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EXECUTIVE SUMMARY
In the semi-arid West, wetlands are a key determinant of ecosystem water balance. Trends in
seasonal flooding patterns are reflective of surrounding landscapes and their response to
climate change, agricultural, and urban water demands. Conservation of these wetland and
riparian systems, hereafter ‘wetlands’, are crucial to the preservation of water resources and the
wildlife and human populations they support. White-faced ibis (Plegadis chihi; hereafter ‘ibis’) is
a wading bird emblematic of wetland habitats. Ibis act as an important indicator of ecosystem
diversity because they require a wide range of wetland habitats near colony locations to
successfully meet the energetic demands of chick rearing and daily migrations between nesting
and foraging locations. Here we reconstruct the first ever comprehensive network of ibis
colonies in western North America and apply it as a model system to evaluate ecosystem
resilience and climate drivers influencing wetland change from 1984 to 2020. Our analysis
encompassed 153 breeding colonies in eight western states (CA, CO, ID, OR, MT, NV, UT, WY)
located on private and public lands, including 57 federal and state managed wildlife refuges
(see Table S1 in supplemental information for full list federal and state managed wildlife
refuges).
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Our network wide analysis of ibis colonies showed that ~60% of locations have experienced
wetland drying resulting in significant loss of breeding and foraging habitat in recent years.
Changing snowpack, increasing temperature, and agricultural water use were the major drivers
of wetland trends identified. Drying of publicly managed wildlife refuges was significant,
particularly in semi-permanent wetlands sought out by breeding adults as over-water nesting
locations. Additionally, results revealed distinct declines in flood-irrigated agriculture adjacent to
ibis colonies. These sites provide important temporary and seasonally flooded wetland used as
foraging resources by birds during breeding periods and have in part offset historic wetland loss
that today sustain colonies through beneficial agricultural practices. It is clear that sustainability
of breeding ibis in western North America will require holistic, volunteer, and incentive based
solutions that address water scarcity impacts on both public wildlife refuges and private
agricultural lands. We make our findings available to public and private land managers through
interactive web-based mapping tools (WET WFIB App) to inform targeted wetland conservation
within the ibis breeding network.

1 INTRODUCTION
Wetlands occupy less than three percent of the landscape in arid and semi-arid Intermountain
West, but act as a keystone to ecosystem function that structures landscape biodiversity,
providing critical habitat for numerous fish and wildlife species (Costanza et al. 1997; Mitsch and
Gosselink 2000). Shaped by water scarcity, human settlements and irrigated agriculture have
long been concentrated around a limited number of wetland and riparian resources (hereafter
‘wetlands’). Changing climate now threatens wetland resilience through lower stream flows,
increased evapotranspiration, and more frequent drought (Trenberth et al. 2003; Johnson et al.
2005; Hamlet et al. 2007; Smith and Wagner 2006; Perry et al. 2012; Records et al. 2014). As
water scarcity increases, demands from urban growth are pressuring western states to develop
new infrastructure and water policies that can unintentionally impact wetland systems and the
beneficial agricultural land management practices that sustain them. Maintaining wetland
systems will require a better understanding of ecological trade-offs to balance wildlife and
human needs under emerging patterns of water scarcity in the West.
White-faced ibis (Plegadis chihi; hereafter ‘ibis’) is a colonial wading bird emblematic of arid
wetland systems in the Intermountain West including the states of California, Colorado, Oregon,
Idaho, Wyoming, Nevada, Utah, and Montana (Smiley and Keinath 2003). To breed successfully
ibis seek out areas of high wetland diversity to support colony locations and the energetic
demands of chick rearing and daily migrations between nesting and foraging locations. Ibis
colony locations are frequently associated with patterns of historical agricultural development
and public land protections. For example, publicly managed wildlife refuges support
semi-permanently flooded wetlands and tall emergent vegetation required for colony nesting,
while surrounding private wetlands, associated with flood-irrigated hay meadows (i.e. shallow
temporary and seasonally flooded wetlands), provide a majority of foraging resources (Moulton
et al. 2013).
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To inform wetlands conservation in the Intermountain West we use 153 known ibis breeding
colonies as a model system to construct and monitor a network of ecologically diverse
landscapes important to sustaining waterbirds and other wetland dependent fish and wildlife
species. Use of ibis as an umbrella species provides important insights to the interdependent
role public wildlife refuges and private agriculture play in maintaining wetland diversity. Here, we
evaluate long-term (1984-2020) wetland habitat availability and the ecological effects of wetland
change across the ibis breeding network. Patterns of surface water hydrology served as a proxy
for wetland function that allowed monitoring of changing habitat conditions in and around colony
locations. Analyses measure factors influencing wetland trends that included ownership,
hydrology (i.e. annual duration of wetland flooding), and land-use practices (e.g. flood irrigated
agriculture, managed wetlands). Long-term trends were linked to regional climate and
anthropogenic factors to identify landscape drivers influencing network resilience.

