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Abstract.—The Salton Sea, a saline lake ecosystem in southern California that is critical for birds along the
Pacific migratory pathway, is rapidly changing due to changes in water use and supply. This shrinking Sea sup-
ports over 300 species of birds and millions of migratory birds annually. Reduced water inflows since 2017 have
lowered water levels and increased salinity, driving ecological change, yet the impacts to birds remain largely
unexamined. We analyzed bird population trends (2016-2023), changes in the extent of preferred habitats
under different water management regimes, the expansion of emerging vegetation on exposed lakebed, water
quality, and macroinvertebrate diversity. Bird population trends reveal both winners and losers: populations of
Northern Shovelers, Least and Western Sandpipers, and Black-necked Stilts increased, while populations of
American White Pelicans, nonbreeding American Avocets, Double-crested Cormorants, and Ruddy Ducks
declined. Increasing shorebird population trends aligned with the expansion of emerging wetland vegetation on
exposed lakebed, while decreasing trends in deep water dependent species aligned with the loss of areas of pre-
ferred deep-water habitat. Water quality was associated with waterbird abundance, but the effect of biogeochemis-
try on birds and their prey are not well understood and warrant further research. These findings inform strategic
management efforts to sustain and restore habitats at the Salton Sea, with the goal of achieving positive outcomes
for birds as wetland and saline habitats across the Western United States remain threatened. Received 8 May 2025,

accepted 4 Dec 2025.

Keywords.—avian ecology, conservation, emergent wetlands, habitat change, migratory birds, saline lakes,
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Across western North America, and glob-
ally, human development, agriculture, and cli-
mate change are impacting water availability
and threatening the extent of wetlands, rivers,
lakes, and other water-dependent habitats.
These habitats form part of larger migratory
flyway networks that sustain global waterbird
habitat by providing essential stopover, breed-
ing, and wintering sites as birds move between
northern and southern latitudes. Inland saline
lakes and wetlands are especially important
habitats in the arid West of the U.S,, yet they
are highly vulnerable to climate-driven changes.
In this region, climate induced warming and
human development have led to shrinking
saline lakes and rising salinity (Grimm et al.
1997; Larson et al. 2016; Reis et al. 2017; Wilsey
et al. 2017), as well as shifting wetland seasonal-
ity (e.g. semi-permanent to more seasonal or
temporary states) and reduced inflows and
water quality (Haig et al. 2019; Donnelly et al.
2022). California alone has lost over an esti-
mated 96% of historic wetlands over the
past two centuries (Bradley and Yanega 2018;
Wilson et al. 2022). Since millions of migratory
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waterbirds along the Pacific Flyway rely on a
limited number of wetlands and saline lakes
as a part of their annual life cycle, even small
habitat changes can disproportionately affect
populations (Oring and Reed 1997; Haig
et al. 1998; Warnock et al. 1998; Haig 2019).
Studies have shown that climate-driven
changes in wetlands and saline lakes are reshap-
ing habitats that sustain waterbird populations
along the Pacific Flyway (Larson e al. 2016;
Senner e al. 2018; Haig et al. 2019). For exam-
ple, at Lake Abert, Oregon, both periods of low
water levels with high salinity and periods of
high water levels with low salinity were associ-
ated with declines in invertebrates and water-
birds, showing the sensitivity of these taxa to
changes in salinity (Senner et al. 2018). In
regions along the Pacific Flyway, Donnelly et al.
(2022) documented declines in wetland habi-
tats and suggests that these changes are impact-
ing stopover networks and their capacity to
sustain waterbird populations. Similarly, Haig
et al. (2019) found that climate warming is
reducing wetland water availability and
increasing salinity, changing wetland species
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community composition, limiting habitat avail-
ability, and impacting critical migratory habi-
tats. These findings underscore the ecological
significance of remaining wetland systems in
the Pacific Flyway, including the Salton Sea,
located in the United States in southern
California.

As wetlands and saline lakes decline or
disappear across the Western United States,
the Salton Sea (Sea) has emerged as one of
the most critical inland saline lake habitats
for waterbirds (Shuford et al 2002; Patten
et al. 2003; Barnum and Johnson 2004).
Saline lakes such as the Salton Sea support a
variety of habitats for birds, including deltas,
wetlands, mudflats, playas, islands, and open
water areas (Ma el al. 2010; Jones et al. 2016).
Located in the southern California Sonoran
Desert and straddling Imperial and Riverside
counties, the Salton Sea is a terminal saline
lake covering 790 km® and remains the larg-
est lake in California. The Salton Sea hosts
some of the largest waterbird concentrations
(Shuford et al. 2002; Barnum & Johnson 2004),
serving as a vital stopover for migrants travel-
ing north from southern wintering grounds to
breeding sites in the Arctic, Central Valley,
or other saline lakes, while also supporting
southbound migratory birds coming from pla-
ces such as the Great Salt Lake or Mono Lake
in the fall. Today, the Salton Sea supports
more than 300 species and millions of migra-
tory birds annually, making it one of the most
ecologically productive stopover, nesting, and
wintering sites in the Interior West (Patten et al
2003; Barnum and Johnson 2004; Shuford
2014). Given this ecological significance,
numerous studies have assessed its role in sup-
porting waterbirds and documented threats
from habitat decline.

Previous work has provided important
baselines for establishing the Salton Sea’s
ecological value by documenting historical
bird populations, characterizing habitats,
and documenting threats faced (Jehl and
Joseph 1994; Shuford et al. 1998; Shuford
et al. 2002; Barnum and Johnson 2004).
Historically, the Salton Sea supported, dur-
ing some portion of their life cycle, roughly
30% of American White Pelicans in North
America (Shuford et al. 2002), 25%-90% of
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Eared Grebes in North America (Shuford et al.
2002, Patten et al. 2003), and served as the larg-
est wintering site and an important breeding
area for Snowy Plovers in the interior West
(Patten and Smith-Patten 2004; Shuford
et al. 2004). Fluctuations in fish populations
strongly influenced fish-eating bird dynam-
ics, with populations of pelicans, cormor-
ants, and other fish-eating birds crashing
following the collapse of the tilapia popula-
tion in the early 2000s (Hurlbert et al. 2007).
These historical studies provide an essential
baseline for understanding how subsequent
changes in water levels have altered habitats
and bird communities at the Sea.

Changes in water allocations and ecological
conditions have dramatically shaped the cur-
rent state of the Salton Sea. The Sea’s primary
water source, agricultural runoff from farms
in Imperial Valley, began to decline in 2003
as a result of the Quantification Settlement
Agreement (QSA). This agreement diverted
roughly 300,000 acre-feet (~0.4 km®) of Colo-
rado River water/year from Imperial Valley
agricultural use to urban use in southern
California but required mitigation water
deliveries (Quantification Settlement Agree-
ment Joint Powers Authority 2003). These
water deliveries to the Sea were reduced at the
end of 2017 and the Sea began to shrink at
a more rapid pace, exposing approximately
1,000 hectares of lakebed per year (Bradley
et al. 2022). To date, over 15,000 hectares of
lakebed (playa) have been exposed since 2003,
based on USGS lake surface elevation monitor-
ing data and our own analyses of USGS bathy-
metric data (United States Geological Survey
2025). This has both increased the risk of air-
borne pollutants due to dust from the dry
playa (Frie et al. 2017) and resulted in the loss
of critical bird habitats (Shuford ez al. 2020).

Declining water allocations have caused
significant ecological shifts at the Salton Sea,
including rising salinity, changes to food
resources, the loss of nesting islands, and the
formation of new wetlands on exposed playa.
Reduced inflows due to the QSA water trans-
fers and other factors, such as evaporation and
declining inflows from Mexico, have caused
salinity at the Sea to rise from 46 ppt in 2004
to 74 ppt in 2020 (United States Bureau of
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Reclamation 2020), more than twice the
salinity of the ocean. Salinity has reached lev-
els where the last remaining saline-tolerant
fish species that some bird species con-
sumed, Tilapia (Oreochromis spp.), can no
longer survive or reproduce in most areas
around the Sea (Riedel et al. 2002; Hurl-
bert et al. 2007; Riedel 2016). Increased
salinity is believed to have also altered macro-
invertebrate populations (Simpson et al. 1998;
Detwiler et al. 2002; Anderson et al. 2007;
Barnum et al. 2017), which are critical food
resources for many migratory bird species.
Bradley et al. (2022) documented major eco-
logical transitions since water inflows were
reduced in 2017, including a shift toward
invertebrate dominated food webs. Despite
this evidence of ecosystem-level change, few
studies have evaluated how these changes
have affected specific waterbird populations
and habitat extents since 2017.

The Sea’s recession has also led to the
loss of nesting islands and the formation of
new wetlands on exposed lakebed. The loss
of nesting islands, such as Mullet Island,
which once supported 75% of inland Cali-
fornia nesting Double-crested Cormorants
(Shuford et al. 2020), has reduced reliable
breeding sites for birds. Meanwhile, agricul-
tural irrigation drains and perennial and
ephemeral streams and washes that previ-
ously drained directly into the Sea, now spill
out and pool onto the playa forming newly
emerging wetlands. The extent and persist-
ence of these new wetlands are not well
understood. Ecological changes at the Salton
Sea reveal how water management is shaping
the Sea’s habitats and resources, but we have
limited understanding about the impact on
birds. We provide a comprehensive assessment
of the status of birds and their habitats at the
dynamic and threatened Salton Sea.

Here, we use surveys and models of water-
bird populations, along with habitat and food
availability, to create a more holistic view of
how the Sea is changing at an ecosystem-wide
scale. We summarized National Audubon’s
Society’s seven years of surveys, sampling, and
habitat modeling at the Sea by analyzing:
1) bird population trends, 2) changes in the
amount of preferred bird habitats, 3) emerging
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wetland habitats, 4) macroinvertebrate
diversity, and 5) water quality. Specifically,
we used data from waterbird surveys con-
ducted from 2016-2023 to assess population
trends of representative waterbird species to
understand how bird populations are chang-
ing. We quantified acres of preferred habitats
available at the Sea for representative species
and compared these acreages to previous
habitat assessments in 1999 and 2015, pre-
and post- QSA implementation, respectively
(Jones et al. 2016). Additionally, we used satel-
lite imagery to quantify new emerging habitats
created by irrigation and other runoff onto
exposed playa. We measured dissolved oxygen
at bird monitoring sites and sampled macroin-
vertebrates at a subset of sites over two years to
better understand physical conditions and food
availability. Together, these elements provide a
more comprehensive understanding of the cur-
rent state of the Salton Sea and its changing
bird populations and habitats. This can offer
insights for habitat management and planning
at the Sea and serve as a model for other disap-
pearing and managed inland saline lakes and
wetlands in arid environments.

