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Abstract

Conservation of migratory species requires anticipating the potential impacts of extreme cli-

matic events, such as extreme drought. During drought, reduced habitat availability for

shorebirds creates the potential for changes in their abundance and distribution, in part

because many species are highly mobile and rely on networks of interior and coastal habi-

tats. Understanding how shorebirds responded to a recent drought cycle that peaked from

2013 to 2015 in central California, USA, will help optimize management of wetlands and

fresh water for wildlife. In the Central Valley, a vast interior region that is characterized by a

mosaic of wetlands and agricultural lands, we found 22% and 29% decreases in the annual

abundance of shorebirds during periods of 3-year drought (2013–2015) and 2-year extreme

drought (2014–2015), respectively, when compared to non-drought years. Lower abun-

dance of shorebirds coincided with significant decreases in the mean proportion flooded of

survey units (7% and 9%, respectively) that were reliant on fresh water. Drought was associ-

ated with lower abundance within both the interior Central Valley and coastal San Francisco

Bay for greater and lesser yellowlegs (Tringa melanoleuca and T. flavipes) and long- and

short-billed dowitchers (Limnodromus scolopaceus and L. griseus). Only dunlins (Calidris

alpina) had patterns of abundance that suggested substantial shifts in distribution between

the Central Valley and coastal regions of San Francisco Bay and Point Reyes. Our results

indicate that drought has the potential to reduce, at least temporally, shorebird populations

and flooded habitat in the Central Valley, and the ability to respond to drought by taking

advantage of nearby coastal habitats may limit the long-term effects of drought on some

species. Successful conservation strategies must balance the impacts of reduced habitat

availability at interior sites with the ability of some migratory shorebirds to adapt rapidly to

shifting distributions of resources.
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Introduction

Wildlife populations are susceptible to extreme climatic events such as severe drought, and

many climate projections suggest that future droughts will likely be longer and drier in many

regions [1, 2]. Extreme drought results in freshwater resource scarcity that should be consid-

ered when developing effective conservation strategies for both fresh water and wildlife [3, 4].

Evaluating when and where the effects of drought result in resource scarcity, and the resulting

influence on wildlife populations, requires long-term monitoring [5]. In the case of highly-

mobile species such as migratory birds, long-term monitoring must also occur over a broad

extent to document responses to drought among multiple species [6].

Drought can have widespread impacts on avian communities [7, 8], especially those in

regions dominated by freshwater ecosystems [9]. Moreover, extensive habitat loss, land modi-

fication, and human use of fresh water will compound the effects of drought on migratory

birds within interior regions [10]. How avian communities respond to drought will depend on

their geographic location, habitat preferences, and the magnitude of reduced habitat availabil-

ity [11]. For example, waterbirds have been shown tracking habitat availability at a continental

scale across a drought cycle in Australia [12], and in southwestern Australia, there was a sub-

stantial shift in the amount of suitable habitat available for waterbirds between interior and

coastal sites when comparing a wet and dry year [13]. Numerous other studies have demon-

strated the vagility of shorebirds by their multi-scale responses to daily [14–16], seasonal [17,

18], and annual [19, 20] variation in resource availability, yet there is a paucity of research on

the responses of non-breeding shorebirds to multiyear drought.

Climatic conditions in southwestern North America from 2000 to 2018 have been classified

as a megadrought [21] that included the driest four-year period in more than 1200 years in

California from 2013 to 2016 [22] and resulted in shortages of fresh water for both humans

and wildlife [23, 24]. In California’s Central Valley, where< 10% of historic wetlands remain

[25], scarcity of fresh water during the drought likely caused food and energy shortfalls for

waterfowl [26]. Like waterfowl, nonbreeding shorebird populations rely on managed wetlands

across the Central Valley [27], and post-harvest winter-flooded rice fields in the more north-

erly portions of the region [28]. Non-breeding shorebirds have been shown moving among

habitat types [15] and long distances (up to 281 km) within the Central Valley to areas with

more stable habitat availability in response to a seasonal reduction in flooded agricultural

lands that occurs primarily within rice fields from February to April [29]. Additionally, several

studies have shown non-breeding shorebirds moving between habitats in the Central Valley

and nearby coastal regions, likely in response to seasonal changes in habitat availability [29–

31]. If shorebirds respond similarly over the course of a multiyear drought, there may be long

term effects of drought on shorebird abundance and distribution which could limit population

sizes in relation to targets for conservation of non-breeding shorebirds in the Central Valley

[32]. There is also the potential for continued escalation in competition between humans and

wildlife for freshwater resources if a warmer, drier climate persists in the Central Valley [33],

which further highlights a need for understanding how shorebirds respond to drought in cen-

tral California.

In this study, we used annual surveys of non-breeding shorebirds in the Central Valley and

nearby coastal sites to characterize the responses of shorebirds to drought, and to document

patterns of habitat availability across a drought cycle from 2011 to 2016. Effects of the drought

on surface water resources for birds varied among geographic regions and habitat types in the

Central Valley, in part because of increasingly widespread curtailments of fresh water for

flooding of wetlands and agricultural lands that peaked during 2014 and 2015 [34]. Thus, we

used two temporal classifications of drought severity for the multiyear drought, a 3-year
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drought from 2013 to 2015 and a 2-year extreme drought from 2014 to 2015 (see Methods for

more details), to elucidate the magnitude and timing of effects of drought on shorebirds. Our

primary hypothesis was that less surface water (thus lower habitat availability) in the Central

Valley during drought years than in non-drought years would lead to lower abundance of all

shorebird species, and the magnitudes of decline for both habitat availability (because of

weather and water policy changes) and shorebird abundance would be greatest during the

2-year extreme drought period.

We relied on past research to generate predictions for individual shorebird species that

would decline in abundance during drought years within managed wetlands or agricultural

lands, and those that may shift from the Central Valley to coastal sites. Thus, we predicted

lower abundance during drought years than in non-drought years for black-necked stilts

(Himantopus mexicanus) in managed wetlands, and for killdeers (Charadrius vociferous),
greater yellowlegs (Tringa melanoleuca), and dunlins (Calidris alpina) in agricultural lands

(primarily rice fields) [35]. Based on the responses of shorebirds to changing distributions of

surface water in the Central Valley [29], we also predicted that some shorebirds would shift

northward away from the driest, southern areas in the Central Valley which were likely most

impacted by drought, and to nearby coastal regions where habitat availability was not depen-

dent on freshwater resources. In the neighboring San Francisco Bay estuary, we expected

higher abundance of black-necked stilts [36], dunlins [29], and long-billed dowitchers (Limno-
dromus scolopaceus) [31] during drought years than in non-drought years because they have

been documented moving between interior sites and San Francisco Bay. In estuaries of the

Point Reyes peninsula, we expected higher abundance of dunlins during drought because of

known movements between the Central Valley [30], and for killdeers and least sandpipers

(Calidris minutilla) because of evidence of higher abundance during dry years in wet years

[37–39].

Study area

Central California includes several regions of importance for shorebirds in the Pacific Flyway

[40]. The Central Valley of California is an interior, low elevation basin of approximately

52,000 (km2) between the Sierra Nevada and Coast Ranges and supports over 1 million shore-

birds each year [35]. It extends 642 km from north to south and 48 to 112 km from east to

west. Runoff from the surrounding montane watersheds is the primary source of fresh water

that supports habitat for migratory shorebirds, and water supplies are subject to human man-

agement decisions in response to annual and multiannual variation in precipitation. Annual

and seasonal precipitation is highly variable ranging from as little as 50% to more than 300%

of the long-term averages with most precipitation traditionally occurring from November to

March [41]. The climate is progressively drier from north to south, and land use is primarily

agriculture with expanding urban areas that are concentrated near the convergence of the Sac-

ramento and San Joaquin rivers. We defined four sub-regions in the Central Valley that were

based on modified planning regions of the Central Valley Joint Venture from 2006 [42]: Sacra-

mento Valley, Yolo-Delta, San Joaquin, and Tulare (Fig 1).

Coastal regions included the San Francisco Bay estuary (hereafter San Francisco Bay) and a

set of smaller estuaries along the Point Reyes peninsula (Fig 1). San Francisco Bay is the largest

estuary on the Pacific coast of North America and centered ~75 km west of the Yolo-Delta

sub-region in the Central Valley. San Francisco Bay is used by over half a million shorebirds

during migration and winter; see [43] for details on the ecological features and past shorebird

use of San Francisco Bay. We consider Suisun Marsh, which lies directly west of the Yolo-

Delta sub-region and the convergence of the Sacramento and San Joaquin rivers, as part of San
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Francisco Bay region, primarily because the managed wetlands of Suisun Marsh do not rely

primarily on deliveries of fresh water for flooding and they lack surrounding agricultural

lands, distinguishing it from wetlands in the Central Valley.

The Point Reyes peninsula, on the outer coast ~30 km northwest of San Francisco Bay,

includes three smaller, distinct estuaries—Tomales Bay, Bolinas Lagoon, and the Drakes-

Limantour estuary system (including Drakes and Limantour Esteros)—and Abbotts Lagoon, a

true lagoon. For details on the features and shorebird use of the estuaries of Point Reyes see

[36–38].