2 METHODS
2.1 Study Area
This study area encompassed a network of ibis breeding and foraging habitats associated with
153 known colonies located in the Intermountain West and portions of the Great Plains including
states of California, Colorado, Idaho, Nevada, Montana, Oregon, Utah, and Wyoming (Figure 1).
Colonies locations were buffered by 18 km to account for wetlands within the mean-maximum
ibis foraging distance (Bray and Klebenow 1988). References to colony locations hereafter are
inclusive of wetlands at the colony site and surrounding 18 km radius. All natural, agricultural,
riparian, and managed wetlands (i.e. public wildlife refuges and private duck hunting clubs) were
included in our analyses. Colony sites were grouped by state to summarize wetland trends
aligned with state-based management needs and by eight eco-hydrological regions (hereafter
‘regions’) to normalize unique climate and anthropogenic drivers influencing wetland processes.
Regions include: Great Basin-Colorado Plateau, Mojave-Sonoran Deserts, Northern Rockies,
Middle Rockies, Southern Rockies and Basins, Northern Plains, Southern Plains, and Pacific
Northwest. (Figure 1; see supplemental material for detailed description of methods used to
generate regions).
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Figure 1. Ibis colony locations (black points, n = 153) identifying extent of wetland network
evaluation overlaying western U.S. state boundaries. Colored polygons define eco-hydrological
regions used to summarize climate and agricultural drivers influencing wetland change.

2.2 Modeling wetland surface water hydrology
Wetland surface water within 18 km colony buffers was monitored monthly as a five-year rolling
median from 1984-2020 using methods outlined by Donnelly et al. (2019; 2020). Timing and
duration of wetland flooding (aka ‘wetland hydroperiod’) is a key delimiter of vegetative structure
and foraging values associated with waterbird use (Foti et al. 2012). For example, ibis often use
semi-permanently flooded wetlands (29-184 cm deep) with tall emergent vegetation for nesting
habitat (Ryder and Manry 1994; Herzog et al. 2020) while surrounding temporary and seasonal
wetlands (5-25 cm deep) provide foraging opportunities (Smiley and Keinath 2003; Safran 1997;
Safran et al. 2000). Monthly monitoring (Apr-August) was concurrent with annual ibis nesting,
chick rearing and pre-migration events. Measurements were derived from Landsat 5 Thematic
Mapper and Landsat 8 Operational Land Imager satellite imagery using a 30x30 meter pixel grid
to capture hydrologic diversity within individual wetlands. Wetland hydroperiods were defined by
totaling the number of months an individual pixel was inundated from March to October. Wetland
areas were then classified as ‘temporary’ (flooded < 3 months), ‘seasonal’ (flooded > 3 and < 7
months), or ‘semi-permanent’ (flooded > 7 months) using standards similar to Cowardin et al.
(1979). Hydroperiod classes were combined with ownership, and land-use data in GIS and used
to partition analyses of long-term surface water trends (see supplemental material for detailed
description of methods used to model wetland surface water hydrology).
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Figure 2: Wetland hydroperiod example: American Falls Reservoir, Idaho. Data displayed by
hydroperiod class: pink - temporary (flooded < 3 months), green - seasonal (flooded > 3 and <
6 months), and blue - semi-permanent (flooded > 7 months).

2.3 Long-term wetland trends
Long-term changes to colony surface water hydrology were monitored following methods similar
to Donnelly (2020). Change was measured by dividing wetland trends into equal periods, T1
(1988-2003) and T2 (2004-2020), and applying nonparametric Wilcoxon tests to compare
differences in period means (Siegel 1957). A p-value of < 0.05 was used to represent statistical
significance. Trend comparisons were made separately for states, individual colonies, and
wetland hydroperiod classes. Results were summarized by state.