METHODS

In 2016, we established 14 monitoring sites around
the Sea (Fig. 1) used for waterbird surveys, water chemis-
try sampling, and macroinvertebrate surveys. We selected
sites to represent areas where waterbirds were likely to be
present and for their public and convenient accessibility
to ensure reliability for long-term monitoring. We
selected an additional site as a backup for instances
when the Salt Creek site was inaccessible due to high
stream flow.

Bird Population Trends

Surveys and Data Collection. We conducted point
count Waterbird surveys from November 2016 through
November 2023, at the 14 monitoring sites (Fig. 1). We
define waterbirds as those from the taxonomic orders
of Anseriformes (waterfowl), Charadriiformes (shorebirds),
Pelecaniformes (pelicans and cormorants), Podicipedi-
formes (diving waterbirds like grebes), Cinoniiformes
(storks), Suliformes (cormorants), Gruiformes (coots and
rails), Gaviiformes (loons), and Procellariiformes (pet-
rels). Although this list includes secretive marsh birds
(Gruiformes), they seldom appeared in our surveys,
which did not focus on their preferred habitat. Surveys
consisted of bird counts taken from a predetermined sur-
vey point along the water’s edge with a spotting scope,
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Figure 1. Map of the Salton Sea with sampling sites and playa exposed between 2003 and 2022.

covering a distance 500 m to the left and right of the sur-
vey point and 1 km offshore of the point creating a “sur-
vey box.” Counts typically lasted about 15 minutes,
although the exact duration varied depending on bird
abundance or community participation; in all cases,
observers remained on site until the survey box was
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thoroughly covered. Birds were identified to the species,
except for the Western Sandpiper and Least Sandpiper,
which were grouped in the analysis because they can be
difficult to distinguish in the field and observer expertise
varied across years (Table 1). Counts included birds on
the shore, on the water, and in flight. Because the Sea
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Table 1. List of waterbird species selected to model species population trends at the Salton Sea across survey

years 2016-2023.

Common name Scientific name

Breeding/non-breeding Habitat use

Ruddy Duck
Northern Shoveler
Least and Western
Sandpiper
Black-necked Stilt
American Avocet
American White Pelican
Double-crested

Oxyura jamaicensis

Spatula clypeata

Calidris minutilla and Calid-
IS mauri

Himantopus mexicanus

Recurvirostra americana

Pelecanus erythrorhynchos

Nannopterum awritum

Cormorant

Eared Grebe Podiceps nigricollis

Non-breeding Deep water
Non-breeding Mid-depth water
Non-breeding Mudflats/shallow water
Breeding and non-breeding  Mudflats/shallow water
Breeding and non-breeding  Mudflats/shallow water

Nonbreeding
Breeding and Nonbreeding

Deep water
Deep water

Nonbreeding Deep water

was rapidly receding in some areas it was necessary to move
survey points towards the water’s edge to ensure the surveys
were covering the intended habitat. In some cases, the orig-
inal survey point is now over a mile from the shoreline.

Surveys were performed every two months from
November 2016 through November 2018. From January
2019 to September 2022, surveys were increased to
monthly, except for June during all years due to low
bird counts and except for March and April of 2020
because of the COVID-19 pandemic. Beginning in
September 2022, bird surveys were decreased again
to quarterly. Surveys began in the morning at the
same starting site and then proceeded in a consistent
order through the remaining sites, typically continu-
ing into the late afternoon. Survey times at individual
sites varied within this daily sequence depending on
survey duration, volunteer participation, weather, or
site accessibility.

Data Analyses and Modeling. Species are present at
the Sea during different time periods, representing
breeding populations, nonbreeding populations, or, in
some cases, both (Table 1). We assessed each species
during the months when it was expected to be present
at the Sea based its breeding or nonbreeding season,
the timing of their migration and examination of these
raw data. For example, the American Avocet and Black-
necked Stilt have both breeding and nonbreeding pop-
ulations at the Sea (Shuford 2014), so we modeled
trends for both breeding and nonbreeding popula-
tions. We did this by separating data for the American
Avocet and Black-necked Stilt into breeding season
(April-July) and nonbreeding (August-March). We
assumed only resident birds would be counted during
breeding season and both populations would be counted
during nonbreeding season. In contrast, the Least and
Western Sandpiper are present only during nonbreeding
season (August-April). The Least and Western Sand-
piper are lumped in this analysis because they can be dif-
ficult for some surveyors to distinguish between in the
field. The Ruddy Duck (October-May) and Northern
Shoveler (July-April) are present during their nonbreed-
ing season, The American White Pelican (August-March)
is present for the nonbreeding season as is the Eared
Grebe (November-May). The Double-crested Cormorant
is present yearround. We also modeled trends for total
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waterbirds across all years, derived by calculating the sum
of all waterbirds counted during each survey.

To control for differences in survey frequency among
years, surveys were grouped into seasonal replicates: Fall
(October-December), Winter (January-March), Spring
(April-June), and Summer (July-September). These sea-
sons were selected to group surveys into subsamples, but
they do not necessarily represent breeding or nonbreed-
ing periods for all migratory or resident species at the Sea.

We developed generalized mixed-effects models in
R 4.1.1(R Development Core Team 2021) for each spe-
cies as well as for all waterbirds combined using the
glmmTMB package (Brooks et al. 2017) with a negative
binomial log link function to assess annual population
trends. The trend was estimated as a log-linear change
between 2016 and 2023. We used season and site as
random effects to account for correlated counts within
sites and seasons. We then sampled the posterior of
the distribution of the trend estimate 5000 times, trans-
formed samples using trend =[exp(sample)-1] x 100,
and calculated the 0.025", 0.5", and 0.975" quantiles
of the transformed samples to get the posterior median
(£ 95% credible interval) percent change of the popula-
tion per year. Because we expected some credible inter-
vals to be large, we also used the transformed samples to
calculate the probability of a positive or negative trend
by taking the sum of samples that were above or below 0
(depending on a negative or positive trend) and dividing it
by the number of samples from the posterior distribution
(5000). Probability values for trends were used to deter-
mine if a positive or negative trend was clear (= 0.95),
likely (= 0.85), or possible (= 0.75). This means that a
model’s 95% credible interval could overlap zero and
still have a likely trend given that 85% or more of the
model’s predictions (out of 5000) are consistent with
the predicted trend. This modeling approach of simu-
lating the posterior of the distribution for model
parameters is described in Gelman & Hill (2006) and
is common in Bayesian data analysis. We believe this
approach is useful for assessing populations for con-
servation because it gives managers a sense of the
range of possible trends within an established credible
interval but also a gauge for assessing the probability
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of the trend’s accuracy given a wide credible interval.
This can aid in decision making and has been used in
other population assessments developed to inform
conservation (Robinson et al. 2018).

Changes in Preferred Habitats

Surveys and Data Collection. Quantifying preferred
avian habitat at the Sea is critical to understanding how
habitats are changing over time as shifts in water alloca-
tions drive changes in water level and the amount of
habitat available to birds. Jones et al. (2016) quantified
preferred avian habitats at the Sea for 1999 and 2015,
pre- and post- QSA implementation. Our methods
described here follow Jones et al. (2016) so that we can
make direct comparisons in this paper. They identified
four key waterbird habitats at the Sea defined as playa:
the alkali flats, dry barnacle and sand beaches of the
exposed sea bed, mudflats and shallow water. 0-15 cm
depth, mid-depth water: 15-30 cm depth, and deep water:
30-200 cm depth (Jones el al. 2016). We paired these
habitat definitions, with associated indicator species for
each habitat (Table 2), and used model variables (24 var-
iables; Appendix A) outlined by Jones e/ al. (2016), to
derive updated estimates of the amount preferred habi-
tats for 2023. This analysis relied on updated land cover
and bathymetric GIS layers (Appendix A) while adher-
ing to their methodological framework.

Data from Cornell Lab of Ornithology’s online data
portal, eBird (Sullivan et al. 2009) and Point Blue Con-
servation Science’s Pacific Flyway Shorebird Survey
(PFSS) (Reiter 2011), collected between 2011 and 2015,
were used for habitat modeling by Jones el al. (2016)
described below. The PFSS is an early winter survey con-
ducted by volunteer scientists using established proto-
cols across much of the Pacific Flyway (Reiter 2025).
EBird is an online database of checklists or observations
reported by birders which includes a geographic loca-
tion and species identification and often how many of a

given species were counted (Fink et al. 2024). Data from
eBird can be problematic and introduce error associated
with sampling distance from bird species (counting birds
that may be far off from the observer’s actual location),
and the varying amount of time or effort spent counting
birds. To help minimize errors associated with these data,

Jones et al. (2016) applied several filters to eBird as other

studies have done. Data were filtered to include only
approved records (those vetted by eBird’s reviewers).

Jones et al. (2016) also filtered to include only records

from survey events (where all species detected were
reported) and records using either traveling count,
stationary count, exhaustive area count and random
location count protocols after Fink e al. (2010) and
Hurlbert and Liang (2012). To help control for impreci-
sion of traveling checklists within the 500 m model resolu-
tion, eBird records that used a traveling protocol were
filtered to include only those that were less than 500 m.
To avoid false multiple counts from groups where mul-
tiple people report a checklist, only one checklist was
included from a known group survey where multiple
observers entered the same checklist.

A 500x500 meter grid was developed and habitat vari-
able data including acres of our key habitat types within
each cell were added to this grid as were PFSS and eBird
data. The grid spanned the extent of the 2003 Salton Sea
shoreline and 1 km beyond the shoreline to capture addi-
tional bird counts. This was done because at that time,
eBird data was less geographically precise and this allowed
for the inclusion of more data to be used in the model.
Preferred habitat does not refer to the amount of available
habitat but instead refers to the amount of habitat where
most of the indicator species for that habitat are predicted
to be present.

Data Analyses and Modeling. We quantified pre-
ferred bird habitats using habitat suitability models for
each indicator species chosen for each of the four hab-
itat types identified by Jones et al. (2016). While the

Table 2. List of waterbird indicator species (common name and scientific name) for five key habitats at the
Salton Sea. We quantified the acreages of each habitat type that are used by these indicator species, then com-
pared this to habitats used by indicator species for each habitat in 1999 and 2015.

