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APPENDIX A: METHODS FOR RELATIVE ABUNDANCE 
MODELING OF FOUR PRIORITY SPECIES IN THE 
COLORADO RIVER BASIN 

Avian Data 
We compiled avian point count data from the Colorado 

River Basin collected in May and June during six years, 

2010-2015. Avian data used in abundance models were 

drawn from two data sources: the North American 

Breeding Bird Survey (BBS, Pardieck et al. 2017) and 

eBird (eBird Basic Dataset 2016). BBS data are collected 

using a standardized protocol in which 50 point counts 

of 3 minutes duration are conducted at 0.5 mile (0.8 km) 

intervals along roadside routes of 25 miles (40.2 km). We 

used stop-level BBS data, which allowed us to link counts 

with environmental covariates summarized at a local 

scale. eBird data are collected using a wide variety of 

protocols as well as incidental observations. To ensure 

consistency with BBS data, we filtered eBird data to 

include only data collected using the following protocols: 

Stationary Count, Exhaustive Area Count, Random 

Location Count, and Historical. Additionally, we 

restricted eBird data to counts collected during daylight 

hours (5am-8pm), with a duration less than 60 minutes, 

a distance traveled less than 1 km, and removed duplicate 

records submitted by multiple observers. We included 

duration and distance traveled as predictors in the 

abundance models to account for expected differences 

in observed counts due to survey intensity (see Modeling 

section, below). 

Environmental Covariates 
We compiled 22 remotely-sensed and observed 

environmental covariates in four categories: 

environmental, patch, landscape, and effort data (Table 

A1). Environmental variables included those relating to 

land cover (National Land Cover Database 2011, Homer 

et al. 2015); vegetation (Normalized Difference 

Vegetation Index, available from the U.S. Geological 

Survey); surface water (Lehner and Doll 2004); stream 

order (National Hydrography Dataset Plus, EPA and 

USGS 2005); and terrain (Elevation Derivatives for 

National Applications, available from the U.S. Geological 

Survey). We reprojected gridded environmental data to 

a North America Albers equal area conic projection, 

aligning all grids to a common extent and 1-km resolution 

covering the Colorado River Basin. We calculated patch 

metrics using the raster package (Hijmans and van Etten 

2016) in R version 3.3.3 (R Core Team 2017) after creating 

a binary 1-km grid of woody habitat, which we defined as 

a combined proportion of woody wetland and deciduous 

forest cover >= 0.01. We calculated landscape metrics 

within a 500-m radius of each 1-km grid centroid using 

pacakge spatialEco in R (Evans 2016) based on the 

combined woody wetland and deciduous forest classes 

from the original 30-m NLCD data. We also included 

effort data for each observation point from the BBS and 

eBird datasets. Effort was measured at the count 

location; all other values were taken from the grid 

centroid that the count fell within. We investigated 

correlations among predictor variables with hierarchical 

clustering using package ClustOfVar in R (Chavent et al. 

2013). We selected variables with high loadings for each 

cluster based on a tree with 3-10 clusters.

Table A1. Environmental covariates explored for use as predictors in the relative abundance models, grouped by 
variable category. Predictors in italics were not included in the final models due to collinearity with other predictors. 

Predictor Category Description 

Aspect Environmental Aspect (degrees) 

Elevation  Environmental Elevation (m) 

NDVI Environmental Averaged biweekly composite Normalized Difference Vegetation Index for May and 

June of the count year 
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Proportion 

deciduous forest 

Environmental Proportion deciduous forest cover within 1-km grid cell 

Proportion 

herbaceous wetland 

Environmental Proportion herbaceous wetland cover within 1-km grid cell 

Proportion woody 

wetland 

Environmental Proportion woody wetland cover within 1-km grid cell 

Slope Environmental Slope (degrees) 

Stream order Environmental Nearest Strahler stream order (1-9): 1=tributaries, 9=mainstem 

Surface water 

distance 

Environmental Distance to nearest surface water (km) 

Surface water type Environmental Surface water type (1-12): 1=lake, 2=reservoir, 3=river, 4=freshwater marsh, 5=swamp 

forest, 6=coastal wetland, 7=saline wetland, 8=bog, 9=intermittent wetland, 10=50-

100% wetland, 11=25-50% wetland, 12=0-25% wetland 

Terrain ruggedness 

index 

Environmental Terrain ruggedness index. From Riley et al. (1999) 