Methods

We used data collected annually from 2011 to 2016, for the Pacific Flyway Shorebird Survey

(pointblue.org/pfss), a multi-scale survey conducted by biologists and volunteers using a stan-

dardized survey protocol and coordinated via a network of partner organizations, which com-

poses part of a network of shorebird monitoring sites along the Pacific Coast of the Americas

[6]. Surveys occurred from 15 November to 15 December, when most shorebird migration has

ceased and there is controlled flooding of managed wetlands and some post-harvest agricul-

tural lands in the Central Valley [29, 35]. While surveys could occur anytime during the survey

period, we scheduled surveys on the same or consecutive days within large complexes of

flooded habitats in the Central Valley and within portions of each coastal region unless con-

strained by access to sites. Surveys were postponed if there were potentially adverse viewing

conditions (i.e., weather), constrained access, or limited availability of surveyors. Surveys of

coastal sites occurred at a tidal stage that was standardized across years within each estuary;

surveys occurred across a high tide in San Francisco Bay, and during a rising tide in each Point

Reyes estuary. Each unit was surveyed for a minimum of two minutes or until all individual

shorebirds had been counted. To characterize habitat availability, we estimated the propor-

tional area of surface water within each survey unit (hereafter proportion flooded) and

recorded the dominant land cover type.

For each defined survey unit, we counted the number of shorebirds (suborders Scolopaci

and Charadrii) on the ground [6]. We attempted to identify all individuals to species, but

when this was not possible, we used a proportional allocation method that we modified from

previous work [40] to correct the totals for species that would have been undercounted because

of their inclusion in unidentified, mixed species (UMS) flocks. UMS flocks accounted for 20%

of the total candidate species counted in the Central Valley, 10% in San Francisco Bay, and 4%

in Point Reyes. In UMS flocks, we counted the total flock size and identified whether at least

one of each individual candidate species (only Calidris sandpipers in this study) occurred in

the flock in the field. We later estimated the proportional composition of candidate species in

the flocks based on the composition of those species that were identified in the survey unit, or

if the proportion of UMS to total candidate species was greater than one, we used the propor-

tion of UMS to total count of candidate species within the region or sub-region where the

flock occurred. Thus, the total for species i was ci, which included the total identified and

counted in the field, added to ei, the estimated number included in UMS flocks of size U indi-

viduals: ei = fi / (fi + fj +. . .) � U, where (fi + fj +. . .) is the total count of candidate species iden-

tified in the field. We allocated counts to western sandpiper (Calidris mauri) where

Fig 1. Study area for annual surveys of non-breeding shorebirds from 2011 to 2016 in California, USA. Labels are included for Central Valley sub-

regions and coastal regions. Shaded relief shows elevation as< 150 m (white) to> 1800 m (darkest gray). Land cover types were derived primarily from

satellite imagery; see [29] for more details. See Methods for details on the types of land cover that composed the “other suitable” land cover category.

Area of all survey units has been enlarged for the purposes of visualizing the sampling frame.

https://doi.org/10.1371/journal.pone.0240931.g001
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appropriate, but did not analyze data for this species because of substantially lower abundance

in the Central Valley when compared to San Francisco Bay [40].

Survey design

In the Central Valley, we conducted 7,607 surveys of 1,556 individual survey units from 2011 to

2016. We surveyed 58 routes on public and private roads and within complexes of managed wet-

land impoundments, including 40 routes that were randomly selected in areas with a high poten-

tial for use by shorebirds and 18 within wetlands of federal or state refuges [44]. To identify areas

with a high potential for use by shorebirds and subsequent random selection of routes, we used a

retrospective analysis of satellite imagery of surface water within shorebird habitats and excluded

areas that were flooded from November to January in< 30% of years 2000 to 2010, which

removed approximately 90% of the Central Valley. Forty township grids (9.66 x 9.66 km; Public

Land Survey System; http://www.nationalatlas.gov) were then randomly selected to contain a sin-

gle survey route [45]. Overall, grids selected for survey routes in the Sacramento Valley and Yolo-

Delta sub-regions had� 50% of 30 x 30 m pixels classified as rice fields (n = 35 grids). Grids

selected in the San Joaquin sub-region had� 50% of cells classified as managed wetlands (n = 5).

The remaining 18 routes were within federal or state refuges from the Sacramento National Wild-

life Refuge (NWR) Complex in the Sacramento Valley sub-region south to Kern and Pixley

NWRs in the Tulare sub-region, except for the Cosumnes River preserve managed by the Nature

Conservancy in the Yolo-Delta sub-region. Each randomly selected route consisted of 14–20 sur-

vey units. In total, we surveyed 1,856 ± 146 km2 annually in the Central Valley; the Sacramento

Valley accounted for 80%, Tulare 8%, San Joaquin 7%, and Yolo-Delta 7% (S1 Table).

In the Central Valley, we used three types of fixed spatial boundaries to delineate survey

units: fixed-radius point counts (n = 774), restricted area searches (n = 409), and complete

area searches (n = 377). Fixed radius (0.16 km) point counts were used only for randomly-

selected road routes and spaced approximately every 0.8 km along routes that were up to 23

km in length on publicly accessible roads. We used restricted area searches for seasonally

flooded impoundments on federal, state, or private lands; survey unit boundaries were located

a fixed distance (0.16 km) from roads and bounded on the sides by levees that defined each

wetland management unit. We used complete area searches for comprehensive counts of indi-

vidual seasonally flooded impoundments within federal refuges; survey unit boundaries were

defined entirely by levee boundaries of individual impoundments, which varied in size. Com-

plete area searches were conducted by U.S. Fish and Wildlife Service personnel exclusively

within the Sacramento NWR and Kern-Pixley NWR complexes.

In coastal regions, we surveyed primarily within tidally-influenced wetlands, intertidal

mudflats, tidal salt marsh, managed ponds, salt production ponds and other associated or

nearby managed impoundments. We designed boundaries of coastal survey units using coast-

line boundaries, habitat delineations, levees, and a maximum distance from the coastline of

300 m. In San Francisco Bay, we selected survey units using a stratified random process that

weighted units using the natural logarithm of total shorebirds counted during comprehensive

surveys from 2006 to 2008 [46]. This resulted in 1,095 surveys (n = 258 survey units) with an

annual mean area of 1,571± 61 km2 surveyed (S1 Table); there was no survey in Suisun Marsh

during 2011 and some portions of San Francisco Bay were not accessible in 2014. In Point

Reyes, we conducted comprehensive surveys of each estuary using boundaries that aligned

with pre-existing survey units in Bolinas Lagoon [39], Tomales Bay [38], and Limantour

Estero, an arm of Drakes Estero [37]. In 2013, we added additional survey units for Abbotts

Lagoon and intertidal habitats within the remainder of Drakes Estero. This resulted in 330 sur-

veys of 64 survey units with an annual mean of 149 ± 25 km2 surveyed in Point Reyes.
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Dominant land cover types in the Central Valley

We categorized individual survey units in the Central Valley into four land cover types: man-

aged wetlands (58% of total area surveyed annually), rice fields (19%), other suitable habitats

(21%), and miscellaneous (2%). Managed wetlands (wetlands) and post-harvest rice fields (rice

fields) are important targets for conservation actions and account for the majority of potential

shorebird habitat that is consistently flooded at depths and durations that benefit shorebirds in

the Central Valley [32]. We defined “other suitable habitats” as habitats other than wetlands

and rice fields that had high potential for use by shorebirds when flooded, including grass-

lands/pasture, corn fields, other irrigated row or field crops, freshwater lakes/ponds, and

wastewater treatment ponds. We did not sample any individual other suitable habitat exten-

sively. We defined “miscellaneous” land cover types as having low potential for use by shore-

birds, and included developed, forested, riverine, orchard, and vineyard.

We identified a single dominant cover type for each survey unit using a combination of sat-

ellite imagery and data collected during field surveys. We began by using a spatial data layer

depicting land cover in the Central Valley (30 x 30 m pixels) [29]; the dominant cover type had

the highest proportion of land cover within each survey unit boundary. We used the estimated

cover type from GIS data when it was consistent with field observations or when the latter

were not available. When the GIS-estimated cover type differed from the observed cover type,

we manually assigned a cover type by visually assessing satellite imagery of the unit from recent

years in Google Earth Engine (explorer.earthengine.google.com). Cover types for individual

units remained static across years except for eight units for which both an observer and satel-

lite imagery documented a change in the dominant land cover type.

Focal species

In the Central Valley, we investigated the effects of drought on the abundance of all shorebirds

species combined and six focal species. In coastal regions, we investigated only focal species

because the geographic distribution of some shorebird species is primarily on the coast (e.g.,

western sandpiper). Focal species commonly overwintered within both interior and coastal

wetlands of central California; we identified killdeers, black-necked stilts, greater yellowlegs,

dunlins, least sandpipers, and long-billed dowitchers as focal species because of their relative

abundance and occurrence during November and December in both the Central Valley and

coastal California [40]. We combined counts of greater yellowlegs and lesser yellowlegs (Tringa
flavipes; hereafter yellowlegs) as well as long-billed dowitchers and short-billed dowitchers

(Limnodromus griseus; hereafter dowitchers) because they often could not be distinguished

during surveys. However, for yellowlegs and dowitchers, we considered our findings applicable

only to the greater yellowlegs and long-billed dowitcher, respectively, because past research

found that they composed nearly all of their species grouping that was encountered during

November in the Central Valley [35]. Moreover, long-billed dowitchers have been shown to

account for nearly all dowitchers in San Francisco Bay during the wintering period [47]. Other

species of shorebirds that we encountered in the Central Valley included: black-bellied plover

(Pluvialis squatarola), snowy plover (Charadrius nivosus), American avocet (Recurvirostra
americana), long-billed curlew (Numenius americanus), willet (Tringa semipalmata), marbled

godwit (Limosa fedoa), western sandpiper, Wilson’s phalarope (Phalaropus tricolor), and Wil-

son’s snipe (Gallinago delicata).