Common name Scientific name Habitat use

Snowy Plover Charadrius nivosus

American Avocet

Playa

Recurvirostra americana Mudflats and Shallow Water

Marbled Godwit Limosa fedoa Mudflats and Shallow Water
Dowitcher spp. Limnodromus griseus Mudflats and Shallow Water
Dunlin Calidris alpina Mudflats and Shallow Water

Western Sandpiper Calidris mauri Mudflats and Shallow Water

Least Sandpiper Calidris minutilla Mudflats and Shallow Water
Snowy Egret Lgrelta thula Mid-Depth Water

Gadwall Mavreca strepera Mid-Depth Water

Northern Shoveler Spatula clypeata Mid-Depth Water

Eared Grebe Podiceps nigricollis Deep Water

Ruddy Duck Oxyura jamaicensis Deep Water

American White Pelican Pelecanus erythrorhynchos Deep Water

Double-crested Cormorant Nannopterum awritum Deep Water
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Jones et al. (2016) habitat suitability models appeared
in a technical report that was not refereed by a journal,
it went through a peer review process that is outlined
and detailed in the technical report. Their model was
designed to be used in the future to continue to assess hab-
itats and make comparisons to the past. We used habitat
suitability models developed by Jones ¢ al. (2016), to allow
us to make direct comparisons with their pre- and post-
QSA implementation habitat quantities. The Jones et al.
(2016) habitat suitability models used a boosted regression
trees modeling framework in R version 3.2.1 to predict
the probability of occurrence of each indicator species
based on 24 habitat variables (Appendix A) and the
bird data described above.

We used R 4.1.1 (R Core Team 2021) and gbm
(Greenwell et al. 2022) and dismo (Hijmans et al. 2022)
packages to run the Jones et al. (2016) models with our
updated landscape variables (Appendix A) and then
convert probability of occurrence model predictions to
presence/absence predictions. Presence/absence was
determined by calculating the prevalence of each indi-
cator species in each cell based on probability of occur-
rence scores after Liu et al. (2005), Lobo et al. (2008),
and Jones et al. (2016). These represent threshold val-
ues of probability of occurrence above which a species
was assumed to be present and below which a species
was presumed to be absent based on habitat suitability
model predictions.

We used presence cells from each indicator species
to calculate a range of estimates including the mean,
lower bound, and upper bound preferred habitat areas,
after Jones et al. (2016). The lower bound estimate
includes preferred habitat acreage for all indicator spe-
cies of a particular habitat, the upper bound estimate is
the acreage of preferred habitat for half or more of the
species for that habitat, and the weighted mean pre-
ferred habitat available is the mean area of the lower
and upper bound estimates weighted by the number of
species in each estimate. For example, the lower bound
estimate for mudflats and shallow water habitat would
include acres from presence cells where all indicator
species for that habitat were predicted to be present,
while the upper bound would include acres were half
or more of those species were predicted to be present.
These preferred habitat areas were then compared to
values from the Jones et al. (2016) study for pre- (1999)
and post- (2015) QSA implementation as the methods
we used here are the same as theirs.

Emerging Wetland Habitats

Surveys and Data Collection. To quantify new emerging
wetlands on exposed playa and measure changes in the
persistence of these wetlands to understand how habitat
availability is changing we used 10 m resolution multispec-
tral imagery from the European Space Agency’s Sentinel
2 satellite (atmospherically corrected L2A products). We
selected imagery from January 2020 and 2022 with less
than 9% cloud cover to measure and assess vegetation on
exposed playa. We used ArcGIS Pro (Esri 3.4.3) to create
a playa shapefile with which to limit imagery analyses to
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the playa area only (defined as the area between the 2003
water level and the water level from the date of the
imagery), to exclude areas above and below the playa.
From this imagery we developed a Normalized Difference
Vegetation Index (NDVI) (Rouse et al. 1973) for each
year. NDVI is a commonly used index to identify and
assess the density and health or robustness of vegetation
in multispectral imagery (Huete and Liu 1994; Leprieur
et al. 2000) and is useful for identifying vegetation in arid
environments (Richard and Poccard 1998; Jafari &
Arman 2014; Amiri & Tabatabaie 2010; Alsharrah et al.
2015). NDVI uses a mathematical equation including
visible and near-infrared light wavelengths reflected
by photosynthetic organisms to assess vegetation and
is measured in values that range from —1 to 1. We con-
sidered values above 0.25 as playa vegetation based on
Alsharrah et al. (2015) and visual inspection of results.

Data Analyses and Modeling. We identified and quanti-
fied emerging vegetation on exposed playa at the Sea
using the playa vegetation data derived from the NDVI
data in ArcGIS Pro (Esri 2.4.3). Along the margins of the
Sea where water flows in shallow sheets across the playa,
algal mats can form. In addition to vascular plants, NDVI
analyses also identify this algal sheet flow vegetation.
Although potentially important foraging habitat, this
algal sheet flow vegetation did not represent the vascu-
lar plant vegetation primarily targeted by this study.
We visually identified algal vegetation areas by analyzing
the imagery used in these analyses along with higher-
resolution Google Earth imagery. This process facilitated
the visual detection of algal sheet flow and its differentia-
tion from vascular plant vegetated areas further inland.
The identified areas were then digitized to provide the
best spatial estimate of algal vegetation coverage. We then
derived and compared total area of plant vegetated areas
(not including algal vegetation), and total vegetated areas
(including algal vegetation) for 2020 and 2022. We
mapped changes in the persistence, expansion, and
contraction of vegetation on exposed playa between
those years.

Macroinvertebrate Diversity

Surveys and Data Collection. Macroinvertebrate diver-
sity can be an indicator of the health of an aquatic system.
Here we expected that low macroinvertebrate diversity
would be an indication of an unhealthy aquatic ecosys-
tem, while high diversity would be an indication that the
system is more stable. We conducted macroinvertebrate
surveys quarterly from July 2020 through July 2022 to
assess macroinvertebrate population dynamics as an indi-
cator of food availability for shorebirds and other water-
birds, many of whom depend on macroinvertebrates as a
food source, particularly during migration. Macroinverte-
brates were collected at 7 of the 14 bird survey sites,
selected as representative of different regions (i.e., north,
south, east, and west part of the Sea), substrate types, and
shoreline slopes (Fig. 1). We selected three core sampling
locations at three 30 m lengths of shoreline per site, for a
total of nine samples per site per visit. We selected these
locations by observing where shorebirds were feeding at a
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site, then walked into the shallow standing water in that
area and took three core samples per 30 m transect, one
in the middle and one at each end. We used a 10 cm
diameter clam gun to take core samples of sediment in
water no deeper than 15 cm. We placed the substrate
from a core sample through a 0.5 mm sieve, rinsing with
fresh water until all mud was removed. We picked out all
macroinvertebrates from the core sample using forceps
and placed them into a 50 ml jar with a 70% ethanol mix-
ture mixed with distilled water at a 1:1 ratio. All samples
were sent to an independent laboratory (ESA Environmen-
tal Services) where macroinvertebrates were identified to
taxonomic family at minimum and species when possible
and counted from all samples.

Data Analyses and Modeling. We sorted macroinverte-
brate survey data by family and then we recorded the
number of macroinvertebrates per family per sample
and calculated a total count per site per sample interval
or day sampled. These are eight samples for each of
seven sites, except for Poe Road (four samples) and Sea
Wall (three samples) because of site access issues due
to weather conditions (n=55).

Water Quality

Surveys and Data Collection. Dissolved Oxygen (DO)
is a measure of aquatic health and may impact fish and
invertebrate availability and/or quality of bird habitat
(United States Environmental Protection Agency 1986).
We expected that DO would vary across sites and would
include close to or hypoxic conditions. To better capture
the overall health of the aquatic ecosystem and variation
in habitat conditions across sites we measured DO concen-
trations (mg/L) monthly at 11 monitoring sites (Fig. 1)
from February 2020 through June 2021. We collected data
using an Aqua Troll 400 Multiparameter Probe and prior
to each survey date, the probe’s sensors were calibrated fol-
lowing the manufacturer’s instructions. At each site, we
placed the probe in the water at a minimum depth suf-
ficient to submerge the sensor, approximately 3 inches
when the probe was standing upright, or less when
slanted. Once the probe was positioned at the appropriate
depth, we allowed it to settle for approximately 2 minutes
to reduce interference from sediment disturbance before
recording measurements. We recorded data via the
probe’s corresponding mobile application.

Data Analyses and Modeling. We assessed water quality
survey data as a measure for aquatic health at the Sea.
DO (mg/L) concentrations were compared over the sur-
vey period and between sites (n = 115). To do this we
examined mean DO levels at each site and compared
them against U.S. EPA standards for aquatic health that
list levels below 5 mg/L as cause for concern for aquatic
life (United States Environmental Protection Agency
1986). If a sampling site had a mean DO concentrations
below bmg/L, we classified it as low DO and if a site
had mean concentrations above that value, we classified
it as moderate DO. We then used these categorical
rankings to characterize this subset of sites for addi-
tional analysis to understand if waterbirds responded to
these conditions.
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Waterbird Response to Dissolved Oxygen

Surveys and Data Collection. To see if and how water-
bird abundance varied with DO concentrations (a measure
of aquatic health) we used total waterbird counts across all
species for each site and survey where water quality samples
were also taken (n = 21). We expected that waterbird abun-
dance would increase with DO. Sites were classified as hav-
ing moderate or low DO by mean DO concentrations as
described above. We used only waterbird survey data that
aligned with the DO sampling time period and sites where
DO was sampled. We limited the amount of waterbird data
to this time period because of the uncertainty around inter-
annual variation in DO concentrations and long-term
trends of DO at the Salton Sea.

Data Analyses and Modeling. We analyzed variation in
waterbird relative abundance with DO concentrations
using the same modeling and trend distribution sam-
pling approach described for waterbirds above. For
waterbird abundance we again used site as a random
effect, and we used DO site categories (low or moder-
ate) as an independent variable.