Woody patch type Patch Woody patch type of 1-km grid (0-2): 0=background, 1=core, 2=edge 

Woody patch area Patch Total woody patch area (km2) 

Woody patch 

distance 

Patch Distance to nearest woody patch (km) 

Patch area (mean) Landscape Mean patch area within 500m radius of 1-km grid centroid (km2) 

Patch area 

(standard deviation) 

Landscape Standard deviation of patch area within 500-m radius of 1-km grid centroid 

Patch shape (mean) Landscape Mean patch shape (complexity) within 500-m radius of 1-km grid centroid 

Patch shape 

(standard deviation) 

Landscape Standard deviation of patch shape within 500-m radius of 1-km grid centroid 

Edge density Landscape Edge density within 500-m radius of 1-km grid centroid 

Aggregation index Landscape Aggregation index within 500-m radius of 1-km grid centroid 

Duration Effort Duration of count, in minutes (0-60 minutes) 

Distance traveled Effort Distance traveled during count, in km (0-1 km) 

Modeling 
We modeled focal species relative abundance 

relationships with environmental covariates using 

boosted regression trees (BRTs), a machine learning 

approach that is ideal for modeling complex curvilinear 

relationships with multiple environmental covariates 

(Elith et al. 2008). Models were fit using packages dismo 

(Hijmans et al. 2017) and gbm (Ridgeway 2017). Models 

used Poisson distributions with count as the response 

variable. 

BRT models use three parameters learning rate, bag 

fraction, and tree complexity to shrink the number of 

terms in the final model and thus avoid overfitting. 

Learning rate shrinks the contribution of each tree in the 

boosted model, bag fraction specifies the proportion of 

data to be selected from the training set at each step, 

and tree complexity determines the number of nodes 

and, consequently, level of interactions between 
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predictors. We iteratively tuned learning rate and bag 

fraction to optimize model fit while ensuring a minimum 

of 1,000 trees using default parameter ranges 

recommended by Elith et al. (2008): learning rate 

0.0001 0.1 and bag fraction 0.55 0.75. We assigned a 

tree complexity of 1 a priori to exclude interactions 

among predictors. At each step we used cross-validated 

residual deviance to select the optimal parameter value 

(Table A2). 

Species distribution and habitat models such as these are 

susceptible to spatial autocorrelation, which can result in 

biased relationships. We took two steps to reduce 

residual spatial autocorrelation in the model. First, we 

conducted geographic filtering by randomly selecting 

only one data point from each 1-km grid cell per year for 

inclusion in each bootstrap replicate (Elith and Leathwick 

2009). Second, we used spatially stratified cross-

validation by dividing the data sets into 25 blocks by 

latitude and longitude and withholding data from one 

block for testing at each fold (Roberts et al. 2017). We 

tested for residual spatial autocorrelation in the final 

ape 

(Paradis et al. 2017). We produced a total of 11 bootstrap 

replicates for each species (Stralberg et al. 2015). We 

calculated cross-validated deviance explained, cross-

validated correlation, and variable importance for each 

predictor; produced spatial prediction maps and variable 

response plots from each bootstrap replicate; and 

averaged values across the 11 models for each species. 

Table A2. Optimal boosted regression tree parameter 
values selected iteratively for focal species relative 
abundance models. 

Species Learning rate Bag fraction 

 0.01 0.55 

Yellow Warbler 0.05 0.70 

Yellow-breasted Chat 0.05 0.70 

Summer Tanager 0.05 0.70 
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APPENDIX B: SINGLE-SPECIES MIGRATION 
PATHWAY MAPS 
Each figure depicts seasonal max counts and simplified 

migration routes of priority species through priority 

saline lakes. Spring counts include those recorded from 

winter through summer and fall counts include those 

recorded from summer through winter. Counts are taken 

from various sources and years. All simplified migration 

routes were created in consultation with a panel of 

experts. 