Data summary and analysis

We analyzed 8,979 surveys of shorebirds using counts that were corrected for differences in

the area surveyed (S1 Dataset), and we considered the resulting model-based estimates of
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density of shorebirds (count/survey area in km2) to be a proxy for abundance. See S1–S5

Tables for data summaries that include mean annual counts and annual density estimates of

focal species by region, sub-region, and land cover type. In the Central Valley, we summed

counts of all shorebird species (hereafter total shorebirds) and grouped total shorebird counts

by sub-region and land cover type; whereas for counts of individual focal species and estimates

of the proportion flooded of survey units, we grouped observations by land cover type only. In

San Francisco Bay, we analyzed counts of focal species and estimates of the proportion flooded

of survey units. In Point Reyes, we analyzed counts of focal species, and we did not analyze

data on flooding of survey units because of a paucity of data at most sites during 2011 and

2012. To qualitatively assess shifts in patterns of abundance of shorebirds within the Central

Valley, we calculated a standardized density for each sub-region as the mean annual density of

total shorebirds from 2011 to 2016, and then mapped the annual density of total shorebirds rel-

ative to the standardized mean by sub-region.

We used generalized linear mixed effects models to test for the effects of drought on both

annual abundance and habitat availability (proportion flooded of survey units). Models tested

for differences in a binary factor that characterized each survey as occurring during a drought

(1) or a non-drought year (0). We identified 2013 to 2015 as drought years based on the water

year type as defined by the California Department of Water Resources for the Sacramento and

San Joaquin River Valleys based on the projected runoff (million acre feet) on 1 May (see

http://cdec.water.ca.gov/cgi-progs/iodir/WSIHIST for details on the level for each classifica-

tion and data access) [24]. Over the six years of the study, the Sacramento Valley was classified

as drought or critical from 2013 to 2015, below normal (2012, 2016) and wet (2011). The San

Joaquin Valley (San Joaquin and Tulare sub-regions) was classified as drought or critical in all

years except 2011. For the entire Central Valley, we considered a drought year to include any

water year designated as “drought” or “critical” in both the Sacramento and San Joaquin Val-

leys. We then analyzed both 3-year drought (2013–2015) and 2-year extreme drought (2014–

2015) periods separately; we defined an extreme drought year as having a drought year imme-

diately preceding it.

The model structure for predicting shorebird abundance (y) was: y = exp(β0i + β1iXi + offset

(Aj) + bj + ek), where y was the shorebird count, β0 and β1 was intercept and slope of the speci-

fied metric for data grouping i, X was a binary metric for drought year at survey unit j, A was

the natural log of area surveyed (km2), b was a random effect term to account for repeated sur-

veys at individual survey units, and ek was a parameter to capture overdispersion. For models

of habitat availability, we used the same model structure except that y represented the propor-

tion flooded of survey units and the offset term for area surveyed was excluded. Because we

considered the proportion flooded to be normally distributed, parameter estimates did not

require back-transformation. We fitted all models using maximum likelihood estimation and

we used a negative binomial distribution with a “log” link for models of shorebird abundance.

For negative binomial models, we report fixed factor coefficients (β1) with 95% confidence

intervals after back transforming them (with the inverse of the link function); thus reported β1

represent the proportional change in shorebird abundance from non-drought to drought

years. To test for significance, we used a null-hypothesis likelihood ratio test on the t-statistic

for each parameter; we considered p� 0.05 to represent moderate (0.01–0.05) to convincing

(< 0.01) evidence for a difference in response variables between non-drought and drought

years, and p = 0.06 to 0.10 to provide suggestive but inconclusive evidence of such a difference

[48, 49]. We compared among models of the same response using deviance; models with lower

deviance values represent relatively better fit to the data. All analyses were conducted in Pro-

gram R (R Core Team, Version 3.5.1; http://www.r-project.org/) and package glmmTMB [50].
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Results

Patterns of shorebird use in the interior

Model estimates of total shorebird abundance across all cover types in the Central Valley pro-

vided moderate to convincing evidence of lower abundance during drought years, including a

22% and 29% declines during the periods of 3-year drought (β = 0.78, 95% CI: 0.63, 0.98,

p = 0.03) and 2-year extreme drought (β = 0.71, 95% CI: 0.56, 0.91, p = 0.007; Fig 2), respec-

tively, when compared to non-drought years. There was modest increase in model fit from the

period of 3-year drought (deviance = 22,886.4) to 2-year extreme drought (22,883.8) for mod-

els of total shorebird abundance across the Central Valley. Among models of total shorebirds

by cover type, we found no significant differences in abundance during the periods of 3-year

drought or 2-year extreme drought than in non-drought years within wetlands (β = 0.89, 95%

CI: 0.65, 1.23, p = 0.14; β = 0.78, 95% CI: 0.54, 1.11, p = 0.17), rice fields (β = 0.78, 95% CI:

0.55, 1.09, p = 0.49; β = 0.75, 95% CI: 0.52, 1.09, p = 0.14), or other suitable habitats (β = 0.74,

95% CI: 0.32, 1.68, p = 0.47; β = 0.64, 95% CI: 0.26, 1.60, p = 0.34); however, in miscellaneous

Fig 2. Estimated abundance of total shorebirds during a drought year among four dominant cover types. Results from generalized linear mixed models of

the annual abundance of total shorebirds from 2011 to 2016 in the Central Valley, California, USA. Plots for each land cover type show the estimated

proportional change in total shorebird abundance relative to a non-drought year from two models; drought models classified drought years as a period of a

3-year drought (2013–2015) or 2-year extreme drought (2014–2015). The solid black line represents no change from the estimated abundance of total

shorebirds during a non-drought year. See Methods for details on the types of land cover that composed the “other suitable” and “miscellaneous” land cover

categories.

https://doi.org/10.1371/journal.pone.0240931.g002
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cover types, we found convincing evidence of lower abundance of total shorebirds during both

the periods of 3-year drought (β = 0.15, 95% CI: 0.04, 0.55, p = 0.004) and 2-year extreme

drought (β = 0.10, 95% CI: 0.02, 0.45, p = 0.003) than in non-drought years. There were modest

increases in model fit from the period of 3-year drought to 2-year extreme drought, for models

of total shorebird abundance in wetlands (deviance = 10959.6 and 10958.2, respectively), other

suitable (1848.6 and 1848.2, respectively), and miscellaneous habitats (456.4 and 455.9, respec-

tively), but no difference in rice fields (both 9403.8).

Among models of focal species, we found lower abundance of killdeers across all land cover

types during both the periods of 3-year drought and 2-year extreme drought than in non-

drought years and for dowitchers during the period of 3-year drought only (Fig 3 and S2

Table). For models of abundance in wetlands, we found moderate evidence of lower abun-

dance in both the periods of 3-year drought and 2-year extreme drought than in non-drought

years for black-necked stilts (32% and 38% declines, respectively; Table 1), suggestive evidence

of lower abundance during the 2-year extreme drought for least sandpipers (51% decline), and

moderate evidence of lower abundance over the period of 3-year drought for dowitchers (46%

decline). In rice fields, we found moderate evidence of lower abundance during both the

Fig 3. Estimated abundance for six focal species during a drought year in central California, USA. Results from generalized linear mixed models of the

annual abundance of six shorebirds from 2011 to 2016 in three regions of central California, USA. Plots for each region show the estimated proportional

change in total shorebird abundance relative to a non-drought year from two models; drought models classified drought years as a period of a 3-year drought

(2013–2015) or 2-year extreme drought (2014–2015). The solid black line represents no change from the estimated abundance of total shorebirds during a non-

drought year.

https://doi.org/10.1371/journal.pone.0240931.g003
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periods of 3-year drought and 2-year extreme drought than in non-drought years for killdeers

(31% and 33% declines, respectively), suggestive evidence of lower abundance during the

period of 2-year extreme drought for yellowlegs (37% decline), and suggestive evidence of

lower abundance during the period of 3-year drought for dowitchers (62% decline). Within

other suitable habitats, we found convincing evidence of lower abundance of dunlins and least

sandpipers during the period of 3-year drought than in non-drought years, and the size of the

estimated effect showed abundance during the period of 3-year drought was less than 1% of

non-drought abundance for both species. We found moderate evidence for an effect of 3-year

drought on the abundance of dowitchers in other suitable habitats, but in contrast to our pre-

diction, they increased in abundance during drought years compared to non-drought years.

Results of generalized linear mixed models of abundance of six focal shorebirds in three

dominant land cover types used by shorebirds in the Central Valley. Data collected during

annual shorebird surveys from 2011 to 2016. Models tested differences in abundance between

non-drought years and drought years (2013 to 2015 for drought; 2014 to 2015 for extreme

drought). Parameter estimates (β) and 95% confidence intervals (CI) are back-transformed to

the scale of the response variable and represent the proportional change in shorebird abun-

dance from non-drought to drought years. P-values are from a null-hypothesis likelihood-

ratio test on the t-statistic for each parameter. Statistically significant p-values are in italics.

Deviance scores estimated the relative goodness of fit for each model for a specific species; a

model with a lower score represents better goodness of fit. See Methods for details on the types

of land cover that composed the “other suitable” land cover category.

Geographic patterns of the relative mean density of total shorebirds varied annually and

among sub-regions in the Central Valley (Fig 4; S1 Fig). Across all sub-regions in the Central

Valley, shorebird density was highest during 2012 (0.0012 birds per km2), and more than twice

the lowest density observed during 2015 (0.0005; S1 Table). In 2012, we also documented max-

imum annual estimates of abundance for black-necked stilts, dowitchers, and five of eight

non-focal species detected in the Central Valley. In 2014, higher than average shorebird

Table 1. Results of models of annual shorebird abundance among cover types in the Central Valley, California, USA.