2.4 Wetland drivers
RandomForestSRC regression tree analysis (RF; Ishwaran and Lu 2019) was used to attribute
the importance of climate and agricultural (Table 1) variables to long-term wetland change. For
analysis we grouped colonies by region and hydroperiod class (i.e. temporary, seasonal, and
semi-permanent) to isolate unique climate and anthropogenic drivers. Because agriculture
accounts for >89% of surface water use in the western U.S. (Maupin et al. 2014), we used
annual estimates of irrigated crop area derived from irrMapper (Ketchum et al. 2020) to assess
potential impacts on wetland change. Extracted climate and agriculture layers were clipped and
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summarized by watershed using USGS 4-digit hydrologic units (Seaber et al. 1987) and
intersected with ibis colony locations to spatially join results with wetland trends. Using this
approach made it possible to measure interactions between colony wetlands and hydrologically
connected processes occurring in other areas of the watershed.
Table 1. Climate and agriculture variables used in the randomForest SRC regression tree
analysis.
Climate

Source

Evapotranspiration (et)

TerraClimate (Abatzoglou et al. 2018)

Precipitation (pr)

TerraClimate

Runoff (ro)

TerraClimate

Snow water equivalent (swe)

TerraClimate

Minimum daily temperature (tmin)

TerraClimate

Agriculture
Annual area of irrigated ag

IrrMapper (Ketchum et al. 2020)

3 RESULTS
Approximatly 60% (n=92) of sites in the ibis network (n=153) showed statistically significant
wetland loss due to surface water drying from 1984 to 2020 (Figure 3; Table 2). Changing
snowpack, increasing temperature, and agricultural water use were the major drivers of wetland
trends identified (Table 3). Declines were pervasive in 6 of 8 states with wetland losses
occurring in a majority of ibis colony locations. Over half (56%) of colony network locations were
located in three states; Montana (28), Nevada (28), and Oregon (31), with Colorado (22) and
Utah (19) containing approximately a quarter of the remaining sites. A combined 16% of colony
locations occurred in Idaho (8), Wyoming (5), and northeast California (3). The number of
colonies in a given state is not necessarily representative of ibis abundance.
Public wetlands accounted for over half of flooded acres in 6 of 8 states and were highly
concentrated on managed wetland complexes (e.g., NWRs, MBRs, WPAs, WMAs, SWAs).
Semi-permanent wetlands supporting ibis nesting habitat via tall emergent vegetation
characterized these managed wetlands (Figure 4). In contrast, privately managed wetlands
were rare (<10% of managed wetlands) and often associated with waterfowl hunting clubs.
Private wetlands complemented public wetland resources through substantial provision of ibis
foraging habitats (i.e. flood-irrigated agriculture). Approximately 23% of foraging habitat was
attributed to private lands in California and Utah and over one third in Colorado (74%), Idaho
(35%), Montana (44%), Nevada (39%), Oregon (50%), and Wyoming (77%). Flood-irrigated
agriculture, an important foraging resource for ibis (Moulton et al. 2013), was associated with
approximately 88% of sites.
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Analysis within individual sites revealed that surface water decreases were not exclusive to any
single land ownership, wetland type, or hydroperiod class. Over half of all sites experienced
significant drying of either private (51% of sites) or public (63% of sites) wetlands. Declines in
both nesting and foraging habitats were evident across sites; semi-permanent wetland flooding
decreased at 96 sites (63%), seasonal wetlands at 70 sites (46%), and temporary wetlands at
31 sites (20%). Results based on wetland type predominantly exhibited significant decreases
where managed wetlands, flood-irrigated agriculture, and natural wetlands decreased at over
40% of sites.

Table 2. Ibis network overall wetland surface water change from 1984-2003 (T1) and 2004-2020
(T2). Nonparametric Wilcoxon tests used to determine statistical significance as p.value <0.05.
Units - acres.