 

Ruddy Duck 

 

Figure C1. Ruddy Duck movements in fall, based on expert review by Russell Norvell. 
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Eared Grebe 

 

 

Figure C2. Eared Grebe movements in fall and spring, based on expert review by Maureen Frank, Joe Jehl, and Russell 
Norvell. 
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American White Pelican 

 

 

Figure C3. American White Pelican movements in fall and spring, based on expert review by Colleen Moulton and 
Russell Norvell. 
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White-faced Ibis 

 

Figure C4. White-faced Ibis movements in fall and spring, based on expert review by Colleen Moulton. 
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American Avocet 

 

Figure C5. American Avocet movements in fall, based on results from Plissner et al. 1999 and Plissner et al. 2000. 
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Marbled Godwit 

 

 

Figure C6. Marbled Godwit movements in fall and spring, based on expert review by Russell Norvell and Nils 
Warnock. 
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Western Sandpiper 

 

 

Figure C7. Western Sandpiper movements in fall and spring, based on expert review by Nils Warnock. 
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APPENDIX C: SITE INFORMATION FOR PRIORITY 
SALINE LAKES 

Colorado River Delta 
Although not technically a saline lake, the Colorado River 

Delta was included in this report in both the Colorado 

River and saline lakes sections because of the diversity of 

habitats it provides, including saline intertidal habitats, 

which support shorebirds connected with saline lakes.  

The Colorado River Delta, located at the mouth of the 

Colorado River and the Gulf of California, was historically 

an extensive and diverse ecosystem, comprised of 

riparian, wetland, and intertidal habitats supported by 

river flows and ocean tides (Glenn et al. 2001). Although 

much of this ecosystem has been lost as the Colorado 

River has been dammed and diverted, the delta 

continues to support high productivity wetlands that 

provide habitat for resident and migratory bird 

communities (Gomez-Sapiens et al. 2013). Shorebirds are 

the most abundant group in the delta, and up to 29 

species have been recorded (Gomez-Sapiens et al. 2013). 

Birds tend to use intertidal wetlands during winter and 

spring migration, especially the mudflats and salt flats 

along the mouth of the river, and inland wetlands during 

fall migration (Gomez-Sapiens et al. 2013). Cienega de 

Santa Clara is the most abundant habitat, supporting 68 

birds per acre (Gomez-Sapiens et al. 2013). 

Over 475,000 acre-feet of water that once would have 

flowed to the delta is transferred out of the Colorado 

River Basin each year (Healy et al. 2007). With the 

construction of Hoover and Glen Canyon dams and the 

filling of Lake Mead and Lake Powell, little water reached 

the Gulf of California between 1932 and 1981 (Glenn et al. 

2001). Managed flows returned to the delta in the 1980s 

and 1990s after the filling of these reservoirs, 

germinating native trees and replenishing the estuary, 

but were followed again by low flows due to regional 

drought in the early 2000s (Glenn et al. 2013). With much 

of the river channel dry, the Colorado River Delta has 

been supported entirely by wastewater and surplus flows 

released from dams, including Cienega de Santa Clara, 

the largest wetland in the delta, which was created 

accidentally in 1977 from agricultural wastewater and 

continues to be supported by return flows (Glenn et al. 

2001, Glenn et al. 2013). In March 2014, flows were again 

released to the delta as part of an experimental 

restoration effort following a 2012 amendment to the 

1944 U.S.-Mexico water treaty (Glenn et al. 201, Stokstad 

2014). Although the amount of water released is not even 

1% of the 15 million acre-feet that used to flow through 

the delta each year, the flows are expected to restore 

over 2,000 acres of habitat for native species, including 

30 species of migratory birds (Hodson 2014, Stokstad 

2014). 

Salton Sea 
Despite the unconventional history around its formation 

(see below), the Salton Sea has quickly become an 

important habitat for birds. Audubon California, Point 

Blue Conservation Science, and Cooper Ecological 

Monitoring, Inc. recently modeled bird habitat at the 

Salton Sea and identified 58,000 acres of habitat used by 

birds (Jones et al. 2016). Stocked with fish, pile worms, 

and other invertebrates, the lake provides a rich food 

supply for over 380 bird species, including grebes, gulls, 

geese, ducks, and terns (Cohen et al. 1999). The site is 

particularly important for Eared Grebes, over a million of 

which have been counted at the lake in winter and spring 

(although numbers have declined dramatically in recent 

years as the habitat changes); American White Pelicans, 

up to 30% of which feed at the lake; and Ruddy Ducks, 

supporting half of the Pacific Flyway population in winter 

(Jehl and Johnson 1994, Jehl and McKernan 2002, 

Shuford 2014). Stomach contents of the Eared Grebes 

indicate pile worms account for over 95% of their diet at 

the lake, with the remainder comprised of fish, small 

crustaceans, and corixids (Jehl and McKernan 2002). 