Focal species Model Wetlands Rice fields Other suitable habitats

Deviance β 95% CI p-

value

Deviance β 95% CI p-

value

Deviance β 95% CI p-

value

Killdeer Drought 3,443.6 1.05 0.74 1.48 0.79 5,092.3 0.69 0.33 1.41 0.03 1,048.4 0.55 0.23 1.35 0.20

Extreme

drought

3,443.5 0.83 0.54 1.26 0.38 5,090.4 0.67 0.49 0.91 0.01 1,048.8 0.56 0.21 1.51 0.25

Black-necked stilt Drought 6,998.6 0.68 0.48 0.98 0.04 769.7 1.26 0.33 4.86 0.74 401.4 0.90 0.15 5.36 0.91

Extreme

drought

6,997.9 0.62 0.41 0.95 0.03 769.8 0.96 0.22 4.12 0.95 401.4 0.98 0.13 7.60 0.98

Greater & Lesser

yellowlegs

Drought 2,934.4 0.89 0.60 1.30 0.54 2,374.5 0.77 0.47 1.25 0.29 285.8 2.36 0.49 11.31 0.29

Extreme

drought

2,934.3 1.15 0.76 1.74 0.51 2,372.8 0.63 0.36 1.07 0.09 327.1 1.54 0.30 7.99 0.61

Dunlin Drought 2,174.1 0.78 0.34 1.77 0.55 2,550.9 1.02 0.44 2.34 0.97 222.9 <0.001 <0.001 0.045 0.003
Extreme

drought

2,174.0 0.72 0.30 1.76 0.47 2,550.0 1.53 0.63 3.73 0.35 223.5 0.27 0.01 12.81 0.51

Least sandpiper Drought 2,619.9 0.74 0.37 1.46 0.38 2,443.1 1.06 0.41 2.73 0.91 355.0 0.001 <0.001 0.059 0.002
Extreme

drought

2,617.5 0.49 0.23 1.03 0.06 2,443.1 0.95 0.34 2.62 0.92 345.5 2.70 0.16 46.17 0.49

Long- & Short-billed

dowitcher

Drought 3,670.8 0.54 0.28 1.05 0.07 1,872.4 0.32 0.08 1.19 0.09 291.3 13.44 1.15 157.59 0.04
Extreme

drought

3,673.1 0.69 0.33 1.41 0.31 1,873.4 0.40 0.12 1.40 0.15 294.0 1.78 0.03 124.84 0.79

https://doi.org/10.1371/journal.pone.0240931.t001
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density in northern sub-regions was likely related to three of the five highest counts of total

shorebirds, which consisted primarily of dunlins, occurring in survey units of rice fields near

the Sacramento River. Of the twenty highest counts of total shorebirds, 5% occurred in 2013,

25% in 2014 (all near the Sacramento River), and 5% in 2015. The density of shorebirds was

considerably higher than average during 2012 and 2014, and lower than average during 2013

and 2015 in both the Sacramento Valley and Yolo-Delta sub-regions. San Joaquin was the only

sub-region where annual density of total shorebirds was near average in 2013; no survey

occurred at the Los Banos Wildlife Area in 2014, which may have contributed to the low rela-

tive mean density in this sub-region. In the Tulare sub-region, annual density declined rapidly

from 2012 to 2013 and then remained low. Notably, no sub-region had higher than average

shorebird density in the non-drought year of 2016.

Despite wetlands accounting for the majority of area surveyed in the Central Valley (58%;

S3 Table), only two of six focal species had a majority of individuals counted within wetlands.

For killdeers, 59% of 4,994 individuals were in rice fields, 24% in wetlands, 12% in other suit-

able, and 5% in miscellaneous habitats; killdeers also accounted for 80% of the 355 individual

shorebirds counted within miscellaneous. For black-necked stilts, 89% of 11,982 individuals

were in wetlands, 6% in rice fields, 5% in other suitable, and 0% in miscellaneous habitats. For

yellowlegs, 52% of 2,387 individuals were in wetlands, 43% in rice fields, 4% in other suitable,

Fig 4. Relative mean density of total shorebirds (birds per km2) by sub-region from 2011 to 2016 in the Central Valley, California, USA. The density

categories show the proportional difference between the annual mean estimate of density and the standardized mean density from 2011 to 2016 in each sub-

region; a relative mean density of 1.0 is equal to the standardized mean annual density (birds per km2).

https://doi.org/10.1371/journal.pone.0240931.g004
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and< 1% in miscellaneous habitats. For dunlins, 71% of 20,502 individuals were in rice fields,

26% in wetlands, 3% in other suitable, and 0% in miscellaneous habitats. For least sandpipers,

55% of 16,724 individuals were in rice fields, 36% in wetlands, 9% in other suitable, and < 1%

in miscellaneous habitats. For dowitchers, 55% of 28,735 individuals were in rice fields, 41% in

wetlands, 5% in other suitable, and< 1% in miscellaneous habitats (S4 Table). We counted

comparatively few individuals of uncommon to rare non-focal shorebird species, particularly

during 2015 and 2016 (S5 Table).

Coastal abundance

We found convincing evidence for higher abundance of dunlins in San Francisco Bay during

the periods of 3-year drought (143% increase; p< 0.001) and 2-year extreme drought (130%;

p = 0.005) than in non-drought years, and moderate evidence of higher abundance of dunlins

in Point Reyes during only the period of 3-year drought (299% increase; p = 0.02; Fig 4 and S1

Table). We also found suggestive evidence for an increase in abundance of least sandpipers

during the 3-year period of drought when compared to non-drought years in Point Reyes

(143% increase; p = 0.06). For other focal species, models of abundance in San Francisco Bay

indicated no difference or lower abundance during drought years than in non-drought years,

and only no difference in Point Reyes. Lower abundance in San Francisco Bay during the

2-year period of extreme drought than in non-drought years was contrary to our predictions

for yellowlegs (25% decline; p = 0.04) and dowitchers (44%; p = 0.095). Annual density esti-

mates of focal species peaked from 2013 to 2016 in San Francisco Bay, including maximum

annual estimates for dowitchers in 2013, black-necked stilts in 2014, killdeers and dunlins in

2015, and yellowlegs in 2016 (S6 Table). In Point Reyes, we recorded zero detections of black-

necked stilts and few dowitchers when compared to other regions.

Habitat availability

Models of habitat availability in the Central Valley provided convincing evidence of less flood-

ing of survey units during both the periods of 3-year drought and 2-year extreme drought

when compared to non-drought years, including 7% and 9% declines, respectively (Fig 5; S7

Table). Among cover types, we found convincing evidence of less flooding of survey units dur-

ing both the periods of 3-year drought and 2-year extreme drought within wetlands (7% and

9% declines, respectively), rice fields (10% and 11% declines), and other suitable habitats (5%

and 7% declines; all p< 0.001). There were no differences in the proportion flooded of survey

units for miscellaneous habitats (both periods of drought p> 0.78). In San Francisco Bay,

models found no difference in the proportion flooded of survey units during the period of

3-year drought when compared to non-drought years, and a moderate effect of increased

flooding during the period of 2-year extreme drought (p = 0.02), which was possibly related to

habitat restoration in some units and variations in the maximum tidal height during the survey

each year.

In the Central Valley, the mean proportion flooded of survey units was highest in 2012

when approximately 942 of 1,744 km2 (0.54) surveyed was flooded, and then the annual mean

declined until the lowest estimate in 2015 when approximately 684 of 1,753 km2 (0.39) sur-

veyed was flooded. The mean proportion flooded of survey units during the post-drought year

in 2016 was similar to 2011 (0.48). Annual estimates of the mean proportion flooded of survey

units by sub-region indicated that the Yolo-Delta and San Joaquin sub-regions had less vari-

able habitat availability from 2011 to 2016 than the Sacramento Valley and Tulare sub-regions

(S2 Fig).
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Discussion

Our study revealed that drought lowered shorebird abundance and habitat availability in the

Central Valley, including evidence that the magnitude of decline increased as the drought

became more extreme. There was mixed support for hypotheses of lower abundance during

drought years at the focal species and land cover type levels, and only dunlin and least sand-

piper had patterns of abundance that suggested shifts in distribution among Central Valley

and coastal habitats. Notably, both yellowlegs and dowitchers had lower abundance during

drought years within both an interior and coastal region which suggests adverse effects of the

drought on their populations across central California. Our only finding that contradicted

hypotheses related to a species’ historically preferred land cover type was an unexpectedly high

abundance of dunlins in rice fields during some drought years, which was likely related to

dunlins congregating within remaining flooded habitats in the Sacramento Valley and Yolo-

Delta sub-regions as the drought progressed. Patterns of abundance were mostly similar to

patterns of habitat availability across the Central Valley, indicating a possible density-depen-

dent response by shorebirds to reduced habitat availability over the course of this multiyear

drought [51].

Fig 5. Estimated proportional change in flooding of survey units during drought years. Results from generalized linear mixed models of the proportion

flooded of shorebird survey units from 2011 to 2016 in the Central Valley California, USA. Plots for each land cover type show the estimated change in the

annual proportion flooded of survey units from the 3-year drought (2013–2015) model or 2-year extreme drought (2014–2015) model. The solid black line

represents the proportion flooded of survey units during a non-drought year. See Methods for details on the types of land cover that composed the “other

suitable” and “miscellaneous” land cover categories.

https://doi.org/10.1371/journal.pone.0240931.g005
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During this 6-year study, the years prior to and immediately after the 3-year drought period

from 2013 to 2015 had notable patterns of shorebird abundance and habitat availability. In

2012, annual shorebird abundance peaked in response to widespread flooding of shorebird

habitats that was supplemented by seasonal precipitation before and during the survey period.