T1

T2

Change

% Dif

p-value

Num. Sites
with Sig.
Decrease

CA

39274

32397

-6878

-18

0.01

3/5

CO

55469

36591

-18878

-34

<0.001

17/22

ID

80331

74024

-6308

-8

0.14

6/13

MT

68296

62441

-5855

-9

<0.002

15/28

NV

125969

76703

-49266

-39

0.02

11/28

OR

197089

134625

-62464

-32

<0.001

21/30

UT

307416

236842

-70575

-23

<0.001

17/19

WY

20530

18919

-1610

-8

0.29

2/8

State
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Figure 3. Wetland surface water trends within 18 km of ibis colony locations. Results measured
as differences between T1 (1984-2003) and T2 (2004-2020). Red - significant decline (p.value <
0.05), yellow - decline (p.value > 0.05), blue - stable to increasing.
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Table 3. Key ecological predictors of wetland surface water change identified by
eco-hydrological regions and overlapping states - see Figure 1. Predictors aid interpretation of
climate change forecasts and their potential impact to local wetland conditions. For example
regions sensitive to temperature are more likely to experience accelerated wetland loss as
continued warming trends are projected for the West. Learn more about how climate is expected
to change here.
Eco-hydro. region

States

Wetland predictors

Great Basin-Colorado
Plateau

CA, CO, ID,
NV, OR, UT

temperature, streamflow, irrigated agriculture

Middle Rockies

ID, MT

temperature, irrigated agriculture

Mojave-Sonoran
Deserts

NV

precipitation, temperature

Northern Plains

MT

snowpack, streamflow, irrigated agriculture

Northern Rockies

MT

temperature

Pacific Northwest

CA, OR

temperature, snowpack, irrigated agriculture

Southern Plains

CO

snowpack, streamflow, irrigated agriculture

Southern Rockies and
Basins

CO, WY

temperature and snowpack
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Figure 4. Proportion of public wetland ownership by state and hydroperiod. Measures include all
natural, agricultural, riparian, and managed wetlands (i.e. public wildlife refuges and private
duck hunting clubs) within 18 km of colony locations. Values were derived from 2004-2020 (T2)
means to reflect current conditions.