Although the present-day Salton Sea formed 

accidentally when high flows in the Colorado River broke 

through diversion structures in March 1905, the Salton 

Sink has recurrently held large bodies of water for 

thousands of years (Glenn et al. 2001, Jehl and McKernan 

2002). Once part of the Gulf of California, the basin 

became landlocked by the accumulation of sediment 

deposits from the Colorado River that filled the delta. The 
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basin dried out after becoming disconnected from the 

river, but periodically refilled when the river changed 

course. Lake Cahuilla, the predecessor of the Salton Sea, 

was about three times its size and held water until as 

recently as the 1700s. Despite the hot, dry climate and 

low availability of natural flows, the current lake has 

persisted since its formation primarily due to agricultural 

return flows, which average over 1 million acre-feet each 

year (Hurlbert 2011). 

In its early years the Salton Sea was considered a 

desirable desert oasis. However, with high evaporation 

rates and contaminated inflows, the lake quickly 

accumulated salts, nutrients, and metals, reaching ocean 

salinity by 1920 (Jehl and McKernan 2002, Hurlbert 2011). 

Large die-offs of fish and birds, odor problems, and high 

levels of contaminants like selenium led to pollution 

concerns and abandonment by many surrounding 

communities (Hurlbert 2011). The Salton Sea is currently 

highly saline, with a salt concentration of approximately 

43 g/L, and increasing salinity will cause the lake to 

become hypersaline, with a shifting prey base from fish 

to brine shrimp (Jehl and McKernan 2002). Inflows will 

drop by 40% in 2018 when the Imperial Irrigation District 

(IID) ends the flow of Colorado River water into the 

Salton Sea per a 2003 mitigation agreement (Jones et al. 

2016). This will result in loss of habitat for birds as well as 

a public health danger from wind-borne exposed 

contaminated soil in the lakebed. In response, the State 

of California is preparing a plan for the future 

management of the Salton Sea that addresses both the 

loss of habitat and the public health danger of windblown 

dust (CANRA 2017). 

Owens Lake 
Bordered by the Sierra Nevada to the west and the Inyo 

Mountains to the east, Owens Valley is an arid drainage 

basin that receives most of its water as snowmelt runoff 

from surrounding mountains (Glazer and Likens 2012, 

Herbst and Prather 2014). Prior to its desiccation in the 

1920s, Owens Lake covered an area of over 60,000 acres 

and was over 30 feet deep, providing rich habitat for 

shorebirds and waterbirds (Williams 2001, Glazer and 

Likens 2012). Each mile of shoreline held over 1,000 birds, 

including avocets, phalaropes, grebes, and ducks (Herbst 

and Prather 2014). Although much of its value has been 

lost since drying, wetlands created by dust-control 

mitigation across the lakebed continue to hatch large 

numbers of brine flies and brine shrimp, providing food 

for thousands of migratory shorebirds (Oring et al. 2013). 

In a single-day spring survey in 2013, over 100,000 birds 

were observed, including 20 species of shorebirds and 

421 Western Snowy Plover, the largest interior nesting 

location for this species in California (Thomas et al. 2012, 

Herbst and Prather 2014). 

Water withdrawals from the Owens River in the late 

1800s caused lake levels to decline and salinities to 

increase sharply, rising from 73 g/L in the 1880s to 200 

g/L in the 1890s (Herbst and Prather 2014). Between 

1905 and 1934, Los Angeles purchased 240,000 acres of 

land and 95% of the water rights in the Owens Valley to 

fulfill its increasing water needs (Glazer and Likens 2012, 

Herbst and Prather 2014). In 1913, an aqueduct was 

constructed to divert water from the Owens River to Los 

Angeles, removing most of the river water and leading to 

the complete desiccation of Owens Lake by 1924 

(Williams 2001, Glazer and Likens 2012, Herbst and 

Prather 2014). Still in need of water, the city completed a 

second aqueduct in 1970 and built over 200 wells across 

the valley floor to pump groundwater into it (Glazer and 

Likens 2012). Groundwater levels quickly declined, and 

by 1981 many acres of wetlands and meadows had been 

destroyed (Glazer and Likens 2012, Herbst and Prather 

2014). 