REsuULTS

Bird Population Trends

The waterbird trend analyses we report
here include a predicted positive or negative
trend along with the median percent change
(£ 95% credible interval) of the population
per year. We expected some credible intervals
(CI) to be large, so to provide more insight
and interpretability into these trends we also
calculated a probability from the sampling of
the posterior of the distribution of the trend
estimate to determine if the trend was clear
(= 0.95), likely (= 0.85), or possible (= 0.75).
Waterbirds considered as a single group and
assessed using all surveys from every month
surveys were available, had a clear increasing
trend (probability = 0.999) with a median pop-
ulation increase of 15.13%/year (CI = 5.52%~—
25.19%). Waterfowl species trends varied.
Nonbreeding (October-May) Ruddy Ducks
had a possible negative trend (probability =
0.81) with a median population trend of
—6.95%/year (CI = —21.08%-9.51%; Fig. 2).
In contrast, nonbreeding (July-April) Northern
Shovelers had a clear increasing trend (proba-
bility = 1) with a median population trend of
53.47% /year (CI = 20.56%-94.55%). Shore-
bird trends varied between species and breed-
ing/nonbreeding populations. Nonbreeding
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Figure 2. Modeled Salton Sea waterbird trends from 2016-2023. Dots are the median values; error bars are 95% cred-
ible interval. Probability of the trend is indicated by * (placed next the Species/Population name), where *** is a
clear trend (probability = 0.95), ** is a likely trend (probability = 0.85-0.95), and * is a probable trend (probability =
0.75-0.85). Here we did not consider probabilities below 0.75 as probable trends. Percent change is on the x-axis and

represents predicted annual trends.

(August-April) Least and Western sandpipers
(assessed as a single group because of diffi-
culty consistently identifying them at distance)
had a likely positive trend (probability = 0.90)
with a median population trend of 27.18%/
year (CI = 12.65%-42.92%). Nonbreeding
(August-March) Black-necked Stilts were
likely to be increasing (probability = 0.90)
with a median population trend of 10.98%/
year (CI = —4.74%-29.21%). Likewise,
breeding (April-July) populations also had a
possible increasing trend (probability = 0.77)
with a median population increase of 5.40%/
year (CI = —8.51%- 21.82%). American Avo-
cet nonbreeding populations (August—
March) had a clear decreasing population
trend (probability = 1) with a median trend
of —19.21%/year (CI = —30.97%— —4.91%).
Breeding (April-July) American Avocet pop-
ulations essentially had no trend (probability =
0.59) with a predicted increase somewhere
between —33.65% and 68.06%. Nonbreeding
(August-March) American White Pelicans had
a clear negative trend (probability = 1) with a
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predicted decrease of —63.12% /year (CI =
—74.13%— —47.29%). The Double-crested Cor-
morant population (present yearround at the
Sea and so was assessed using all survey months
available) at the Sea had a likely decreasing
trend (probability = 0.94) with a prediction of
—13.12%/year (CI = —27.03%-3.93%). Non-
breeding (November—May) Eared Grebe
populations at the Sea had a clear increasing
trend over the study period (probability = 1)
with a median increase of 42.30%,/year (CI =
22.23%—65.90%).

Changes in Preferred Habitats

Quantifying preferred habitats across five
habitats in 2023 showed changes from previ-
ous pre- and post- QSA implementation pre-
ferred habitat estimates (Fig. 4) conducted by
Jones et al. (2016). Preferred habitat refers to
the amount of habitat where most of the indi-
cator species (Table 2) of a given habitat have
been predicted to be present, as described in
the methods, and does not represent total
available habitat. Because playa habitat was
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North Salton Sea
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Figure 3. Showing the change in emerging vegetated wetlands (2020 and 2022) at the northern and southern parts of
the Salton Sea as well as algal areas. The dark green indicates persistent wetland habitat between years, the light green
indicates expanding or new vegetation, black indicates loss of vegetation, dark brown areas represent algal areas, light
tan areas are exposed playa. The dots represent the location of irrigation drains.
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represented by only a single species (Table 2), the presence estimate for that species (Snowy
there was no weighted mean (WM) upper Plover, Anarhynchus nivosus). The amount of
(UB) or lower bound (LB) estimates but only  preferred playa habitat increased to 15,601
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Figure 4. Hectares of estimated preferred habitat across years at the Salton Sea. Values used are WM estimates and
error bars are UB and LB of estimates. Blue are results of this study (2023 estimates) compared to estimates from

Jones et al. (2016) for 2015 (gray) and 1999 (orange).

ha in 2023 compared to 4,290 ha in 1999
and 4,937 ha in 2015. There were marginal
increases in mudflats and shallow water habi-
tat in 2023 (WM = 13,348 ha, UB = 17,495 ha,
LB = 3,761 ha) compared t01999 (WM =
10,652 ha, UB = 26,345 ha, LB = 4,856 ha)
and 2015 (WM = 11,331 ha, UB = 26,588
ha, LB = 5,504 ha). Mid-depth water habitat
also showed marginal increases in our esti-
mates for 2023 (WM = 11,785 ha, UB = 17,045
ha, LB = 3,796 ha) compared to both 1999
(WM = 7,649 ha, UB = 16,592 ha, LB = 3,157 ha)
and 2015 (WM = 8,053 ha, UB = 17,563 ha,
LB = 3,278 ha). Deep water habitats showed a
large decrease in 2023 (WM = 3,069 ha, UB =
4,034 ha, LB = 174 ha) compared to 1999
(WM = 21,206 ha, UB = 24,807 ha, LB =
18,616 ha) and 2015 (WM = 21,448 ha,
UB = 24,969 ha, LB= 18,818 ha).

Emerging Wetland Habitats

Emerging vegetation on exposed playa
increased between years (Fig.3). We identi-
fied 2,732 ha of overall vegetation (vascular
plant and algal vegetation) surrounding the
Salton Sea in 2020 and 2,959 ha in 2022.
Specifically, vascular plant vegetation increased
from 2,189 ha in 2020 to 2,513 ha in 2022,
while algal type vegetated areas decreased from
543 ha to 446 ha, respectively.

Macroinvertebrate Diversity

Almost all (97.5%) macroinvertebrates
counted throughout the sampling period were
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identified as Trichocorixa reticulata or generally
as the family Corixidae (water boatman).
Opverall, 12 taxonomic families were present in
samples: Staphylinidae, Carabidae, Corophii-
dae, Coleoptera, Diptera, Syrphidae, Hemi-
ptera, Dytiscidae, Ephydridae, Ephydra, and
Corixidae.

Water Quality

DO varied across all sites and years, with
many sites exhibiting hypoxic levels at the sur-
face. Johnson’s Landing and Niland Marina
had the highest DO concentrations, with
mean values of 8.70 mg/L and 9.06 mg/L
respectively, both being categorized as mod-
erate DO sites. Poe Road and Red Hill Bay
exhibited the lowest DO concentrations with
mean values of 3.03 mg/L and 0.53 mg/L,
respectively, and categorized as low DO sites.
The Yacht Club (4.07 mg/L) and 84" (3.61
mg/L) were the only other low DO sites with
amean DO concentration of 4.91 mg/L. Salt
Creek (5.13 mg/L) and Sea Wall 1 (5.81 mg/L)
were both moderate DO sites.

Waterbird Response to Dissolved Oxygen

Waterbird abundance had a clear negative
relationship with DO concentration (proba-
bility = 1). DO concentrations had a strong neg-
ative effect with a median estimate of —86.90
(CI —94.40-—69.65). This corresponds to a
modeled mean prediction of relative water-
bird abundance of 687.11 (SD = + 45.21)
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individuals at low DO sites and 88.97 (SD = +
6.66) waterbirds at moderate DO sites.

Discussion

These results show dramatic changes in
avian habitats and populations at the Salton
Sea. Waterbird populations largely shifted
with changes in the amount of preferred hab-
itat available. While the availability of habitats
remained relatively static during QSA mitiga-
tion deliveries (Jones et al. 2016), after mitiga-
tion flows ended in 2017, the Sea began to
rapidly shrink, and we now see changes in
habitats and winners and losers in avian
populations.

Although waterbird populations as a group
have increased over the study period, this is
not true for all waterbird species. The trend
seems to be driven primarily by shorebirds,
waterfowl, and grebes. Increases in nonbreed-
ing Northern Shovelers were large compared
to other species we analyzed, indicating that
the Sea continues to provide good habitat for
some waterfowl. Status and trends models at
varying scales are now easily accessible through
the eBird website, where users can quarry spe-
cies, populations (breeding or nonbreeding)
and regions and view eBird status and trends
maps and information. We used these models
developed by Fink et al. (2024) as a tool to
compare our results to broader scale modeled
trends to gain insight into how much of what
we are seeing at the Sea may be local trends or
if they are more likely tied to broader trends.
For national trends we selected the United
States as the region and California for subre-
gion to view results at the state level. For Salton
Sea specific eBird trends we could examine
the results from the cells covering that specific
area. Corroborating our model, 2011-2021
eBird trends for nonbreeding Northern Shov-
elers show increases in the northern part of
the Sea but uncertain trends in other areas of
the Sea (Fink et al. 2024). Broader national
trends from eBird trend models for the same
time period indicate decreases in this popula-
tion (Fink et al. 2024). Ruddy Ducks did see
declines over the study period but there is evi-
dence that this is a wider trend (California
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Department of Fish and Wildlife 2024; Fink
et al. 2024) and not necessarily a response to
changes at the Sea. However, Ruddy Ducks are
diving ducks and are likely more dependent
on macroinvertebrates (Hohman et al. 1992)
than Northern Shovelers, which are dabbling
ducks feeding on the surface on more algal
and plant matter during the nonbreeding
season (Tietje and Teer 1996). So, it is possible
that we are seeing different responses from dif-
ferent waterfowl species depending on their
feeding preference. Low macroinvertebrate
diversity could be a compounding eftect con-
tributing to the declining trend of Ruddy
Duck populations at the Sea.

While 62% of shorebird species are in
decline across North America, having lost 37.4%
of shorebirds since the 1970’s (Rosenberg ¢ al.
2019), overall shorebird trends at the Sea were
largely influenced by increases in nonbreeding
Least and Western Sandpipers. This trend in
Least and Western Sandpiper populations
may reflect improved habitat quantity or qual-
ity. EBird trends from 2011-2021 also indicate
increases in these species at the Sea, despite
decreasing national trends (Fink et al. 2024).
There is preliminary evidence that biofilm,
found to be a significant food resource for
some Least and Western Sandpiper popula-
tions (Elner et al. 2005; Kuwae et al. 2008), is
also present at the Sea (Walters et al. 2024).
This could be an important emerging resource
for these small shorebirds. As more playa has
been exposed, irrigation drains and other sour-
ces of freshwater have mixed with salt water in
expanding mudflat areas, a key process for bio-
film development (Schnurr et al. 2019), which
has likely increased the availability of biofilm as
aresource (Walters et al. 2024).