3.1 State Summaries
California:
Three of five ibis colonies in Northeast California experienced significant wetland loss. Overall
wetland availability decreased 18%. Declines were evident in all months (Mar-Oct), but were
most pronounced in early spring (Mar) and late summer (July-Oct) when monthly losses
exceeded 23%. While over 70% of wetlands occurred on publicly managed wildlife refuges,
proportional losses were similar on adjacent private lands (18% vs 17%, Figure 5). Declines
were evident across all hydroperiod classes (i.e. temporary, seasonal, and semi-permanent see Methods 2.2) with the greatest decline occurring in semi-permanent wetlands (33%).
Sites found in the Klamath Basin must contend with complex water-use issues arising from
endangered species requirements, irrigation needs, and changing snowpacks. Continued water
shortages will amplify these challenges. Other sites located in California face similar issues.
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Colorado:
Seventeen of Colorado’s 22 ibis colonies experienced significant wetland loss. Overall wetland
availability decreased 34%. Significant drying occurring across all months, land ownership.
While private wetlands accounted for over two thirds of available habitats, public wetland losses
occurred at almost twice the rate (28% vs 43%; Figure 6). Declines were most pronounced in
semi-permanent wetlands (43%), but substantial losses also occurred in temporary (27%) and
seasonal wetlands (30%). Wetlands associated with flood irrigated agriculture declined 29%.
Colorado results are most strongly illustrated by colony sites located in the San Luis Valley. This
area hosts a high density of valuable wetland habitat. Private lands, in particular, provide staple
wetland foraging habitat for migrating birds. However, changing snowpack and temperatures
reduce water availability and compound user impacts.
Idaho:
Six of Idaho’s 13 colonies experienced significant wetland loss. Overall wetland availability was
stable (Figure 5). Overall wetland losses were evident in June (9%) and August (16%). Private
wetlands declined 9%. Public wetlands were relatively stable (Figure 6). Semi-permanent
wetlands were the only hydroperiod class exhibiting declines (13%).
Idaho sites highlight the impacts irrigation practices have on water availability. Increased
sprinkler irrigation reduced groundwater inflows and substantially reduced wetland habitat at
some refuges, particularly Camas NWR, Mud Lake WMA, and Market Lake WMA.
Montana:
Fifteen of Montana’s 28 colonies experienced significant wetland loss. Overall wetland
availability decreased 9% (Figure 5). Monthly losses were evident in early spring (Mar) and mid
to late summer (June-Oct). Private and public wetlands declined by 12% and 7%, (Figure 6).
Among hydroperiod classes, seasonal and semi-permanent wetlands declined 19% and 6%,
respectively. Wetlands associated with flood irrigated agriculture declined 33%.
Differences in climate and water storage dynamics delineate wetland trends between western
and eastern Montana colony locations. Sites in eastern Montana remained relatively stable
while drying trends in western Montana were reflective of warming temperatures.
Nevada:
Eleven of Nevada's 28 colonies experienced significant wetland loss. Overall wetland availability
decreased 39% (Figure 5). Private and public wetlands declined by 31% and 41% (Figure 6).
Semi-permanent wetland loss was 50% while seasonal and temporary wetland abundance
remained relatively stable.
Broad drying patterns across Nevada colony locations suggest wetland resilience has reached a
tipping point where rising temperatures, altered streamflows, and irrigation patterns drive
wetland desiccation.
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Oregon:
Twenty-one of Oregon's 28 colonies experienced significant wetland loss. Overall wetland
availability decreased 32% (Figure 5). Declines were evident in all months (Mar-Oct), but were
most pronounced in early spring (Mar) and late summer (July-Oct) when individual monthly
losses exceeded 35%. Private and public wetlands declined by 36% and 24% (Figure 6).
Declines were evident across seasonal and semi-permanent wetlands with the greatest losses
occurring in semi-permanent wetlands (59%). Wetlands associated with flood irrigated
agriculture declined 24%.
Strong drying trends characterized sites located in the Harney Basin. Temperature increases,
streamflow alterations, and irrigation patterns influence wetland flooding across this area.
Similar patterns occurred at other Oregon sites found within the Great Basin.
Utah:
Seventeen of Utah's 19 colonies experienced significant wetland loss. Overall wetland
availability decreased 23% (Figure 5). Private and public wetlands declined by 22% and 27%
(Figure 6). Declines were evident in all months (Mar-Oct), but were most pronounced in late
summer (July-Oct) when individual monthly losses exceeded 30%. Declines were evident
across temporary, seasonal and semi-permanent wetlands. Wetlands associated with flood
agriculture declined 34%.
Utah colony locations are concentrated within the Great Salt Lake area. Yet, results indicate
startling wetland declines at this hemispherically important migratory bird stopover site and
mirror conditions occurring at other wetlands across the state.
Wyoming:
Two of Wyoming’s 8 colonies experienced significant wetland loss. Overall wetland availability
was stable (Figure 5). Monthly losses were evident in March (31%) August (19%), and
September (16%). Public wetland declines were 14%, while private wetlands remained relatively
stable (Figure 6). Seasonal wetlands declined 14%. Semi-permanent and temporary wetlands
were stable.
The strongest declines occurred at sites located in the Laramie Basin. Warming temperatures
and changing snowpacks are important factors influencing wetland drying trends in this area.
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Figure 5: Boxplots of total surface water area for each region between monitoring periods (T1:
1988-2003; T2: 2004-2020). Box: 25th, 50th (heavy horizontal line), and 75th percentiles,
whiskers: 5th and 95th percentiles, points: outliers.

Figure 6: Boxplots of private and public surface water area for each region between monitoring
periods (T1: 1988-2003; T2: 2004-202). Box: 25th, 50th (heavy horizontal line), and 75th
percentiles, whiskers: 5th and 95th percentiles, points: outliers.

4 CONCLUSION
This study delivers the first ever long-term monitoring of ibis breeding habitat in western North
America, encompassing 8 western states and 153 ibis colony locations documented over nearly
40 years. Pervasive drying identified in this study signals a partial wetland network collapse and
suggests the resiliency of ibis breeding habitats may have reached a tipping point under the
increasing pressure of drought and warming climate. Large decreases in semi-permanent
13