Prior to winter 2012–2013, four of six previous winters had less than average precipitation and

there was already a declining trend in the habitat availability and abundance of colonial breed-

ing herons and egrets (family Ardeidae) in the Central Valley [52]. In 2016, which was the first

year of average precipitation after the most extreme years of drought in 2014 and 2015, our

findings suggested a potential time lag in the response of non-breeding shorebirds repopulat-

ing some flooded habitats [7, 11]. In 2016, patterns in habitat availability and total shorebird

abundance diverged in the Sacramento Valley and Tulare sub-regions, where the magnitude

of decline in flooding was most substantial during drought years, with proportionally fewer

shorebirds in those regions than the amount of flooding might suggest when compared to the

pre-drought years of 2011 and 2012. Potential factors that may have contributed to a time-

lagged response in repopulating these sub-regions included younger generations of shorebirds

having less familiarity with these areas and because sufficient amounts of invertebrate prey

may not have reestablished in areas that were not flooded during one or more drought year

[19].

Interspecies variation in responses to drought can be better understood when considering

differences in the ecological tendencies of focal species. The killdeer and black-necked stilt

were the only focal species whose annual breeding productivity may have been directly affected

by the drought, as both species breed and winter within central California. It’s reasonable to

consider that lower breeding productivity during drought years for killdeers and black-necked

stilts contributed to lower abundance during early winter in the Central Valley, especially

when also considering that breeding populations of both killdeers and black-necked stilts

declined in the Central Valley from 2004 to 2013 [53]. Moreover, extremely dry climatic condi-

tions were associated with lower productivity of colonial breeding waterbirds from 1991 to

2010 in San Francisco Bay [54]. Long-term population trends for wintering bird populations

in the Central Valley from 1978–1979 to 2013–2014 included a substantial decline of killdeers

and a substantial increase of black-necked stilts [55]. Although we did not document patterns

of abundance of killdeers that suggested shifting distributions, another study found that some

killdeers relied on a natural freshwater wetland as drought refugia. Killdeers had a higher den-

sity from 2013 to 2015 in proximity of a relatively small, natural akali wetland complex in the

Carrizo Plain, an interior basin approximately 80 km west of Kern NWR in the Tulare sub-

region [5]. We also considered that if breeding populations of both killdeers and black-necked

stilts were in decline during our study, our ability to detect patterns of abundance that sug-

gested shifts in distribution may have been reduced. In addition, black-necked stilts were wet-

land specialists compared to other focal species and their results highlight the effects of

drought on interior managed wetlands in the Central Valley. For yellowlegs, we found evi-

dence that drought lowered abundance during only the period of 2-year extreme drought, sug-

gesting a time-lagged response that occurred between the extreme drought years of 2014,

when their annual abundance peaked across the Central Valley, and 2015 when their annual

abundance was lowest.

Shifts in distribution were most substantial for populations of dunlins, and to a lesser extent

least sandpipers. As the drought intensified in the Central Valley during 2013 and 2014, large

flocks of Calidris sandpipers, mostly composed of dunlins, were observed in remaining flooded

habitats in the Sacramento Valley and Yolo-Delta sub-regions and to nearby coastal regions.

Large aggregations of shorebirds in 2014 near the Yolo bypass were notable because our esti-

mate of habitat availability in the Yolo-Delta sub-region was the lowest in 2014, and the
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complex of wetlands and flooded agricultural lands that comprises the Yolo bypass is a geo-

graphic bottleneck that serves as a movement corridor for wintering waterbirds between the

Sacramento Valley and Yolo-Delta sub-regions [29, 56]. Our observations during 2014 sug-

gested that the costs of increased competition for resources resulting from larger aggregations

were still lower than or equal to those associated with moving to the coast, and that in 2015,

when the amount of surface water flooding wetlands and agricultural lands reached minimum

levels in the Central Valley [34], a threshold was passed whereby those relative costs switched

and some shorebirds (dunlins, least sandpipers) moved to the coast. Shifting patterns of abun-

dance by dunlins in our study indicate a high level of mixing of regional wintering populations

that has likely contributed to genetic homogeneity among dunlins overwintering along the

Pacific coast of North America [57]. There may also be costs when utilizing unfamiliar or less

preferred habitat and food resources, such as shifting from interior flooded rice fields to coastal

wetlands, including more niche overlap with other shorebirds [58], and potentially an

increased risk of predation [59].

Least sandpipers have similar flocking and foraging tendencies to dunlins, yet their distri-

bution shifts in response to drought were less substantial. Both Calidris sandpipers forage pri-

marily by probing in mud around or within shallow water, and the amount and resources

available within these microhabitats may have been less impacted by drought than the deeper

waters preferred by black-necked stilts and yellowlegs that forage high in the water column or

the drier terrestrial habitats near water preferred by foraging killdeer. Our study highlighted

the importance of flooded rice fields to least sandpipers, given they had lower abundance dur-

ing drought in wetlands and other suitable habitats in the Central Valley, and supported previ-

ous studies that found higher abundance of least sandpipers (and most other focal species)

during dry years than in wet years in Bolinas Lagoon [38] and Tomales Bay [37]. It is also pos-

sible that the large numbers of least sandpipers wintering in San Francisco Bay may have

masked movements from the Central Valley, where their mean annual count was an order of

magnitude lower in our study. Combined, the responses of dunlins and least sandpipers sug-

gest potential resilience to drought on broad scales, but the long-term effects, if any, on popu-

lation size remain unclear. Better information is needed on the costs incurred when shorebirds

shift distributions during the non-breeding season to understand the potential impacts on

their populations.

We found consistently lower abundance of dowitchers during the period of 3-year drought

across interior habitats and coastal estuaries of central California, which comprise an impor-

tant wintering area for non-breeding long-billed dowitchers [31, 60]. Dowitchers tend to

gather in flocks and probe in mud when foraging similar to Calidirs sandpipers, but we found

evidence of declines during drought across our study area rather than shifting patterns of

abundance. Movement distances of long-billed dowitchers tracked habitat availability at

broader scales in the Central Valley [29], which suggests some dowitchers may have moved

beyond our study area in response to drought. On the other hand, past studies of radio-tagged

long-billed dowitchers found high fidelity during winter to San Francisco Bay [31] and moder-

ate fidelity to the Central Valley [29], which suggests that regional population declines during

drought may be indicative of broader declines in dowitcher populations. Additional assess-

ments of population trends are needed for both dowitcher species, as well as the dunlin,

because they are considered highly vulnerable to climate change [61], and of moderate (dunlin

and long-billed dowitcher) to high (short-billed dowitcher) conservation concern [62].

We present robust findings related to the effects of drought on shorebirds despite limita-

tions of our sampling design and logistical constraints of surveying for shorebirds over an

extended time periods at a broad scale. For example, our estimates of abundance of killdeers,

more than other focal species, may have been influenced by movements within regions or sub-
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regions to miscellaneous habitats that we did not survey extensively, given their relatively high

use of miscellaneous land cover types. Surveying over a broad scale resulted in variability in

the total annual area surveyed because inevitably each year access at some survey units was

limited by road conditions or other logistical constraints. However, annual variation in survey

effort was not related to our classification of drought years and thus we considered any impact

on our results to be negligible. Lastly, obtaining accurate counts of large aggregations of shore-

birds is challenging even for highly experienced surveyors. Thus, we suspect that counts of

larger aggregations of shorebirds were less accurate than smaller aggregations, which may have

influenced results in San Francisco Bay more than in the Central Valley or Point Reyes regions;

aggregations are especially large around high tide in San Francisco Bay when most intertidal

mudflats are covered by sea water.

Conclusions

In our study nonbreeding shorebirds responded to drought by either utilizing the remaining

flooded habitats in the Central Valley or by redistributing among a network of interior and

coastal habitats. The presence of legally mandated but reduced deliveries of fresh water to ref-

uge wetlands [34], government funded incentive programs to flood wetlands and agricultural

lands, and targeted shallow flooding for shorebirds [63] did not preclude a substantial reduc-

tion in populations of nonbreeding shorebirds during drought in the Central Valley. If we

assume that the total population of shorebirds in the Central Valley is still equivalent to results

reported by [35], based on our models that estimated a reduction in shorebird abundance of

approximately 25% during drought years, 50,000 to 75,000 shorebirds may have departed the

Central Valley. Yet our findings also suggest that the combined impacts of governance and

conservation efforts may have delayed or mitigated the effects of drought in 2013 and 2014.

During future droughts, additional deliveries of fresh water for wildlife will be necessary to bet-

ter compensate for reduced flooding of wetland habitats on the landscape. Future conservation

targets for flooded habitat should consider the amount of flooding within shorebird habitats in

the Central Valley during December 2014 [24] to be a minimum threshold below which there

may be widespread declines in shorebird abundance. Shorebirds and other wetland-dependent

wildlife will also benefit from increased use of the shallow-water flooding practices in agricul-

tural lands [64] and managed wetlands [65].