Today, Owens Lake exists as a playa with a small 

hypersaline pool in what was once the deepest zone of 

the lake (Herbst and Prather 2014). Until dust mitigation 

began in the late 1990s, the dry lakebed was the source 

of enormous fine-particulate dust emissions, often 

containing toxic elements like boron and arsenic that 

accumulated in the lake prior to desiccation (Reheis 1997, 

Williams 2001). Under the California Clean Air Act, almost 

half of the aqueduct flow (up to 90,000 acre-feet) has 

been diverted back to Owens Lake and scattered ponds, 

wetlands, and shallow-flooded playa are maintained by a 

system of pipes and sprinklers to remediate these 

lakebed emissions (Herbst and Prather 2014). In 2007, 

the National Audubon Society, concerned about the 

absence of a long-term agreement to manage bird 

populations that returned to the lakebed post-dust 

mitigation, initiated a conservation planning process.  

This led the Los Angeles Department of Water and Power 

to create an Owens Lake Master Plan, currently under 
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environmental review (LADWP 2013), through a 

collaborative stakeholder process.  This plan considers 

proposals to decrease water supply by over 50%, while 

maintaining dust control and enhancing habitat 

conditions. 

Mono Lake 
Mono Lake is one of the oldest and largest saline lakes in 

North America (Jehl and Johnson 1994). It typically 

provides the most important staging habitat for Eared 

Grebe in North America, and is a haven for a number of 

other shorebirds, supporting up to 30 species during 

spring and fall migration (Jehl 1988, Boyd and Jehl 1998, 

Strauss et al. 2002). Annual waterfowl populations reach 

about 15,000, and are dominated by Ruddy Duck, 

Northern Shoveler, and Green-winged Teal (Jehl and 

and Red-necked Phalarope, thousands of which come to 

the lake to feed on abundant alkali flies and brine shrimp, 

n the 

-largest assemblage (Herbst 2014, Jehl 

and Johnson 1994). 

Located on the eastern drainage of the Sierra Nevada, 

Mono Lake is a closed basin fed by five tributary streams 

that has existed for more than 700,000 years (Blumm 

and Schwartz 1995, Herbst 2014). In 1941, the city of Los 

to meet growing needs, leading to a decline in lake level 

by 45 feet between 1941 and 1981, a reduction in volume 

by over 50%, and a twofold increase in salinity from 50 

g/L to 100 g/L (Blumm and Schwartz 1995, Herbst 2014). 

Concerned with declining water levels and loss of habitat 

for migratory birds, the National Audubon Society, joined 

by other environmental organizations, initiated a lawsuit 

against the Los Angeles Department of Water and Power 

in 1979 (Blumm and Schwartz 1995). In a landmark 

decision, the California Supreme Court ruled in 1983 that 

Mono Lake was a public trust resource and water 

allocation in the basin should be reconsidered (Blumm 

and Schwartz 1995). To balance ecological preservation 

and the water needs of Los Angeles, and to minimize 

dust pollution, the California State Water Resources 

Control Board ordered in 1994 that flows be returned to 

Mono Lake to maintain an average lake level of 6,392 feet 

(Blumm and Schwartz 1995, Herbst 2014). Since this 

decision, lake levels have been increasing again, but have 

yet to reach this goal (Herbst 2014). 

Lahontan Wetlands 
Recognized as a WHSRN site of hemispheric importance, 

the Lahontan Valley wetlands are a complex of saline 

playas and freshwater marshes fed by the Carson River, 

including Stillwater National Wildlife Refuge, Humboldt 

National Wildlife Refuge, Alkali Lake, and Carson Lake 

(Oring et al. 2013). These wetlands provide habitat for 

hundreds of thousands of birds each year, including tens 

of thousands of migrating American Avocet, Black-

-billed 

Dowitcher; up to 400,000 ducks; and important 

breeding habitat for White-faced Ibis, Redhead, and 

Canada Goose (Jehl and Johnson 1994, Oring and Reed 

1997, Lemly et al. 2000). 

Wetlands in the Lahontan Valley once covered over 

170,000 acres, but since the implementation of the 

Newlands Irrigation Project by the U.S. Bureau of 

Reclamation in the early 1900s, these wetlands have 

declined in extent by 84%, while their concentrations of 

dissolved solids have increased by up to 100 times 

historical levels (Lemly et al. 2000, Oring et al. 2013). 

Water from the Carson River that once sustained almost 

150,000 acres of wetlands has been diverted to irrigate 

approximately 55,000 acres of cropland, primarily alfalfa 

used for livestock feed (Lemly et al. 2000). Between 1967 

and 1986, average sizes for Carson Lake and Stillwater 

Marsh were less than 10,000 acres and 14,000 acres, 

respectively, down from 27,000 acres and 35,000 acres 

at the start of the century (Lemly et al. 2000). 