wetland habitat is partly due to widespread drying of large closed basin lakes (i.e., Great Salt
Lake). Concurrent desiccation of semi-permanent wetlands outside these systems, however,
confirms broader ecosystem impacts. With fewer available wetland sites, ibis populations may
experience reduced plasticity in their adaptive response to drought. Consequently, actions
targeting conservation of climate-resilient wetlands and restoration of degraded sites are
needed to facilitate the long-term viability of ibis in the West.
Drying of public wetland resources and loss of flood-irrigation practices highlight key
vulnerabilities in the ibis breeding network where adequate nesting and foraging resources will
become increasingly scarce. While managed wetland complexes underpin the ibis breeding
network, private lands augment the habitat value of nearby refuges by providing essential
foraging sources. Additionally, irrigated agriculture is a prevalent driver of wetland change,
however, the timing, method, and location of irrigation influences the direction of flooding trends.
For example, flood-irrigation practices can sustain wetlands that would otherwise not exist via
runoff and groundwater recharge. In contrast, more efficient irrigation methods (i.e. sprinkler)
coupled with increased groundwater withdrawals limit inputs to nearby wetlands and reduce
wetland availability. Consequently, partnerships between managers and private landowners will
be necessary to preserve ecologically valuable irrigation practices that sustain the conservation
value of refuges. The NRCS Farm Bill conservation programs and FWS Partners for Fish and
Wildlife Program offer pathways for private landowners to contribute to the long-term
preservation of wetland systems locally. Additional coordination at flyway scales will also be
critical to preserving broad scale wetland connectivity to offset more frequent and intensifying
drought cycles.
Ibis are emblematic of the relationship between agriculture and wetlands, yet, they are often an
inadvertent casualty of well-intended water conservation initiatives that seek to increase
irrigation efficiencies and redirect water from agriculture to municipal use. The results of this
study demonstrate a clear need for conservation strategies that prioritize the protection of the
ibis breeding network. Few common drying mechanisms emerged at the local scale, whereas
broad scale climate factors were a unifying theme exacerbating impacts of local policy decisions
and agricultural practices. With climate change forecasts suggesting continued deterioration of
wetland conditions, conservation of wetlands supporting breeding ibis will benefit numerous
wetland-dependent species, particularly other migratory waterbirds. We encourage the use of
our results and accompanying interactive web application in local and regional planning efforts
that maintain wetland neworks in western North America.

5 DATA DELIVERABLES
Study results are incorporated into an interactive web app: WET WFIB App. This app provides a
platform in which to visualize temporal patterns in surface water extent, hydroperiod, and
resilience within foraging distance of ibis colonies. Also included are colony status, state and
federal wildlife area boundaries, and conservation easements. Web app information provides a
powerful tool for evaluating long term changes to wetland flooding, function, and resilience at
west-wide colony locations. More detailed information can be found within the user guide: WET
User Guide.
14
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Supplemental Material
S1 Detailed description of methods used to model wetland surface water
hydrology
S1.1 Study Area
This study encompasses the network of important ibis breeding and foraging habitat spanning
the western US, primarily the Intermountain West and portions of the Great Plains (Figure 1).
We compiled a comprehensive collection of 153 documented ibis breeding colonies using
survey records from California, Colorado, Idaho, Nevada, Montana, Oregon, Utah, and
Wyoming. Colonies locations were buffered by 18 km to account for wetlands within the
mean-maximum ibis foraging distance (Bray and Klebenow 1988). All natural, agricultural,
riparian, and managed wetlands (i.e. public wildlife refuges and private duck hunting clubs) were
included in our analyses.
Colony sites were grouped by state to summarize wetland trends aligned with state-based
management needs and by eight eco-hydrological regions (hereafter ‘regions’) to normalize
unique climate and anthropogenic drivers influencing wetland processes. Ecoregion is a
geographical framework denoting areas with similar ecosystem components and processes
(Omernik and Griffith 2014). Level III ecoregions (Omernik and Griffith 2014) aggregated by
peak precipitation timing and water storage dynamics (hereafter ‘regions’) provided a
hydrologically relevant framework by which to group ibis colony sites. Regions include: Great
Basin-Colorado Plateau, Mojave-Sonoran Deserts, Northern Rockies, Middle Rockies, Southern
Rockies and Basins, Northern Plains, Southern Plains, and Pacific Northwest.