Conservation and management efforts can further reduce the effects of drought on shore-

birds by creating, restoring, or expanding flooded habitats as drought refugia. For example, we

observed shorebirds congregating in the Grasslands Ecological Area of the San Joaquin sub-

region during 2013, and then at three locations near the Sacramento River in 2014, including

the Yolo bypass area of the Yolo-Delta sub-region. The Tulare sub-region had the greatest

reductions in freshwater deliveries for flooding wetlands of any sub-region in the Central Val-

ley, and our study confirmed that refuges in Tulare did not function as drought refugia for

shorebirds. Additional fresh water for wildlife in Tulare during future droughts may be imper-

ative to reach and maintain population targets for shorebirds in the Central Valley. During

future droughts, coastal habitats may play an even more important role in maintaining a

healthy network of wetlands across central California if extreme drought years occur more

often. On the coast intertidal mudflats are drought tolerant, and recent broad-scale restoration

and management of coastal wetlands has shown potential to increase carrying capacity for

shorebirds within San Francisco Bay [66]. Additional research is needed to better understand

the effects of drought on long-term trends of shorebird populations among regions of central

California and how regional effects of drought may be related to broad-scale trends in shore-

bird populations.
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Lastly, our results show that shorebirds use a highly connected network of interior and

coastal wetlands across central California in many different ways. A multi-scale monitoring

framework was necessary to robustly investigate the effects of drought on non-breeding shore-

birds [6]. Similarly, conservation planning efforts must occur at several spatial scales to be

effective for shorebird populations as a whole. While it is likely not feasible to design any indi-

vidual conservation action to benefit all shorebirds, maximizing the net benefit of a conserva-

tion action will require coordination with other similar actions across a broad landscape.

During future droughts, a strategic and coordinated response should involve government and

conservation organizations acting at the local, regional, and continental levels. Moreover,

expanding and strengthening communication networks for conservation across multiple levels

of governance further promotes a healthy functioning network of wetlands across the Pacific

Coast of the Americas.
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S1 Fig. The annual mean proportion flooded of shorebird survey units by land cover type.

Annual means with error bars representing 95% confidence intervals from data collected dur-

ing shorebird surveys from 2011 to 2016 in the Central Valley, California, USA. Survey units

are categorized by the dominant land cover type within unit boundaries. The dashed line rep-

resents the annual mean estimate across all cover types. See Methods for details on the types of

land cover that composed the “other suitable” and “miscellaneous” land cover categories.
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S2 Fig. The annual mean proportion flooded of shorebird survey units by sub-region in

the Central Valley. Annual means with error bars representing 95% confidence intervals from

data collected during shorebird surveys from 2011 to 2016 in the Central Valley, California,

USA. Survey units are categorized by geographic location within sub-regions. The dashed line

represents the annual mean estimate across all cover types.

(TIF)

S1 Table. Annual density of total shorebirds (per km2) and survey effort across central

California, USA. Estimated density of total shorebirds (per km2) among four sub-regions of

the Central Valley and two coastal regions from 2011 to 2016 across central California, USA.

We did not estimate the mean density of total shorebirds within coastal regions. Summary of

our annual survey effort is located under each density estimate and displayed as the number of

units and total area surveyed (km2). 1 No survey at Los Banos Wildlife Area in 2014. 2 No sur-

vey at Kern or Pixley National Wildlife Refuge in 2011 and 2014. 3 No survey of Suisun Marsh

in 2011. 4 No surveys of Drakes Estero or nearby waters in 2011 and 2012.
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S2 Table. Results of models of annual abundance of focal shorebirds in central California,

USA. Results of generalized linear mixed models of abundance of six focal shorebirds among

three regions of central California, USA. Data collected during annual shorebird surveys from

2011 to 2016. Models tested differences in abundance between non-drought years and drought

years (2013 to 2015 for drought models; 2014 to 2015 for extreme drought models). Parameter

estimates (β) and 95% confidence intervals (CI) are back-transformed to the scale of the

response variable. P-values are from a null-hypothesis likelihood-ratio test on the t-statistic for

each parameter. Statistically significant p-values are in italics. Deviance scores estimate fit to

the data for each model; a lower score represents better fit.
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Valley. Estimated density of total shorebirds (per km2) among four land cover types from

2011 to 2016 in the Central Valley, California, USA. Summary of our annual survey effort is

located under each density estimate and displayed as the number of units and total area sur-

veyed (km2). See Methods for details on the types of land cover that composed the “other suit-

able” and “miscellaneous” land cover categories.

(DOCX)

S4 Table. Annual density (per km2) of focal shorebirds and mean annual count in the Cen-

tral Valley. Annual density estimates among four dominant land cover types from 2011 to

2016 in the Central Valley, California, USA. Mean annual counts are the average annual survey

totals for each species without accounting for the total area surveyed.

(DOCX)

S5 Table. Annual density (per km2) of non-focal shorebirds and mean annual count in the

Central Valley. Annual density estimates from 2011 to 2016 in the Central Valley, California,

USA. Mean annual counts are the average annual survey totals for each species without

accounting for the total area surveyed.

(DOCX)

S6 Table. Annual density (per km2) of focal shorebirds and mean total count in central

California, USA. Annual density estimates from 2011 to 2016 among three regions in central

California, USA. Mean annual counts are the average annual survey totals for each species

without accounting for the total area surveyed.

(DOCX)

S7 Table. Results of models of the proportion flooded of survey units in central California,

USA. Results of generalized linear mixed models of the proportion flooded of survey units

among four land cover types in the Central Valley and three regions of central California,

USA. Data collected during annual shorebird surveys from 2011 to 2016. Models tested differ-

ences in abundance between non-drought years and drought years (2013 to 2015 for drought

models; 2014 to 2015 for extreme drought models). Parameter estimates (β) and 95% confi-

dence intervals (CI) are back-transformed to the scale of the response variable. p-values are

from a null-hypothesis likelihood-ratio test on the t-statistic for each parameter. Statistically

significant p-values are in italics. Deviance scores estimate fit to the data for each model; a

lower score represents better fit.

(DOCX)

S1 Dataset. Complete dataset from surveys of shorebirds and their habitats from 2011 to

2016 in central California, USA. Dataset used for summaries and analyses of shorebird abun-

dance and habitat availability in central California. Each line in the dataset represents an indi-

vidual survey at a survey unit. Columns are composed of factors related to the survey unit and

results from the survey, including counts of shorebirds and an estimated proportion of the sur-

vey unit that was flooded.

(CSV)
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monitoring framework for assessing threats to nonbreeding shorebirds on the Pacific Coast of the Amer-

icas. Avian Conservation and Ecology. 2020; 15(2):7. https://doi.org/10.5751/ACE-01620-150207

7. Albright TP, Pidgeon AM, Rittenhouse CD, Clayton MK, Flather CH, Culbert PD, et al. Effects of drought

on avian community structure. Global Change Biology. 2010; 16(8):2158–2170. https://doi.org/10.

1111/j.1365-2486.2009.02120.x

8. Bennett JM, Nimmo DG, Clarke RH, Thomson JR, Cheers G, Horrocks GF, et al. Resistance and resil-

ience: can the abrupt end of extreme drought reverse avifaunal collapse? Diversity and Distributions.

2014; 20(11):1321–32. https://doi.org/10.1111/ddi.12230

9. Bond NR, Lake PS, Arthington AH. The impacts of drought on freshwater ecosystems: an Australian

perspective. Hydrobologia. 2008; 600(1):3–16. https://doi.org/10.1007/s10750-008-9326-z

10. Adams WM, Small RDS, Vickery JA. The impacts of land use change of migrant birds in the Sahel. Bio-

diversity. 2014; 15(2–3):101–108. https://doi.org/10.1080/14888386.2014.931822

11. Cady SM, O’Connell TJ, Loss SR, Jaffe NE, Davis CA. Species-specific and temporal scale-dependent

responses of birds to drought. Global Change Biology. 2019; 25(8):269–2702. https://doi.org/10.1111/

gcb.14668 PMID: 31025464

12. Kingsford RT, Roshier DA, Porter JL. Australian waterbirds—time and space travellers in dynamic des-

ert landscapes. Marine and Freshwater Research. 2010; 61:875–884. https://doi.org/10.1071/

MF09088

13. Wen L, Saintilan N, Reid JR, Colloff MJ. Changes in distribution of waterbirds following prolonged

drought reflect habitat availability in coastal and inland regions. Ecology and Evolution. 2016; 6

(18):6672–6689. https://doi.org/10.1002/ece3.2091 PMID: 27777739

14. Dodd SL, Colwell MA. Environmental correlates of diurnal and nocturnal foraging patterns of nonbreed-

ing shorebirds. The Wilson Bulletin. 1998; 110(2):182–189.

15. Shepherd PC, Lank DB. Marine and agricultural habitat preferences of dunlin wintering in British Colum-

bia. Journal of Wildlife Management. 2004 68(1):61–73. https://doi.org/10.2193/0022-541X(2004)068

[0061:MAAHPO]2.0.CO;2

16. Barbaree BA, Reiter ME, Hickey CM, Page GW. Day and Night Habitat Associations of Wintering Dunlin

(Calidris alpina) within an Agriculture-Wetland Mosaic. Waterbirds. 2015. 38(1):40–46. https://doi.org/

10.1675/063.038.0106

17. Sanzenbacher PM, Haig SM. Residency and Movement Patterns of Wintering Dunlin the Willamette

Valley of Oregon. The Condor. 2002; 104(2):271–280. https://doi.org/10.1650/0010-5422(2002)104

[0271:RAMPOW]2.0.CO;2

18. Taft OW, Sanzenbacher PM, Haig SM. Movements of wintering Dunlin Calidris alpina and changing

habitat availability in an agricultural wetland landscape. Ibis. 2008; 150:541–549. https://doi.org/10.