Black-necked Stilt trends were also posi-
tive but with less certainty and magnitude.
This contrasts with national and statewide
trends, which appear negative (Fink et al.
2024). American Avocet population trends
varied between breeding and nonbreeding
populations. Breeding population had essen-
tially no trend, indicating that the population
is not changing. However, the nonbreeding
population had a strong negative trend that is
most likely a larger flyway trend (Reiter 2025).
This is also supported by eBird trends that
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indicated negative trends at the national level
and California state level (Fink et al. 2024).
Since breeding populations of American Avo-
cets at the Sea appear to be stable, the trend
seen in the nonbreeding population may
not be connected to conditions at the Sea
but to broader, region-wide habitat loss trends
(Thomas et al. 2006). These population trends
indicate that the Sea continues to provide hab-
itat and resources for migratory and resident
shorebird populations and in some cases, those
habitats and/or resources may be increasing in
quantity and/or quality.

Populations of the piscivorous species in
this study, nonbreeding American White Peli-
cans and year-round Double-crested Cormor-
ants, both exhibit strong negative trends. This
is expected because fish have largely died off
in the Sea and those that are left are likely
only reproducing in small numbers where
fresh water meets the Sea, because the cur-
rent salinity of the Sea overall is more than
twice that of California coastal waters (United
States Bureau of Reclamation 2020). Prior
short-term fish die offs have led to decreases
in these species in the past (Hurlbert et al.
2007). However, this more permanent loss
may only be remedied by habitat restoration
that provides water quality and habitat condi-
tions sufficient to support fish populations. In
addition to loss of food resources, nesting
opportunities for Double-crested Cormorants
have also diminished, as the Sea has receded
and exposed important inland nesting islands
like Mullet Island to land-based predators
(Shuford et al. 2002). These population trends
are evidence that habitats supporting larger
migratory and resident piscivorous birds at
the Sea are decreasing in quantity and/or
quality. While the Double-crested cormorant
national and state trends are also negative,
the American White Pelican has a relatively
neutral national trend and negative state eBird
trend (Fink et al. 2024). However, neither of
these larger scale trends reach the magnitude
of the decline our models produce for the Sea.

Nonbreeding Eared Grebe populations
at the Sea showed a strong positive trend
over the study period. Although trends indi-
cated declines in the first two years of sur-
veys, over time they increased. Eared Grebes
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are thought to have fed mainly on pile worms
(Neanthes succinea; Jehl and McKernan 2002)
at the Sea, which may have died off with rising
salinity (Bradley et al. 2022; Anderson et al.
2007). The increase in Eared Grebes at the Sea
corresponded with the arrival of massive num-
bers of water boatman. However, Eared Grebe
trends presented here should be interpreted
with caution. While they were thought to occur
only along the edges of the Sea (Shuford et al.
2002), it has become clear through our obser-
vations and aerial survey efforts by Oasis Bird
Observatory (R. McKernan, pers. commun.)
that they can be found congregating in large
rafts towards the center of the Sea. The surveys
used here were shore-based surveys that did
not capture areas beyond 1 km offshore where
Eared Grebes may be more numerous and so
they may not accurately represent the true
trend of Eared Grebes at the Sea. In addi-
tion, our surveys began in 2016, when Eared
Grebes may already have declined. Earlier
counts estimated Eared Grebe numbers at
the Sea to be greater than 1 million (Jehl
and McKernan 2002), while more current
aerial surveys by Oasis Bird Observatory cap-
ture counts closer to 500,000 at a time the
annual population at the Sea would be
expected to peak (R. McKernan, pers. com-
mun.). This indicates that while the species
is still present at the Sea in large numbers,
they are present in numbers far below his-
toric counts. Although we believe our trend
analyses likely does not capture an accurate
trend for Eared Grebes, we have included
the species here because its life history and
migration are strongly tied to saline lakes
which are facing declines across the West-
ern United States and changes in these habi-
tats may adversely impact the species.
Changes in preferred habitat extent
between pre- and post- QSA implementation
aligned with our bird population trend results.
The expansion of preferred mudflat and shal-
low water habitats, which primarily supports
shorebirds, was especially pronounced in the
north and south, where the Sea’s shallow
bathymetry exposed more playa as water
receded. This increase in preferred mud-
flat and shallow water area corresponded
with stable and increasing shorebird popu-
lation trends. Similarly, increases in preferred
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mid-depth water habitat, measured using
waterfowl as an indicator species, aligned
with increasing trends in Northern Shovel-
ers. In addition, declines in preferred deep-
water habitat aligned with decreasing popula-
tion trends of American White Pelicans and
Double-crested Cormorants, both deep water
habitat species.

Emerging vegetation analyses showed
persistent and large amounts of algal vege-
tation in areas with expansive mudflats and
shallow to mid-depth water areas and large
amounts of agricultural drainage (Fig. 3).
Agricultural ditches that used to drain directly
into the Sea now spill out onto open playa and
create wetlands areas and algal vegetation
closer to the interface between the runoff and
the Sea. The wetland vegetation and pooling
water creates habitat for shorebirds, waterfowl,
and marsh birds. These newly emerging
habitats may also contribute to the increases
in shorebirds and waterfowl over the study
period. These wetland areas have been rela-
tively consistent spatially and expand towards
the shoreline as the edge of the Sea contin-
ues to retreat (Fig. 3).

On-the-ground visits to these wetlands
confirmed that they consist of a mixture of
native wetland vegetation and dense stands
of Tamarisk, an aggressively invasive plant
species that is common to the area. Our
observations indicate that Tamarisk pro-
vides more of a wooded riparian habitat for
songbirds compared to the native wetland
vegetation, which provides habitat for water-
birds. This is consistent with the findings of
Flannery et al. (2004) whose study suggested
that these wooded riparian areas serve as
important stopover sites for Neotropical
migrant passerines, like the Wilson’s War-
bler. We do not know the relative propor-
tions of these different vegetations in the
emerging wetlands. Vegetation surveys would
provide more detailed information on the
relative quantities or amount of variation in
habitats represented by these emerging wet-
lands. Further research is also need on the
water demands and impacts on water quality
of these emerging habitats. Additional stud-
ies could be used to inform potential mainte-
nance of habitats in lieu of restoration or
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predictions of how long these emerging habi-
tats may continue to persist.

Macroinvertebrate populations at the
Salton Sea during our sampling period were
dominated by Trichocorixa reticulata, or gen-
erally the water boatman family, which com-
prised 97.5% of all individuals counted. Low
macroinvertebrate diversity is often a sign of
poor aquatic health (United States Environ-
mental Protection Agency 2024), and our
findings may suggest that the macroinverte-
brate community at the Salton Sea may already
reflect the effects of rising salinity and other
stressors. Continued increases in salinity could
drive further decreases in macroinvertebrate
populations, which could impact waterbird
populations reliant on these food resources,
particularly shorebirds and some waterfowl
(Senner et al. 2018). While biofilm could be
an additional resource for shorebirds, it is pri-
marily small shorebirds like sandpipers that
are adapted to exploiting it, leaving other
shorebird species potentially vulnerable to
changes in macroinvertebrate availability
(Kuwae et al. 2021). While it could be argued
that some saline lakes support low-diversity
but high-abundance macroinvertebrate com-
munities, such as with brine shrimp domi-
nated systems in Utah’s Great Salt Lake, it is
unclear whether this will be the case at the
Salton Sea because of interactions between
macroinvertebrate species (Bradley et al. 2022).
More research is needed to understand what
food resources waterbirds are exploiting at the
Sea to better understand current food web
dynamics at the Sea and the potential
impacts of environmental change.

Water quality levels could also be a cause
for concern. Declines in DO could lead to
deterioration of aquatic habitat and loss of
aquatic food resources for birds through
more frequent or longer-lasting hypoxic
conditions (Saari e/ al. 2018, Cumming el al.
2012). All sites experienced hypoxic condi-
tions at times but southern sites that have
more extensive mudflat areas with shallow
slopes to the shoreline (Poe Road and Red
Hill Bay) experienced lower mean DO con-
centrations than sites with steeper sloped
shorelines (Johnson’s Landing and Niland
Marina), where there could be more mixing
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between deeper and shallower water. These
sites with lower mean DO are also more
impacted by agricultural drainage. Both Poe
Road and Red Hill Bay are close to river
inputs that are largely agricultural drains and
are surrounded by agricultural ditches that
drain directly onto the playa and flow into
the Sea. This nutrient loading in shallow
lakes surrounded by agriculture is known
to cause eutrophication leading to low DO
(Dondajewska et al. 2019).

The negative relationship between water-
bird abundance and DO may be habitat and
resource driven rather than a direct rela-
tionship with DO. More extensive mudflat
and shallow to mid-depth water likely pro-
vide more foraging areas for shorebirds and
waterfowl. The nutrient rich freshwater
input into shallow pools that flow to the
Sea create an opportunity for greater algal
growth than other areas. We have observed
large aggregations of shorebirds foraging in
these areas with algal growth. In addition,
this combination of freshwater mixing and
nutrients likely contributes to these sites hav-
ing higher concentrations of biofilm (Walters
et al. 2024; Stal and De Brouwer 2003), which
is a likely food resource for large numbers of
Least and Western Sandpipers. More research
is needed to understand how biogeochemical
processes influence food resources at the Sea
and how environmental change may alter
those processes and resources for better or
worse.

Management Implications

While deep water piscivorous species are
in steep decline at the Sea, populations of
some waterfowl and shorebirds remain sta-
ble or are increasing. This study provides
evidence that changes in habitat availability
may be key to explaining these population
trends, and although not directly supported
by our results, we know from other studies
(Walters et al. 2024, Anderson et al. 2007,
Hurlbert et al. 2007) that changes in food
resources also likely play a key role. Shore-
birds are in decline globally and in the United
States they are experiencing accelerated losses
(North American Bird Conservation Initiative
2025). Places like the Salton Sea, where

Downloaded From: https://bioone.org/journals/Waterbirds on 16 Mar 2026
Terms of Use: https://bioone.org/terms-of-uselAccess provided by Yale University

habitats will be managed into the future and
shorebirds seem to be doing well, offer oppor-
tunities to create stable and reliable habitats
to aid the survival and potential recovery of
many of these species. Shorebirds depend on
very shallow water habitats which require less
water than many other waterbird habitats. As
water availability will no doubt continue to
decrease these factors should be considered.
So, while we encourage the creation and resto-
ration of diverse habitats, maintaining a focus
or priority on shorebird habitat may be most
beneficial, as well as realistic.