Historically, these wetlands only received inflows after 

the needs of agriculture were met (Lemly et al. 2000). 

Due to the inadequacy and uncertainty of this water 

supply, and their legal obligation to provide suitable bird 

habitat under the Migratory Bird Treaty Act, the U.S. Fish 

and Wildlife Service reached an agreement with the 

Bureau of Reclamation in the early 1990s to obtain clean 

water (Lemly et al. 2000). While the federal government 

and the state of Nevada have purchased rights to over 

30,000 acre-feet of water combined, the actual amount 

of water reaching these wetlands varies both seasonally 

and annually (Oring et al. 2013). Furthermore, under their 

agreement, the Bureau of Reclamation is only required to 
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provide water to maintain Carson Lake and Stillwater 

Marsh at 10% of their historical size, resulting in the 

continued decline of these wetlands, despite their legal 

protection (Lemly et al. 2000). Hydrologic modifications 

in the Lahontan Valley, discharge of agricultural runoff to 

wetlands, and the historic release of mercury to the 

Carson River from mining have also led to water quality 

concerns in the Lahontan Wetlands, where increased 

concentrations of dissolved solids, DDT, mercury, 

selenium, and several other trace elements have caused 

reduced bird reproduction and survival (Ivey and 

Herziger 2006, Oring et al. 2013). An anticipated 

ownership transfer of Carson Lake in the Lahontan Valley 

from the U.S. Bureau of Reclamation to the State of 

Nevada can provide opportunities for shorebird 

conservation and management. 

Pyramid Lake 
Pyramid Lake is one of the largest and most stable saline 

lakes in North America. With a relatively low salinity 

concentration of about 5%, the lake supports a diverse 

population of fish and crustaceans which provide food 

for at least 14 waterbird species, including American 

White Pelicans, California Gulls, and Double-crested 

Cormorants (Jehl and Johnson 1994). One of the largest 

breeding colonies of American White Pelican in North 

America can be found at Pyramid Lake, which typically 

supports between 3,000 and 5,000 pelican nests (Jehl 

and Johnson 1994, Murphy and Tracy 2005). Colony size 

and productivity are affected by foraging conditions at 

the Lahontan Wetlands, located less than 100 km away 

(Jehl and Johnson 1994). 

Despite being located in a highly arid region where 

evaporation removes nearly 50 inches of lake water per 

year, water levels at Pyramid Lake are largely controlled 

by human activities along the highly regulated Truckee 

River (Grimm et al. 1997). Upstream, the Truckee River is 

controlled by dams at the outflow of Lake Tahoe and 

Donner Lake, while downstream the flow is primarily 

controlled by water diversions (Murphy and Tracy 2005). 

In 1903, construction began on Derby Dam, diverting 

water from the Truckee River into the Truckee Canal to 

encourage agricultural development in the region 

(Murphy and Tracy 2005). These diversions led to 

declining water supply at Pyramid Lake, which dropped 

almost 70 feet between 1890 and 1980, and to the 

complete desiccation of the neighboring Winnemucca 

Lake, which covered almost 50,000 acres in the late 

1800s (Jehl and Johnson 1994, Williams 2001). 

Great Salt Lake 
As the largest saline lake in the Western Hemisphere, 

Great Salt Lake, and its extensive complex of wetlands, is 

one of the most important bird habitats in the world, 

encompassing five Global IBAs and supporting more 

than 5 million shorebirds annually and a third of all 

western U.S. waterbirds at some point in their annual life 

cycle (Paul and Manning 2002, BirdLife International 

2017).  Great Salt Lake is the largest fall staging area for 

and typically the second largest for 

populations of California Gull, Western Snowy Plover, 

and White-faced Ibis (Jehl 1988, Jehl and Johnson 1994, 

Thomas et al. 2012). The unique lake ecosystem provides 

a range of important food sources for birds including 

brine shrimp, brine flies and their larvae, corixids, 

chironomids, and other invertebrates (Roberts 2013). 

The Great Salt Lake and its ecosystem are not only critical 

to birds, but also provide an estimated $1.32 billion in 

regional economic output associated with five categories 

of activity. These include aquaculture harvest of brine 

shrimp eggs; mineral extraction and processing of lake 

brines; recreational activities including hunting, bird 

watching and boating; waste assimilation; and a mix of 

other uses occurring adjacent to the lake (Bioeconomics, 

Inc. 2012). 