1111/j.1474-919X.2008.00816.x

19. Chambers LE, Loyn RH. The influence of climate variability on numbers of three waterbird species in

Western Port, Victoria, 1973–2002. International Journal of Biometeorology. 2006; 50:292–304.

https://doi.org/10.1007/s00484-005-0019-2 PMID: 16435107

20. Steen V, Skagen SK, Noon BR. Preparing for an uncertain future: migrating shorebird response to past

climatic fluctuations in the Prairie Potholes. Ecoshpere. 2018; 9(2): e02095. https://doi.org/10.1002/

ecs2.2095

21. Williams AP, Cook ER, Smerdon JE, Cook BI, Abatzoglou JT, Bolles K, et al. Large contribution from

anthropogenic warming to an emerging North American megadrought. Science. 2020; 368(6488):314–

8. https://doi.org/10.1126/science.aaz9600 PMID: 32299953

22. Griffin D, Anchukaitis KJ. How unusual is the 2012–2014 California drought? Geophysical Research

Letters. 2014; 41(24):9017–9023. https://doi.org/10.1002/2014GL062433

23. Swain DL, Langenbrunner B, Neelin JD, Hall A. Increasing precipitation volatility in twenty-first-century

California. Nature Climate Change. 2018; 8:427–433. https://doi.org/10.1038/s41558-018-0140-y

24. Reiter MA, Elliot NK, Jongsomjit D, Golet GH, Reynolds MD. Impact of extreme drought and incentive

programs on flooded agriculture and wetlands in California’s Central Valley. PeerJ 6:e5147. 2018;

https://doi.org/10.7717/peerj.5147 PMID: 30042882

25. Fleskes JP. Wetlands of the Central Valley of California and Klamath Basin. U.S. Geological Survey.

2012; Available from: https://pubs.er.usgs.gov/publication/70157116

26. Petrie MJ, Fleskes JP, Wolder MA, Isola CR, Yarris GS, Skalos DA. Potential Effects of Drought on Car-

rying Capacity Potential Effects of Drought on Carrying Capacity for Wintering Waterfowl in the Central

PLOS ONE Drought and the abundance of non-breeding shorebirds in central California, USA

PLOS ONE | https://doi.org/10.1371/journal.pone.0240931 October 21, 2020 21 / 23

https://doi.org/10.1038/s41558-018-0255-1
https://doi.org/10.1038/s41558-018-0255-1
https://doi.org/10.5751/ACE-01620-150207
https://doi.org/10.1111/j.1365-2486.2009.02120.x
https://doi.org/10.1111/j.1365-2486.2009.02120.x
https://doi.org/10.1111/ddi.12230
https://doi.org/10.1007/s10750-008-9326-z
https://doi.org/10.1080/14888386.2014.931822
https://doi.org/10.1111/gcb.14668
https://doi.org/10.1111/gcb.14668
http://www.ncbi.nlm.nih.gov/pubmed/31025464
https://doi.org/10.1071/MF09088
https://doi.org/10.1071/MF09088
https://doi.org/10.1002/ece3.2091
http://www.ncbi.nlm.nih.gov/pubmed/27777739
https://doi.org/10.2193/0022-541X%282004%29068%5B0061%3AMAAHPO%5D2.0.CO%3B2
https://doi.org/10.2193/0022-541X%282004%29068%5B0061%3AMAAHPO%5D2.0.CO%3B2
https://doi.org/10.1675/063.038.0106
https://doi.org/10.1675/063.038.0106
https://doi.org/10.1650/0010-5422%282002%29104%5B0271%3ARAMPOW%5D2.0.CO%3B2
https://doi.org/10.1650/0010-5422%282002%29104%5B0271%3ARAMPOW%5D2.0.CO%3B2
https://doi.org/10.1111/j.1474-919X.2008.00816.x
https://doi.org/10.1111/j.1474-919X.2008.00816.x
https://doi.org/10.1007/s00484-005-0019-2
http://www.ncbi.nlm.nih.gov/pubmed/16435107
https://doi.org/10.1002/ecs2.2095
https://doi.org/10.1002/ecs2.2095
https://doi.org/10.1126/science.aaz9600
http://www.ncbi.nlm.nih.gov/pubmed/32299953
https://doi.org/10.1002/2014GL062433
https://doi.org/10.1038/s41558-018-0140-y
https://doi.org/10.7717/peerj.5147
http://www.ncbi.nlm.nih.gov/pubmed/30042882
https://pubs.er.usgs.gov/publication/70157116
https://doi.org/10.1371/journal.pone.0240931


Valley of California. Journal of Fish and Wildlife Management. 2016; 7(2):408–422. https://doi.org/10.

3996/082015-JFWM-082

27. Taft OW, Colwell MA, Isola CR, Safran RJ. Waterbird responses to experimental drawdown: implica-

tions for the multispecies management of wetland mosaics. Journal of Applied Ecology. 2002; 39

(6):987–1001. https://doi.org/10.1046/j.1365-2664.2002.00763.x

28. Elphick CS, Oring LW. Winter management of Californian rice fields for waterbirds. Journal of Applied

Ecology. 1998; 35(1):95–108. https://doi.org/10.1046/j.1365-2664.1998.00274.x

29. Barbaree BA, Reiter ME, Hickey CM, Elliot NK, Schaffer-Smith D, Reynolds MD, et al. Dynamic surface

water distributions influence wetland connectivity within a highly modified interior landscape. Landscape

Ecology. 2018. 33(5):829–844. https://doi.org/10.1007/s10980-018-0638-8

30. Warnock N, Page GW, Stenzel LE. Non-Migratory Movements of Dunlins on Their California Wintering

Grounds. The Wilson Bulletin. 1995; 107(1):131–139. https://doi.org/jstor.org/stable/4163518

31. Takekawa JY, Warnock N, Martinelli GM, Miles AK, Tsao DC. Waterbird use of bayland wetlands in the

San Francisco Bay estuary: movements of long-billed dowitchers during the winter. Waterbirds. 2002;

25:93–105.

32. Dybala KE, Reiter ME, Hickey CM, Shuford WD, Strum KM, Yarris GS. A bioenergetics approach to set-

ting conservation objectives for non-breeding shorebirds in California’s Central Valley. San Francisco

Estuary and Watershed Science. 2017; 15(1). https://doi.org/10.15447/sfews.2017v15iss1art2

33. Matchett EL, Fleskes JP. Projected Impacts of Climate, Urbanization, Water Management, and Wetland

Restoration on Waterbird Habitat in California’s Central Valley. PLoS ONE. 2017; 12(1): e0169780.

https://doi.org/10.1371/journal.pone.0169780 PMID: 28068411

34. Lund J, Medellin-Azuara J, Durand J, Stone K. Lessons from California’s 2012–2016 drought. Journal

of Water Resources Planning and Management. 2018; 144(10):04018067. https://doi.org/10.1061/

(ASCE)WR.1943-5452.0000984

35. Shuford WD, Page GW, Kjelmyr JE. Patterns and Dynamics of Shorebird Use of California’s Central

Valley. The Condor: Ornithological Applications. 1998; 100(2):227–244. https://doi.org/10.2307/

1370264

36. Robinson JA, Oring LW. Long-distance movements by American Avocets and Black-necked Stilts.

Journal of Field Ornithology. 1996; 67(2):307–320. https://doi.org/jstor.org/stable/4514112

37. Shuford WD, Page GW, Evens JG, Stenzel LE. Seasonal abundance of waterbirds at Point Reyes: a

coastal California perspective. Quarterly Journal of Western Field Ornithologists. 1989. 20(4):137–266.

38. Kelly J. Distribution and abundance of wintering shorebirds in Tomales Bay, California: implications for

conservation. Western Birds. 2001. 32(3):145–166.

39. Stenzel LE, Page GW. Trends in abundance of wintering waterbirds relative to rainfall patterns at a cen-

tral California estuary, 1972–2015. In: Shuford WD, Gill Jr. RE, Handel CM, editors. Trends and tradi-

tions: Avifaunal change in western North America. Studies of Western Birds 3. Western Field

Ornithologists, Camarillo, CA, USA; https://doi.org/10.21199/SWB3.13 2018. pp. 236–257.

40. Page GW, Stenzel LE, Kjelmyr JE. Overview of Shorebird Abundance and Distribution in Wetlands of

the Pacific Coast of the Contiguous United States. The Condor. 1999; 101(3):461–471. https://doi.org/

10.2307/1370176

41. Dettinger M, Cayan DR. Drought and the California Delta—A Matter of Extremes. San Francisco Estu-

ary and Watershed Science. 2014; 12(2). https://doi.org/10.15447/sfews.2014v12iss2art4

42. Central Valley Joint Venture. Central Valley Joint Venture 2006 Implementation Plan: Conserving Bird

Habitat. US Fish and Wildlife Service. 2006. https://www.centralvalleyjointventure.org//assets/pdf/

CVJV_fnl.pdf

43. Stenzel LE, Hickey CM, Kjelmyr JE, Page GW. Abundance and distribution of shorebirds in the San

Francisco Bay area. Western Birds. 2002. 33(2):69–98.

44. Stralberg D, Cameron DR, Reynolds MD, Hickey CM, Klausmeyer K, Busby SM, et al. Identifying habi-

tat conservation priorities and gaps for migratory shorebirds and waterfowl in California. Biodiversity

and Conservation. 2011; 20(1):19–40. https://doi.org/10.1007/s10531-010-9943-5

45. Stanley TR, Skagen SK. Estimating the Breeding Population of Long-Billed Curlew in the United States.

Journal of Wildlife Management. 2007; 71(8):2556–2564. https://doi.org/jstor.org/stable/4496376

46. Wood J, Page G, Reiter M, Liu L, Robinson-Nilsen C. Abundance and distribution of wintering shore-

birds in San Francisco Bay, 1990–2008: Population change and informing future monitoring. Report to

the Resource Legacy Fund. PRBO Conservation Science, Petaluma, California. 2014; http://www.

prbo.org/refs/files/12082_JulianWood2010.pdf

47. Pitelka FA. Geographic variation and the species problem in the shore-bird genus Limnodromus. Uni-

versity of California Press. 1950.