As California resource management agen-
cies grapple with how to mitigate for changes
at the Sea, this study describes the status of
bird populations and how available habitat,
and food resources have been influenced by
water use changes. The Salton Sea will con-
tinue to recede until around 2047, with the
current projected water supplies at around
—78.669 m NAVDS8S8 (compared to -69.129 m
in 2003), at a salinity of about 271,885 mg/L
and over 39,300 ha of exposed playa (CH2M
Hill 2018). While emerging habitats are cur-
rently expanding, changes in water availability
and quality and increases in agricultural irriga-
tion efficiency make the future of emerging
wetland habitats at the Sea an unknown.
Future research is needed to determine the
relative quantities of different vegetation in
these emerging wetlands, what habitat val-
ues they offer and how much water they
will demand. This will be important to sup-
port and enhance these emerging habitats
which can and should be prioritized as oppor-
tunities for lower effort and less invasive resto-
ration. Additionally, continued monitoring
of bird populations, food resource availabil-
ity and quality, and habitats is needed to con-
tinue to document changes in this dynamic
ecosystem.

Saline lakes and other wetland habitats
have been disappearing from the Pacific Fly-
way for over 100 years (Bradley and Yanega
2018, Jehl and Joseph 1994, Wilson et al.
2022), with this trend continuing to play out
across the Western United States and glob-
ally (Donnelly et al. 2022, Wurtsbaugh et al.
2017). The analyses and results from this
study shed light onto how bird populations
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and habitats are changing under current
water management policy and practices. This
study offers broad views of how changes in
water allocations and use can influence avian
populations and habitats. It describes what
species may be at risk and identifies oppor-
tunities for the State of California and its
partners to create long-term solutions by
maintaining and stabilizing emerging habitats
and food resources to provide dependable
habitats into the future. It will be important to
create diverse habitats but to also focus on
species, like shorebirds, that are doing well at
the Sea while their broader populations are in
decline as wetland and saline lake habitats
globally remain threatened.

ACKNOWLEDGEMENTS

We extend our gratitude to the many individuals
and organizations who have supported and contributed
to the monitoring, data collection, scientific analysis,
and reporting efforts at the Salton Sea since 2016. This
work has been made possible through the generous
financial contributions of the S.D. Bechtel Jr. Foundation,
Walton Family Foundation, Inc., Skyscrape Foundation,
New Venture Fund, The Water Foundation, Western
Wind Foundation, NextEra Energy Foundation, Inc.,
Environment Now, The Volgenau Foundation, and
General Motors Corporation. We thank the U.S. Bureau
of Reclamation for funding the macroinvertebrate
analyses.

We are thankful to the dedicated individuals and
volunteers who have contributed their time and expertise
on bird, macroinvertebrate, and water quality surveys. For
bird surveys, we thank Razia Shafique-Sabir, Jonathan
Shore, and Chris Schoeneman of the U.S. Fish and
Wildlife Service; Sam Prezklasa of California Department
of Fish and Wildlife; Blake Barbaree of Point Blue
Conservation Science; Robert McKernan of Oasis Bird
Observatory; and survey leads Dan Cooper, Trevor
Wimmer, and Luke Tiller. In addition, we would like to
acknowledge the many volunteers who have participated
in bird survey efforts over the years, including Patsy
Gutierrez, Alyssa Diaz, students from Desert Mirage High
School, Indio High School, and College of the Desert. For
water quality and macroinvertebrate monitoring, we
thank Hunter Harger and former Audubon staff Katie
Krieger, Frank Ruiz, and Ryan Llamas for helping with
these efforts. These collective efforts have been critical
in advancing our understanding of how habitats and
bird populations are changing at the Salton Sea. We
would also like to thank Leo Salas from Point Blue
Conservation Science and Nathan Elliott for helpful
conversations relating to the original habitat suitability
model referred to in this paper and Tim Meehan for

Downloaded From: https://bioone.org/journals/Waterbirds on 16 Mar 2026
Terms of Use: https://bioone.org/terms-of-uselAccess provided by Yale University

technical conversations and feedback on models and
analytical approaches.

We thank the following agency landowners for survey
access: California Department of Fish and Game, U.S.
Fish and Wildlife Service, California State Parks, Imperial
Irrigation District, and U.S. Bureau of Reclamation. In
addition, we thank the California Natural Resources
Agency for their support and guidance of our work.

Lastly, we thank Michael Cohen of the Pacific
Institute, and Karyn Stockdale, Michael Lynes, and Tim
Meehan of the National Audubon Society for thoughtfully
reviewing this manuscript, as well as Nils Warnock and an
anonymous reviewer for thoughtful comments that
improved this manuscript.

LiTERATURE CITED

Alsharrah, S., R. Bouabid, D. Bruce, S. Somenahalli and
P. Corcoran. 2015. Multiresolution satellite image
analysis for mapping perennial arid vegetation in
arid and semi-arid environments. Arab Remote Sens-
ing and Geographic Information System Organiza-
tion 3: 10.

Amiri, F and T. Tabatabaie. 2010. Using remote sensing
data for vegetation cover assessment in semi-arid ran-
geland of Center Province of Iran. World Applied
Science Journal 11: 1537-1546.

Anderson, T. W., M. A. Tiffany and S. H. Hurlbert. 2007.
Stratification, sulfide, worms, and decline of the
Eared Grebe (Podiceps nigricollis) at the Salton Sea,
California, U.S.A. Lake and Reservoir Management
23: 500-517. doi:10.1080,/07438140709354034

Barnum, D. A. and S. Johnson. 2004. The Salton Sea as
important waterfowl habitat in the Pacific Flyway.
Studies in Avian Biology 27.

Barnum, D. A, T. Bradley, M. Cohen, B. Wilcox and G.
Yanega. 2017. State of the Salton Sea—a science and
monitoring meeting of scientists for the Salton Sea.
Open-File Report 2017-1005, U. S. Geological Sur-
vey, Reston, Virginia, U.S.A.

Bradley, T. J. and G. M. Yanega. 2018. Salton Sea: ecosys-
tem in transition. Science 359: 754-754. doi:10.1126/
science.aar6088

Bradley, T., H. Ajami and W. Porter. 2022. Ecological
transitions at the Salton Sea: past, present and
future. California Agriculture 76: 8-15. doi:10.3733/
ca.2022a0004

Brooks, M. E., K. Kristensen, K. J. Van Benthem, A.
Magnusson, C. W. Berg, A. Nielsen, H. J. Skaug, M.
Michler and B. M. Bolker. 2017. GImmTMB balan-
ces speed and flexibility among packages for zero-
inflated generalized linear mixed modeling. The R
Journal 9(2): 378-400. doi:10.32614/R]J-2017-066

California Department of Fish and Wildlife. 2024. 2024 Cal-
ifornia waterfowl breeding population survey report.
Wildlife Branch, Waterfowl Unit. Sacramento, CA.

CH2M Hill. 2018. Salton Sea Hydrological Modeling
and Results. A Technical Report prepared for Impe-
rial Irrigation District. Available at: https://www.iid.
com/water/salton-sea/hydrology-modeling.


https://doi.org/10.1080/07438140709354034
https://doi.org/10.1126/science.aar6088
https://doi.org/10.1126/science.aar6088
https://doi.org/10.3733/ca.2022a0004
https://doi.org/10.3733/ca.2022a0004
https://doi.org/10.32614/RJ-2017-066
https://www.iid.com/water/salton-sea/hydrology-modeling
https://www.iid.com/water/salton-sea/hydrology-modeling

SALTON SEA WATERBIRD TRENDS

Cumming, G., M. Ndlovu, G. L. Mutumi and P. A.
Hockey. 2012. Responses of an African wading bird
community to resource pulses are related to foraging
guild and food-web position. Freshwater Biology
58 (1): 79-87. doi:10.1111/fwh.12040

Detwiler, P. M., M. F. Coe and D. M. Dexter. 2002. The
benthic invertebrates of the Salton Sea: distribution
and seasonal dynamics. Hydrobiologia 473: 139-160.
doi:10.1023/A:1016537903644

Dondajewska, R., Gotdyn, R., Messyasz, B., Kowalczewska-
Madura, K., & Cerbin, S. 2019. A Shallow Lake in an
Agricultural Landscape-Water Quality, Nutrient Loads,
Future Management. Limnological Review 19(1):
25-35. d0i:10.2478/limre-2019-0003

Donnelly, J. P., J. N. Moore, M. L. Casazza and S. P.
Coons. 2022. Functional wetland loss drives emerg-
ing risks to waterbird migration networks. Frontiers
in Ecology and Evolution 10: 844278. doi:10.3389/
fevo.2022.844278

Elner, R. W., P. G. Beninger, D. L. Jackson and T. M.
Potter. 2005. Evidence of a new feeding mode in
Western Sandpiper (Calidris mauri) and Dunlin (Cal-
idris alpina) based on bill and tongue morphology
and ultrastructure. Marine Biology 146 (6): 1223—
1234. doi:10.1007/500227-004-1521-5

Flannery, M. E., S. L. Guers, T. Gardali, N. Nur and G. R.
Geupel. 2004. Landbird migration at the Salton Sea:
the value of desert riparian habitat. Studies in Avian
Biology 27: 124-134.

Fink, D., Hochachka, W.M., Zuckerberg, B., Winkler, D.
W., Shaby, B., Munson, M.A., Hooker, G., Riedewald,
M., Sheldon, D. and Kelling, S. 2010. Spatiotemporal
exploratory models for broad-scale survey data. Eco-
logical Applications, 20: 2131-2147. https://doi.
org/10.1890,/09-1340.1 doi:10.1890,/09-1340.1

Fink, D., T. Auer, A. Johnston, M. Strimas-Mackey, S.
Ligocki, O. Robinson, W. Hochachka, L. Jaromczyk,
C. Crowley, K. Dunham, A. Stillman, C. Davis, M.
Stokowski, P. Sharma, V. Pantoja, D. Burgin, P.
Crowe, M. Bell, S. Ray, I. Davies, V. Ruiz-Gutierrez, C.
Wood, A. Rodewald. 2024. eBird Status and Trends
Data Version: 2023; Released: 2025. Cornell Lab of
Ornithology, Ithaca, New York. https://doi.org/
10.2173/WZTW8903.

Frie, A. L., J. H. Dingle, S. C. Ying and R. Bahreini. 2017.
The effect of a receding saline lake (the Salton Sea)
on airborne particulate matter composition. Envi-
ronmental Science and Technology 51: 8283-8292.
doi:10.1021 /acs.est.7b01773

Gelman, A. and J. Hill. 2006. Data Analysis Using Regres-
sion and Multilevel/Hierarchical Models. Cambridge
University Press, Cambridge. doi:10.1017/CBO9780
511790942

Greenwell, B., B. Boemke, J. Cunningham and GBM
Developers. 2022. gbm: Generalized Boosted Regres-
sion Models. R package version 2.1.8.1. https://
CRAN.R-project.org/package=gbm, accessed 15 Jan-
uary 2025.