At an average elevation of approximately 4,200 feet, the 

lake covers more than one million acres and holds about 

16 million acre-feet of water (Arnow 1984, UTDNR 2013). 

Historically, streams accounted for approximately 66% of 

the average annual inflow, precipitation 31%, and 

groundwater 3% (Arnow 1984). Over half of the 

streamflow is from the snowmelt-fed Bear River (Arnow 

1984). A railroad causeway built by the Southern Pacific 

Railroad Company in the 1950s divided the lake into two 

parts, essentially creating two lakes with differing 

salinities and surface levels: about one-third of the aerial 

extent of the lake is in the North Arm and the remaining 

two-thirds are in the South Arm (Arnow 1984). The South 

Arm receives the majority of river inflows, while the 

railroad causeway has restricted much of the flow into 
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the North Arm (White et al. 2015). Given the reduced 

inflows, the salinity in the North Arm has been at or near 

saturation regardless of changes in lake level, averaging 

31% since 1960s (Arnow 1984, Belovsky et al. 2011). In the 

South Arm, salinity levels are lower and vary with lake 

levels and inflows, ranging from 5-19%, and averaging 

14% since the 1960s (White et al. 2015). A constructed 

breach in the railroad causeway, opened on December 1, 

2016, is allowing increased water flow between the North 

and South Arms (USGS 2016a). Changes to water and 

salinity levels in both arms continue to be monitored 

(USGS 2016b, UGS 2017).  

Five bays within the Great Salt Lake that correspond with 

the five Global IBAs include: Gunnison Bay also 

considered the North Arm; Gilbert Bay and Ogden Bay in 

the South Arm; Bear River Bay; and Farmington Bay 

(Evans and Martinson 2008, UTDNR 2013 2013). Bear 

River Bay and Farmington Bay are the freshest parts of 

the lake, where salinities range from 2-14%, followed by 

Gilbert Bay, where salinities range from 5-19% (UTDNR 

2013).  

Consumptive water uses over the last 150 years have 

reduced river inflows by an estimated 39% at the Great 

Salt Lake, leading to roughly an 11-foot drop in lake level 

and a 48% reduction in lake volume (Wurtsbaugh et al. 

2016). Between 2000 and 2010, inflows at Great Salt 

Lake were just half of what they were between 1950 and 

2010 (IWJV 2013). In 2016, the North Arm of the Great 

Salt Lake reached a record low, while the South Arm 

reached a near record low (USGS 2016b). Although the 

increased precipitation in early winter months of 2017 has 

raised lake levels for the time-being, increasingly lower 

lake levels in the future could have substantial impacts 

on the birds and people that rely on the lake 

(Wurtsbaugh et al. 2016). 

Klamath Basin 
The Klamath Basin is located at the drainage of the 

Klamath River in southern Oregon and northern 

California. Wetlands in the Klamath Basin provide critical 

breeding and stopover habitat for a number of 

waterbirds, including American White Pelican and White-

faced Ibis (Taft et al. 2000, Moreno-Matiella and 

Anderson 2005). Estimates of White-faced Ibis breeding 

success at the Lower Klamath National Wildlife Refuge 

are some of the highest reported anywhere, indicating 

the importance of this region to their population (Taft et 

al. 2000). 

While mostly arid, the basin receives a large amount of 

runoff from the Cascade Range, creating a number of 

streams, wetlands, and lakes in the area (Gannett et al. 

2007). Prior to the 1900s, the Klamath Basin contained 

more than 345,000 acres of wetlands and three large 

lakes: Upper and Lower Klamath Lakes and Tule Lake, 

each covering over 60,000 acres of open water and 

wetlands (Engilis and Reid 1996, Gannett et al. 2007). In 

1905, the Klamath Basin was drained by the Bureau of 

Reclamation to create the Klamath Irrigation Project, the 

goal of which was to irrigate as much land as possible 

below Upper Klamath Lake (Moreno-Matiella and 

Anderson 2005, Oring et al. 2013). Construction of a 

railroad dike cut off flows between Lower Klamath Lake 

and the Klamath River, and the lake was subsequently 

drained and converted to agricultural land (Gannett et al. 

2007). Tule Lake and many of the wetlands surrounding 

Upper Klamath Lake were also diked and drained 

(Gannett et al. 2007), and Clear Lake Reservoir was 

developed to serve as an evaporative pan (Moreno-

Matiella and Anderson 2005). By the 1980s, 90% of the 

wetlands in the Klamath Basin had been lost as a result 

of human activities (Engilis and Reid 1996). 

