate conditions. Because management outcomes are

heavily influenced by climate, these relationships may be further complicated by multi‐year effects of weather on
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ecological relationships in grassland systems, challenging assessments of current management practices. By

revealing the mechanistic links between weather and local demography, we gain a greater understanding of how to

support declining species, time scales over which local demography responds to management decisions, and

potential methods to slow range‐wide declines in a variety of grassland taxa.
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