S1.2 Modeling wetland surface water hydrology
Wetland surface water within 18 km colony buffers was monitored monthly as a five-year rolling
median from 1984-2020 using methods outlined by Donnelly et al. (2019; 2020). Monthly
monitoring (Apr-August) was concurrent with annual ibis nesting, chick rearing and
pre-migration events. Measurements were derived from Landsat 5 Thematic Mapper
(1984-2011) and Landsat 8 Operational Land Imager (2013-2019) satellite imagery using a
30x30 meter pixel grid to capture hydrologic diversity within individual wetlands. The year 2012
was excluded due to a gap in satellite coverage. Landsat revisit time was 16 days and spatial
resolution was 30 m.
Satellite imagery binned by calendar month (Mar-Oct) was averaged into a single multispectral
image using a 5-year rolling median. We applied an extended rolling median to individual
months with sparse imagery. Pixels containing clouds, cloud shadow, snow, and ice were
masked. This approach captured the variability of wetland habitat while reducing the
interference of clouds, cloud shadow, snow, and ice in monitoring the wetland landscape.
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Following the methods outlined by Donnelly et al. (2019; 2020), we used a constrained spectral
mixture analysis (SMA) (Adams and Gillespie 2006) to classify imagery and produce monthly
estimates of wetland extent. An SMA estimates the proportion of water within each 30x30 meter
pixel that forms a Landsat satellite image (Jin et al. 2017). This method accounts for flooding in
areas with shallow, turbid water and interspersed emergent vegetation that reduce detectability
(DeVries et al., 2017). We assumed full inundation of a pixel when water was present, and we
omitted pixels with less than 25% water from summaries to reduce overestimation of surface
water extent. The SMA included all unmasked pixels in the visible, near-infrared, and
short-wave infrared bands.
Training data for SMA is minimal and requires spectral endmember classification. Spectral
endmember training site locations represented water, wetland vegetation, upland, shrub, and
soil land cover types. We generated water and wetland vegetation endmembers using the
normalized difference water and normalized difference vegetation indices, respectively (Box et
al. 1989; McFeeters 1996). The endmembers for upland, shrub, and soil were generated from
static plots identified through satellite imagery. Shrub plots were characterized by dense,
dark-leafed shrubs or conifers. Upland plots included shrublands with high amounts of exposed
soil and low vegetative productivity. Soil plots included areas with surface mineral deposits.
Results from SMA analyses were spatially clipped and summarized using polygons representing
wetland areas. Polygon and pixel attributes described the land ownership (public, private),
wetland type (managed, natural, riverine, flood-irrigated), and hydroperiod class (temporary,
seasonal, semi-permanent) associated with inundated pixels. This process removed
anthropogenic features and other potential sources of false water positives (topographic
shadow, asphalt, and conifers) from the SMA (DeVries et al, 2017). The resulting summary is a
monthly time series estimate of surface water area that spans 1984-2020 and encompasses
west-wide ibis breeding colonies and periphery wetlands.

S1.3 Wetland Hydroperiod Modeling
Timing and duration of wetland flooding (aka ‘wetland hydroperiod’) is a key delimiter of
vegetative structure and foraging values associated with waterbird use (Foti et al. 2012).
Wetland hydroperiods were defined by totaling the number of months an individual pixel was
inundated from March to October. We classified hydroperiod as the following: 1) temporary
wetlands contain surface water for brief periods, flooded for three months or less during the
growing season (Cowardin et al. 1979), 2) seasonal wetlands were flooded for extended
periods, four to six months but often dry out by the end of the growing season (Cowardin et al.
1979) and 3), semi-permanent wetlands contain surface water for the extent of the growing
season in most years, at least seven months.

S1.4 Wetland Resilience Modeling
Wetland resilience measures were developed from long-term surface water trends. We
generated trend data using measures of annual wetland conditions from 1984 to 2019 following
methods previously outlined. The model outputs represent mean conditions occurring from April
19

1 to August 31, coinciding with the ibis breeding season in the western US. We quantified trends
using the Mann-Kendall trend test to analyze flooding patterns occurring within individual 30 x
30 m pixels. Trend values were derived from the line slopes fitting each pixel. Negative slopes
suggest drying over time while neutral and positive slopes suggest stable to wetter conditions,
respectively.