There are over 500,000 acres of irrigated land in the 

upper Klamath Basin, including 190,000 acres in the 

Klamath Irrigation Project (Gannett et al. 2007). 

Upstream of Upper Klamath Lake, irrigation water is 

supplied primarily by surface water diversions and to a 

lesser extent by groundwater, while downstream, most 

irrigation water is supplied by the lake itself, which is the 

largest source of irrigation water in the basin and the 

primary source of water for the Klamath Irrigation Project 

(Gannett et al. 2007). As a result of drought and changes 

in surface water management, groundwater use in the 

area has increased by 50% since 2001, which has led to 

declines in groundwater levels by 10-30 feet across the 

basin (Gannett et al. 2007). Maintaining water for 

agriculture and endangered fish have been the top 

priorities of the Klamath Irrigation Project, while water 

for wildlife refuges is one of the lowest priorities (Oring 

et al. 2013). 
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Lake Abert 
Located on an arid playa in southeastern Oregon, Lake 

Abert is likely second only to Great Salt Lake in its 

importance to migratory shorebirds in the Great Basin 

(Warnock et al. 1998). Attracted to seasonally 

superabundant invertebrate prey, primarily alkali fly and 

brine shrimp, shorebirds and waterbirds use Lake Abert 

extensively as breeding and staging habitat, with over 80 

species and hundreds of thousands of birds reported 

(Larson and Larson 2011, Larson et al. 2016). Notable 

species include American Avocet, which comprise about 

two-thirds of the shorebirds found at the lake; Wilso

Phalarope, which reaches densities at the lake higher 

than anywhere else in the U.S.; Eared Grebe, over 40,000 

of which stage at the lake; and Western Snowy Plover, 

up to 300 of which nest in playa habitats along the lake 

(Oring and Reed 1997, Warnock et al. 1998, Larson and 

Larson 2011, Larson et al. 2016). Several thousand Ruddy 

Ducks and Shovelers are also sometimes present (Jehl 

and Johnson 1994). 

Lake Abert has experienced dramatic fluctuations in lake 

level over its recorded history, ranging from complete 

drying to over 4,260 feet above sea level (Larson and 

Larson 2011). At its greatest recorded level, the lake 

covered an area of nearly 50,000 acres with a maximum 

depth of 16 feet (Larson and Larson 2011). Inflows at Lake 

Abert are provided almost entirely by the snowmelt-fed 

Chewaucan River, and minimally from precipitation and 

groundwater (Larson and Larson 2011, Larson et al. 2016). 

Evaporation removes about 40 inches of lake water per 

year, while average annual rainfall is just 9 inches (Larson 

and Larson 2011). Upstream water allocations in the 

basin, primarily for agriculture and a reservoir in the 

basin, exceed the maximum annual discharge of the 

Chewaucan River, and are over 6 times the typical 

amount of water needed to maintain the average volume 

of Lake Abert (Moore 2016). Between 2007 and 2014, 

(Larson et al. 2016). By 2014, the lake had declined to less 

than 3,000 acres, covering just 5% of its maximum 

recorded area. At its lowest point in 2014, the lake 

covered just under 600 acres (Larson et al. 2016, Moore 

2016).  

Salinity at Lake Abert has ranged from under 20 g/L to 

over 100 g/L over its recorded history, averaging 75 g/L 

since the 1970s (Larson and Larson 2011, Larson et al. 

2016). Salt enters Lake Abert from several sources, 

including streams, precipitation, wind-deposits, and lake-

bottom sediments, but is only removed when lake levels 

drop low enough to allow dry salt deposits on the 

lakebed to be transported out of the basin by wind 

(Larson and Larson 2011). Salinity has been increasing 

steadily at the lake since 2000, reaching record highs of 

28% in 2014 and 2015, with long-duration high salinity 

periods lasting months and years, a pattern not seen 

before the 1990s (Moore 2016). Recent increases in 

salinity are the result of upstream water withdrawals that 

have reduced lake levels, which have pushed Lake Abert 

to the verge of collapse (Moore 2016). Going forward, the 

challenge at Lake Abert is to address water needs for 

human and agricultural uses, while still recognizing and 

finding ways to maintain its ecological functions, 

including habitat for birds. 
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