Grimm, N. B., A. Chacén, C.N. Dahm, S.W. Hostetler, O.
T. Lind, P.L. Starkweather and W. W. Wurtsbaugh.
1997. Sensitivity of aquatic ecosystems to climatic

Downloaded From: https://bioone.org/journals/Waterbirds on 16 Mar 2026
Terms of Use: https://bioone.org/terms-of-uselAccess provided by Yale University

17

and anthropogenic changes: the Basin and Range,
American Southwest and Mexico. Hydrological Proc-
esses 11: 1023-1041. doi:10.1002/ (SICI)1099-1085
(19970630)11:8<1023::AID-HYP516>3.3.CO;2-1

Haig, S. M., D. W. Mehlman and L. W. Oring. 1998.
Avian movements and wetland connectivity in land-
scape conservation. Conservation Biology 12: 749-
758. doi:10.1111/§.1523-1739.1998.97102.x

Haig, S. M., S. P. Murphy, J. H. Matthews, I. Arismendi
and M. Safeeq. 2019. Climate- altered wetlands chal-
lenge waterbird use and migratory connectivity in arid
landscapes. Scientific Reports 9: 4663. doi:10.1038/
s41598-019-41135y

Hijmans, J., S. Phillips, J. Leathwick and J. Elith. 2022.
Dismo: species distribution modeling. R package ver-
sion 1.3-9. https://CRAN.R-project.org/package=
dismo, accessed 10 September 2024.

Hohman, W. L., C. D. Ankney and D. L. Roster. 1992.
Body condition, food habits and molt status of late-
wintering ruddy ducks in California. The Southwest-
ern Naturalist: 268-273. doi:10.2307 /3671868

Huete, A. R. and H. Liu. 1994. An error and sensitivity
analysis of the atmospheric- and soil- correcting var-
iants of the NDVI for the MODIS-EOS. IEEE Trans-
actions on Geoscience and Remote Sensing 32: 897-
905. doi:10.1109/36.298018

Hurlbert, A. H., and Z. Liang. 2012. Spaciotemporal vari-
ation in avian migration phenology: Citizen science
reveals effects of climate change. [Online] PLoS
One 7:¢31662.

Hurlbert, A. H., T. W. Anderson, K. K. Sturm and S. H.
Hurlbert. 2007. Fish and fish-cating birds at the
Salton Sea: a century of boom and bust. Lake and
Reservoir Management 23: 469-499. doi:10.1080/
07438140709354033

Jafari, A. and Z. Arman. 2014. Monitoring of vegetation
cover change in Helen Forest Protected Area and its
causes based on bi-temporal Analysis of NDVI. Jour-
nal of Natural Environment 67: 391-402.

Jehl Jr and Joseph R. 1994. Changes in saline and alkaline
lake avifaunas in Western North American in the past
150 years. Studies in Avian Biology. 15(1): 21.

Jehl, J. R., and R. .. McKernan. 2002. Biology and migra-
tion of Eared Grebes at the Salton Sea. Hydrobiolo-
gia 473: 245-253. doi:10.1023/A:1016514725025

Jones, A., K. Krieger, L. Salas, N. Elliott and D. S.
Cooper. 2016. Quantifying bird habitat at the Salton
Sea: Informing the State of California’s Salton Sea
management plan. Audubon California, Point Blue
Conservation Science, and Cooper Ecological Moni-
toring, Inc. Available at: https://www.researchgate.
net/publication/359171014_QUANTIFYING_BIRD_
HABITAT AT THE_SALTON_SEA_INFORMING
THE_STATE_OF_CALIFORNIA’S_SALTON_SEA_
MANAGEMENT_PLAN.

Kuwae, T., R. W. Elner, T. Amano and M. C. Drever.
2021. Seven ecological and technical attributes for
biofilm-based recovery of shorebird populations in
intertidal flat ecosystems. Ecological Solutions and
Evidence 2: €12114. doi:10.1002/2688-8319.12114


https://doi.org/10.1111/fwb.12040
https://doi.org/10.1023/A:1016537903644
https://doi.org/10.2478/limre-2019-0003
https://doi.org/10.3389/fevo.2022.844278
https://doi.org/10.3389/fevo.2022.844278
https://doi.org/10.1007/s00227-004-1521-5
https://doi.org/10.1890/09-1340.1
https://doi.org/10.1890/09-1340.1
https://doi.org/10.1890/09-1340.1
https://doi.org/https://doi.org/10.2173/WZTW8903
https://doi.org/https://doi.org/10.2173/WZTW8903
https://doi.org/10.1021/acs.est.7b01773
https://doi.org/10.1017/CBO9780511790942
https://doi.org/10.1017/CBO9780511790942
https://CRAN.R-project.org/package=gbm
https://CRAN.R-project.org/package=gbm
https://doi.org/10.1002/(SICI)1099-1085(19970630)11:8%3C1023::AID-HYP516%3E3.3.CO;2-1
https://doi.org/10.1002/(SICI)1099-1085(19970630)11:8%3C1023::AID-HYP516%3E3.3.CO;2-1
https://doi.org/10.1111/j.1523-1739.1998.97102.x
https://doi.org/10.1038/s41598-019-41135-y
https://doi.org/10.1038/s41598-019-41135-y
https://CRAN.R-project.org/package=dismo
https://CRAN.R-project.org/package=dismo
https://doi.org/10.2307/3671868
https://doi.org/10.1109/36.298018
https://doi.org/10.1080/07438140709354033
https://doi.org/10.1080/07438140709354033
https://doi.org/10.1023/A:1016514725025
https://www.researchgate.net/publication/359171014_QUANTIFYING_BIRD_HABITAT_AT_THE_SALTON_SEA_INFORMING_THE_STATE_OF_CALIFORNIA&hx0027;S_SALTON_SEA_MANAGEMENT_PLAN
https://www.researchgate.net/publication/359171014_QUANTIFYING_BIRD_HABITAT_AT_THE_SALTON_SEA_INFORMING_THE_STATE_OF_CALIFORNIA&hx0027;S_SALTON_SEA_MANAGEMENT_PLAN
https://www.researchgate.net/publication/359171014_QUANTIFYING_BIRD_HABITAT_AT_THE_SALTON_SEA_INFORMING_THE_STATE_OF_CALIFORNIA&hx0027;S_SALTON_SEA_MANAGEMENT_PLAN
https://www.researchgate.net/publication/359171014_QUANTIFYING_BIRD_HABITAT_AT_THE_SALTON_SEA_INFORMING_THE_STATE_OF_CALIFORNIA&hx0027;S_SALTON_SEA_MANAGEMENT_PLAN
https://www.researchgate.net/publication/359171014_QUANTIFYING_BIRD_HABITAT_AT_THE_SALTON_SEA_INFORMING_THE_STATE_OF_CALIFORNIA&hx0027;S_SALTON_SEA_MANAGEMENT_PLAN
https://doi.org/10.1002/2688-8319.12114

18 WATERBIRDS 48(3), 2025

Kuwae, T., P. G. Beninger, P. Decottignies, K. ]. Mathot,
D. R. Lund and R. W. Ecology. 2008. Biofilm grazing
in a higher vertebrate: The Western Sandpiper, Cal-
idris mauri. Ecology 89(3): 599-606. doi:10.1890/07-
1442.1

Larson, R, J. Eilers, K. Kreuz, W. T. Kreuz, S. DasSarma
and S. Dougill. 2016. Recent desiccation-related eco-
system changes at Lake Abert, Oregon: a terminal
alkaline salt lake. Western North American Natural-
ist 76: 389— 404. doi:10.3398/064.076.0402

Leprieur, C., Y. Kerr, C. Mastorchio, and J.C. Meunier.
2000. Monitoring vegetation cover across semi-arid
regions: Comparison of remote observations from
various scales. International Journal of Remote Sens-
ing 21: 281-300. doi:10.1080/014311600210830

Liu, C.,, P. M. Berry, T. P. Dawson and R. G. Pearson.
2005. Selecting thresholds of occurrence in the pre-
diction of species distributions. Ecography 28: 385—
393. doi:10.1111/j.0906-7590.2005.03957.x

Lobo, J. M., A. Jiménez-Valverde, and R. Real. 2008.
AUC: A misleading measure of the performance of
predictive distribution models. Global Ecology and
Biogeography 17: 145-151. doi:10.1111/.1466-8238.
2007.00358.x

Ma, Z.,Y. Cai, B. Li and J. Chen. 2010. Managing wetland
habitats for waterbirds: an international perspective.
Wetlands 30: 15-27. doi:10.1007/s13157-009-0001-6

North American Bird Conservation Initiative. 2025. The
State of the Birds, United States of America, 2025.
Available at StateoftheBirds.org.

Oring, L. W. and J. M. Reed. 1997. Shorebirds of the
western Great Basin of North America: overview and
importance to continental populations. International
Wader Studies 9: 6-15.

Patten, M. A. and B. D. Smith-Patten. 2004. Linking the
Salton Sea with its past: the history and avifauna of
Lake Cahuilla. Studies in Avian Biology 27: 14-25.

Patten, M. A., G. McCaskie and P. Unitt. 2003. Birds of
the Salton Sea: status, biogeography, and ecology.
University of California Press, Berkeley, California,
USA.

Quantification Settlement Agreement Joint Powers
Authority (QSA JPA). 2003. Quantification Settle-
ment Agreement: Creation and Funding Agreement.
Sacramento, California: State of California, Coach-
ella Valley Water District, Imperial Irrigation District,
and San Diego County Water Authority.

R Development Core Team. 2021. R: a language and
environment for statistical computing v. 2.14.3. R
Foundation for Statistical Computing, Vienna, Aus-
tria. http://www.R-project.org/, accessed 3 March
2024.

Reis, V., V. Hermoso, S. K. Hamilton, D. Ward, E. Fluet-
Chouinard, B. Lehner, and S. Linke. 2017. A global
assessment of inland wetland conservation status.
BioScience 67: 523-533. doi:10.1093/biosci/bix045

Reiter, M. E. 2011. Compilation of Existing Shorebird
Monitoring Programs across California and the
California Landscape Conservation Cooperative.
Report to the California Landscape Conservation

Downloaded From: https://bioone.org/journals/Waterbirds on 16 Mar 2026
Terms of Use: https://bioone.org/terms-of-uselAccess provided by Yale University

Cooperative. PRBO Conservation Science, Petal-
uma, California, U.S.A.