PLOS ONE Drought and the abundance of non-breeding shorebirds in central California, USA

PLOS ONE | https://doi.org/10.1371/journal.pone.0240931 October 21, 2020 22 / 23

https://doi.org/10.3996/082015-JFWM-082
https://doi.org/10.3996/082015-JFWM-082
https://doi.org/10.1046/j.1365-2664.2002.00763.x
https://doi.org/10.1046/j.1365-2664.1998.00274.x
https://doi.org/10.1007/s10980-018-0638-8
https://doi.org/jstor.org/stable/4163518
https://doi.org/10.15447/sfews.2017v15iss1art2
https://doi.org/10.1371/journal.pone.0169780
http://www.ncbi.nlm.nih.gov/pubmed/28068411
https://doi.org/10.1061/%28ASCE%29WR.1943-5452.0000984
https://doi.org/10.1061/%28ASCE%29WR.1943-5452.0000984
https://doi.org/10.2307/1370264
https://doi.org/10.2307/1370264
https://doi.org/jstor.org/stable/4514112
https://doi.org/10.21199/SWB3.13
https://doi.org/10.2307/1370176
https://doi.org/10.2307/1370176
https://doi.org/10.15447/sfews.2014v12iss2art4
https://www.centralvalleyjointventure.org//assets/pdf/CVJV_fnl.pdf
https://www.centralvalleyjointventure.org//assets/pdf/CVJV_fnl.pdf
https://doi.org/10.1007/s10531-010-9943-5
https://doi.org/jstor.org/stable/4496376
http://www.prbo.org/refs/files/12082_JulianWood2010.pdf
http://www.prbo.org/refs/files/12082_JulianWood2010.pdf
https://doi.org/10.1371/journal.pone.0240931


48. Murtaugh PA. In defense of P values. Ecology. 2014; 95(3):611–617. https://doi.org/10.1890/13-0590.

1 PMID: 24804441

49. Zuur A, Ieno EN, Walker N, Saveliev AA, Smith GM. Mixed Effects Models and Extensions in Ecology

with R. 2009; https://www.springer.com/us/book/9780387874579

50. Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, et al. glmmTMB bal-

ances speed and flexibility among packages for zero-inflated generalized linear mixed modeling. The R

Journal. 2017; 9(2):378–400. Available from: https://journal.r-project.org/archive/2017/RJ-2017-066/

index.html

51. Goss-Custard JD, Clarke RT, Le V. Dit Durell SEA, Caldow RWG, Ens BJ. Population Consequences

of Winter Habitat Loss in a Migratory Shorebird. II. Model Predictions. Journal of Applied Ecology. 1995;

32(2):337–351. https://doi.org/10.2307/2405100

52. Shuford WD, Kelly JP, Condeso TE, Cooper DS, Molina KC, Jongsomjit D. Distribution and abundance

of colonial herons and egrets in California, 2009–2012. Western Birds. 2020; 51:190–220. https://doi.

org/10.21199/WB51.3.2

53. Strum KM, Dybala KE. Iglecia MN, Shuford WD. Population and Habitat Objectives for Breeding Shore-

birds in California’s Central Valley. San Francisco Estuary and Watershed Science. 2017; 15(1).

https://doi.org/10.15447/sfews.2017v15iss1art3

54. Kelly JP, Condeso TE. Rainfall Effects on Heron and Egret Nest Abundance in the San Francisco Bay

Area. Wetlands. 2014; 34:893. https://doi.org/10.1007/s13157-014-0551-0

55. Pandolfino ER, Handel CM. Population trends of birds wintering the Central Valley of California. 2018.

In Trends and Traditions: Avifaunal change in Western North America (Shuford WD, Gill Jr. RE, Handel,

CM, eds.). Studies of Western Birds 3; Western Field Ornithologists, Camarillo, CA, USA. pp 215–235.

https://doi.org/10.21199/SWB3.12

56. Ackerman JT, Takekawa JY, Orthmeyer DL, Fleskes JP, Yee JL, Kruse KL. Spatial Use by Wintering

Greater White-Fronted Geese Relative to a Decade of Habitat Change in California’s Central Valley.

Journal of Wildlife Management 2006; 70(4):965–976. https://doi.org/10.2193/0022-541X(2006)70

[965:SUBWGW]2.0.CO;2\

57. Popovic I, Toews DPL, Keever CC, St. Clair CT, Barbaree BA, Fernández G, et al. Genotyping-by-

sequencing reveals genomic homogeneity among overwintering Pacific Dunlin (Calidris alpina pacifica)

aggregations along the Pacific coast of North America. 2019; 121:1–12. https://doi.org/10.1093/

condor/duz036

58. Catry T, Lourenço PM, Lopes RJ, Carneiro C, Alves JA, Costa J, et al. Structure and functioning of inter-

tidal food webs along an avian flyway: a comparative approach using stable isotopes. Functional Ecol-

ogy. 2015; 30(3):468–478. https://doi.org/0.1111/1365-2435.12506

59. Lank DB, Butler RW, Ireland J, Ydenberg RC. Effects of predation danger on migration strategies of

sandpipers. Oikos. 2003; 103:303–319. https://doi.org/10.1034/j.1600-0706.2003.12314.x

60. Barbaree BA, Reiter ME, Hickey CM, Page GW. Molt migration and migratory connectivity of the long-

billed dowitcher. Journal of Wildlife Management. 2016; 80(2):256–265. https://doi.org/10.1002/jwmg.

1006

61. Galbraith H, DesRochers DW, Brown S, Reed JM. Predicting Vulnerabilities of North American Shore-

birds to Climate Change. PLoS One. 2014; 9(9): e108899. https://doi.org/10.1371/journal.pone.

0108899 PMID: 25268907

62. U.S. Shorebird Conservation Plan Partnership. U.S. Shorebirds of Conservation Concern─2016. 2016;

<http://www.shorebirdplan.org/science/assessment-conservation-status-shorebirds/>
63. Golet GH, Low C, Avery S, Andrews K, McColl CJ, Laney R, et al. Using ricelands to provide temporary

shorebird habitat during migration. Ecological Applications. 2018; 28(2):409–426. https://doi.org/10.

1002/eap.1658 PMID: 29205645

64. Strum KM, Reiter ME, Hartman CA, Iglecia MN, Kelsey TR, Hickey CM. Winter management of Califor-

nia’s rice fields to maximize waterbird habitat and minimize water use. Agriculture, Ecosystems & Envi-

ronment. 2013; 179(1):116–124. https://doi.org/10.1016/j.agee.2013.08.003

65. Schaffer-Smith D, Swenson JJ, Reiter ME, Isola JE. Quantifying shorebird habitat in managed wetlands

by modeling shallow water depth dynamics. Ecological Applications. 2018; 28(6):1534–1545. https://

doi.org/10.1002/eap.1732 PMID: 29694689

66. Brand LA, Takekawa JY, Shinn J, Graham T, Buffington K, Gustafson KB, et al. Effects of wetland man-

agement on carrying capacity of diving ducks and shorebirds in a coastal estuary. Waterbirds. 2014; 37

(1):52–67. https://doi.org/10.1675/063.037.0108

PLOS ONE Drought and the abundance of non-breeding shorebirds in central California, USA

PLOS ONE | https://doi.org/10.1371/journal.pone.0240931 October 21, 2020 23 / 23

https://doi.org/10.1890/13-0590.1
https://doi.org/10.1890/13-0590.1
http://www.ncbi.nlm.nih.gov/pubmed/24804441
https://www.springer.com/us/book/9780387874579
https://journal.r-project.org/archive/2017/RJ-2017-066/index.html
https://journal.r-project.org/archive/2017/RJ-2017-066/index.html
https://doi.org/10.2307/2405100
https://doi.org/10.21199/WB51.3.2
https://doi.org/10.21199/WB51.3.2
https://doi.org/10.15447/sfews.2017v15iss1art3
https://doi.org/10.1007/s13157-014-0551-0
https://doi.org/10.21199/SWB3.12
https://doi.org/10.2193/0022-541X%282006%2970%5B965%3ASUBWGW%5D2.0.CO%3B2%5C
https://doi.org/10.2193/0022-541X%282006%2970%5B965%3ASUBWGW%5D2.0.CO%3B2%5C
https://doi.org/10.1093/condor/duz036
https://doi.org/10.1093/condor/duz036
https://doi.org/0.1111/1365-2435.12506
https://doi.org/10.1034/j.1600-0706.2003.12314.x
https://doi.org/10.1002/jwmg.1006
https://doi.org/10.1002/jwmg.1006
https://doi.org/10.1371/journal.pone.0108899
https://doi.org/10.1371/journal.pone.0108899
http://www.ncbi.nlm.nih.gov/pubmed/25268907
http://www.shorebirdplan.org/science/assessment-conservation-status-shorebirds/
https://doi.org/10.1002/eap.1658
https://doi.org/10.1002/eap.1658
http://www.ncbi.nlm.nih.gov/pubmed/29205645
https://doi.org/10.1016/j.agee.2013.08.003
https://doi.org/10.1002/eap.1732
https://doi.org/10.1002/eap.1732
http://www.ncbi.nlm.nih.gov/pubmed/29694689
https://doi.org/10.1675/063.037.0108
https://doi.org/10.1371/journal.pone.0240931