S1.5 Cropland Irrigation and Climate Variables
We examined cropland irrigation and climate variables (e.g. evapotranspiration, precipitation,
runoff, snow water equivalent, and daily minimum temperature) as predictors of long-term
wetland change. Because agriculture accounts for >89% of surface water use in the western
U.S. (Maupin et al. 2010) we used annual estimates of irrigated crop area derived from
irrMapper (Ketchum et al. 2020) to assess potential impacts on wetland change. IrrMapper uses
satellite remote sensing to provide an annual, 30 m resolution, binary classification of irrigated
and non-irrigated land in the western US (Ketchum et al. 2020). Classification accuracy of
irrigated land is 97.8% (Ketchum et al. 2020). National Wildlife Refuges (NWR), Wildlife
Management Areas (WMA), State Wildlife Areas (SWA), Waterfowl Production Areas (WPA),
and Migratory Bird Refuges (MBR) were omitted to reduce false positives resulting from
irrigation of publicly managed wetland habitats. Annual climate variables were extracted by
water year (Oct 1 to Sep 30) from TerraClimate, a global 4 km gridded monthly climate dataset
for terrestrial surfaces (Abatzoglou et al. 2018). Extracted climate and agriculture layers were
clipped and summarized by watershed using USGS 4-digit hydrologic units (Seaber et al. 1987)
and intersected with ibis colony locations to spatially join results with wetland trends. Using this
approach made it possible to measure interactions between colony wetlands and hydrologically
connected processes occurring in other areas of the watershed.

S1.6 Statistical Analysis
Site-level and region-level comparisons of SMA results, irrigation, and climate variables
occurred across two time periods: 1984-2003 (T1) and 2004-2020 (T2). Polygon and pixel
attributes allowed for additional, independent comparisons based on ownership, wetland type,
and hydroperiod class. These two time periods account for inter-annual climate variability
caused by the major climate engines of North America: El Niño - Southern Oscillation and the
Pacific Decadal Oscillation (Ropelewski and Halpert 1986; Mantua et al. 1997; Trenberth 1997).
Unless otherwise noted, a Wilcoxon ranked order test was used to assess differences between
T1 and T2 means, where significant p values are those less than or equal to 0.05.
We used randomForest SRC regression tree analysis (RF; Ishwaran and Lu 2019) to measure
the importance of climate (PR, ET, RO, SWE, TMIN) and irrigation in predicting wetland surface
area. For analysis we grouped colonies by region and hydroperiod class (i.e. temporary,
seasonal, and semi-permanent) to isolate unique climate and anthropogenic drivers.

20

Table S1: Federal and state managed wildlife refuges included in analysis.
State Managed

State

Federally Managed

State

Honey Lake SWA

CA

Modoc NWR

CA

San Luis Lake SWA

CO

Lower Klamath NWR

CA/OR

Russell Lakes SWA

CO

Tule Lake NWR

CA/OR

Queens SWA

CO

Alamosa NWR

CO

Fort Boise WMA

ID

Monte Vista NWR

CO

Sterling WMA

ID

Blanca Wetlands

CO

Scripps WMA

NV

Bear Lake NWR

ID

Alkali Lake WMA

NV

Oxford Slough WPA

ID

Mason Valley WMA

NV

Grays Lake NWR

ID

Carson Lake Pasture

NV

Camas NWR

ID

Humboldt WMA

NV

Market Lake WMA

ID

Franklin Lake WMA

NV

Mud Lake WMA

ID

Railroad Valley WMA

NV

Ruby Lake NWR

NV

W.E. Kirch WMA

NV

Stillwater NWR

NV

Warm Springs WMA

MT

Ash Meadows NWR

NV

Canyon Ferry WMA

MT

Medicine Lake NWR

MT

Lake Helena WMA

MT

Red Rock Lakes NWR

MT

Freezeout Lake WMA

MT

Lee Metcalf NWR

MT

Summer Lake Wildlife Area

OR

Pablo NWR

MT

Farmington Bay WMA

UT

Ninepipe NWR

MT

Ogden Bay WMA

UT

Benton Lake NWR

MT

Harold Crane WMA

UT

Spidel WPA

MT

Willard Spur

UT

Grass Lake NWR

MT

Public Shooting Grounds WMA

UT

Bowdoin NWR

MT

Medicine Lake NWR

MT

Warner Wetlands

OR

Malheur NWR

OR

Fish Springs NWR

UT

Ouray NWR

UT

Bear River MBR

UT

Cokeville Meadows NWR

WY

Bamforth Lake NWR

WY

Hutton Lake NWR

WY
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