Reiter, M. E. 2025. Trends in migratory shorebirds along
the Pacific Americans Flyway: 2012-2022. Unpub-
lished data, Migratory Shorebird Project, Point Blue
Conservation Science, U.S.A. Available at: https://
migratoryshorebirdproject.org/.

Richard, Y. and I. Poccard. 1998. A statistical study of
NDVI sensitivity to seasonal and interannual rainfall
variations in Southern Africa. International Journal
of Remote Sensing 19: 2907-2920. doi:10.1080/
014311698214343

Riedel, R. 2016. Trends of abundance of Salton Sea fish:
a reversible collapse or a permanent condition? Nat-
ural Resources 7: 535-543. doi:10.4236,/nr.2016.710045

Riedel, R., L. Caskey and B. A. Costa-Pierce. 2002. Fish
biology and fisheries ecology of the Salton Sea, Cali-
fornia, U.S.A. Hydrobiologia 473: 229-244.

Robinson, O. J., V. Ruiz-Gutierrez, D. Fink, R. J. Meese,
M. Holyoak and E. G. Cooch. 2018. Using citizen sci-
ence data in integrated population models to inform
conservation. Biological Conservation 227: 361-368.
doi:10.1016/j.biocon.2018.10.002

Rosenberg, K. V., A, M. Dokter, J. P. Blancher, J. R.
Sauer, A. C. Smith, P. A. Smith, J. C. Stanton, A.
Panjabi, L. Helft, M. Parr and P. P. Marra. 2019.
Decline of the North American avifauna. Science
366: 120-124. doi:10.1126/science.aawl313

Rouse, J. W, R. H. Haas, J. A. Schell and D. W. Deering.
1973. Monitoring vegetation systems in the Great
Plains with ERTS. Third NASA Earth Resources
Technology Satellite Symposium. Vol. 1, Sect. A:
309-317.

Saari, G. N., Z. Wang and B. W. Brooks. 2018. Revisiting
inland hypoxia: diverse exceedances of dissolved oxy-
gen thresholds for freshwater aquatic life. Environ-
mental Science and Pollution Research 25: 3139-
3150. doi:10.1007/511356-017-8908-6

Schnurr, P. J., M. C. Drever, H. J. Kling, R. W. Elner and
M. T. Arts. 2019. Seasonal changes in fatty acid com-
position of estuarine intertidal biofilm: Implications
for western sandpiper migration. Estuarine, Coastal
and Shelf Science 224: 94-107. doi:10.1016/j.
ecss.2019.04.047

Senner, N. R, J. N. Moore, S. T. Seager, S. Dougill, K.
Kreuz and S. E. Senner. 2018. A salt lake under stress:
the relationship between birds, water levels, and
invertebrates at a Great Basin saline lake. Biological
Conservation 220: 320-329. doi:10.1016/j.biocon.
2018.02.003

Shuford, W. D. 2014. Avifauna of the Salton Sea: Abun-
dance, distribution, and annual phenology. Final
report for EPA contract R826552-01-0 to the Salton
Sea Authority 68: 96-104.

Shuford, W. D., G. W. Page and ]. E. Kjelmyr. 1998. Pat-
terns and dynamics of shorebird use of California’s
Central Valley. The Condor 100: 227-244. doi:10.2307/
1370264

Shuford, W. D., N. Warnock and R. L. McKernan. 2004.
Patterns of shorebird use of the Salton Sea and


https://doi.org/10.1890/07-1442.1
https://doi.org/10.1890/07-1442.1
https://doi.org/10.3398/064.076.0402
https://doi.org/10.1080/014311600210830
https://doi.org/10.1111/j.0906-7590.2005.03957.x
https://doi.org/10.1111/j.1466-8238.2007.00358.x
https://doi.org/10.1111/j.1466-8238.2007.00358.x
https://doi.org/10.1007/s13157-009-0001-6
http://StateoftheBirds.org
http://www.R-project.org/
https://doi.org/10.1093/biosci/bix045
https://migratoryshorebirdproject.org/
https://migratoryshorebirdproject.org/
https://doi.org/10.1080/014311698214343
https://doi.org/10.1080/014311698214343
https://doi.org/10.4236/nr.2016.710045
https://doi.org/10.1016/j.biocon.2018.10.002
https://doi.org/10.1126/science.aaw1313
https://doi.org/10.1007/s11356-017-8908-6
https://doi.org/10.1016/j.ecss.2019.04.047
https://doi.org/10.1016/j.ecss.2019.04.047
https://doi.org/10.1016/j.biocon.2018.02.003
https://doi.org/10.1016/j.biocon.2018.02.003
https://doi.org/10.2307/1370264
https://doi.org/10.2307/1370264

SALTON SEA WATERBIRD TRENDS 19

adjacent Imperial Valley, California. Studies in Avian
Biology 27: 114-123.

Shuford, W. D., N. Warnock, K. C. Molina, and K. K.
Sturm. 2002. The Salton Sea as critical habitat to
migratory and resident waterbirds. Hydrobiology
473: 255-274. doi:10.1023/A:1016566709096

Shuford, W. D., K. C. Molina, J. P. Kelly, D. S Cooper
and D. Jongsomjit. 2020. Distribution and abun-
dance of double-crested cormorants nesting in the
interior of California, 2009-2012. Western Birds 51:
270-292.

Simpson, E. P, M. R. Gonzilez, C. M. Hart and S. H.
Hurlbert. 1998. Salinity and fish effects on Salton
Sea microecosystems: benthos. Hydrobiologia 381:
153-177. doi:10.1023/A:1003231708756

Stal, L. J. and J. F. C. De Brouwer. 2003. Biofilm forma-
tion by benthic diatoms and their influence on the
stabilization of intertidal mudflats. Berichte-For-
schungszentrum Terramare 12: 109-11.

Sullivan, B. L., Wood, C. L., Iliff, M. J., Bonney, R. E.,
Fink, D., and Kelling, S. 2009. eBird: A citizen-based
bird observation network in the biological sciences.
Biological Conservation, 142: 2282-2292. doi:10.1016/
j-biocon.2009.05.006

Thomas, G. H., R. B. Lanctot and T. Szekely. 2006. Can
intrinsic factors explain population declines in
North American breeding shorebirds? A comparative
analysis. Animal Conservation 9: 252-258. doi:10.1111/
j-1469-1795.2006.00029.x

Tietje, W. D. and J. G. Teer. 1996. Winter feeding ecol-
ogy of Northern Shovelers on freshwater and saline
wetlands in south Texas. The Journal of Wildlife
Management 60: 843-855. doi:10.2307/3802385

United States Bureau of Reclamation. 2020. Salton Sea
data 2004-2020. Unpublished data, U. S. Bureau of
Reclamation, U. S.A. Data available at: https://www.
usbr.gov/lc/region/saltnsea/finalreport/index.
html.

United States Environmental Protection Agency. 1986.
Ambient Water Quality Criteria for Dissolved Oxygen.

Downloaded From: https://bioone.org/journals/Waterbirds on 16 Mar 2026
Terms of Use: https://bioone.org/terms-of-uselAccess provided by Yale University

U. S. Environmental Protection Agency, Office of
Research and Development, Environmental Research
Laboratories Criteria and Standards Division, Wash-
ington D. C., US.A.

United States Environmental Protection Agency. 2024.
National lakes assessment: the fourth collaborative
survey of lakes in the United States. EPA 841-R-24—
006. U. S. Environmental Protection Agency, Office
of Water and Office of Research and Development,
Washington D.C., U.S.A.

United States Geological Survey. 2025. Monitoring Loca-
tion: Salton Sea NR Westmoreland CA -USGS-
10254005. https://waterdata.usgs.gov/monitoring-
location/USGS-10254005/#dataTypeld=continuous-
62614-0&period=P7D&showMedian=true&show
FieldMeasurements=true, accessed 10 January 2025.

Warnock, N., S. M. Haig, L. W. Oring. 1998. Monitoring
species richness and abundance of shorebirds in the
Western Great Basin. The Condor: Ornithological
Applications 100: 589-600. doi:10.2307 /1369741

Walters, M., A. Jones, C. Bautista, D. Orr, N. K. Bonis-
Ericksen, and F. Ruiz. 2024. Biofilm as a food
resource for shorebirds at the Salton Sea. National
Audubon Society, New York, New York, USA. Avail-
able at: https://media.audubon.org/2025-06/salton_
sea_biofilm_report_april_2024.pdf.

Wilsey, C. B., L. Taylor, N. Michel, and K. Stockdale.
2017. Water and birds in the arid west: habitats in
decline. National Audubon Society, New York, New
York, USA.

Wilson, T. S., E. Matchett, K. B. Byrd, E. Conslisk, M. E.
Reiter, C. Wallace, L. E Flint, A. L. Flint, B. Joyce and
M. M. Moritsch. 2022. Climate and land change
impacts on future managed wetland habitat: a case
study from California’s Central Valley. Landscape
Ecology 37: 861-881. doi:10.1007/510980-021-01398-1

Waurtsbaugh, W., C. Miller, S. E. Null, R. ]J. DeRose, P.
Wilcock, M. Hahnenberger, F. Howe and J. Moore.
2017. Decline of the world’s saline lakes. Nature Geo-
science 10: 816-821. doi:10.1038/nge03052


https://doi.org/10.1023/A:1016566709096
https://doi.org/10.1023/A:1003231708756
https://doi.org/10.1016/j.biocon.2009.05.006
https://doi.org/10.1016/j.biocon.2009.05.006
https://doi.org/10.1111/j.1469-1795.2006.00029.x
https://doi.org/10.1111/j.1469-1795.2006.00029.x
https://doi.org/10.2307/3802385
https://www.usbr.gov/lc/region/saltnsea/finalreport/index.html
https://www.usbr.gov/lc/region/saltnsea/finalreport/index.html
https://www.usbr.gov/lc/region/saltnsea/finalreport/index.html
https://waterdata.usgs.gov/monitoring-location/USGS-10254005/#dataTypeId=continuous-62614-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/monitoring-location/USGS-10254005/#dataTypeId=continuous-62614-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/monitoring-location/USGS-10254005/#dataTypeId=continuous-62614-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/monitoring-location/USGS-10254005/#dataTypeId=continuous-62614-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://doi.org/10.2307/1369741
https://media.audubon.org/2025-06/salton_sea_biofilm_report_april_2024.pdf
https://media.audubon.org/2025-06/salton_sea_biofilm_report_april_2024.pdf
https://doi.org/10.1007/s10980-021-01398-1
https://doi.org/10.1038/ngeo3052

	Outline placeholder
	Acknowledgements


