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ABSTRACT

Most managed wetlands in California are
ephemeral and are purposefully flooded during
the fall and winter for over-wintering waterfowl,
and are dry during the spring and summer
waterfowl breeding season. Only semi-permanent
and permanent wetlands remain flooded through
the critical summer brood-rearing period for
ducklings. We examined the availability of
flooded wetlands for breeding waterfowl in

the brackish Suisun Marsh (California, USA)
annually during the spring (April 27-May 17,
during peak nesting) and summer (June 17-

July 7, during peak duckling brood rearing), for

a 38-year period using Landsat satellite imagery
and spectral mixture analysis. Flooded wetland
area increased 43% in spring and 48% in summer
from 1984 to 2021 but varied among years

(spring: 37.6-88.6 km?; summer: 17.7-57.5 km?).
This increase in flooded wetland area over the
past 4 decades was due to just a few sites, with
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only 24% (spring) and 15% (summer) of the 198
land-owner parcels increasing in flooded area.
Flooded wetland area in the spring was unrelated
to annual precipitation between October and
April (range: 25-104 cm) or spring precipitation
between January and April (range: 8-65 cm),
whereas flooded wetland area in the summer
was weakly correlated to both annual and spring
precipitation. Flooded wetland area in spring
and summer was also weakly correlated with

the median daily outflow from the Sacramento-
San Joaquin River Delta between March 15 and
June 15, which corresponds to a critical period
of wetland water management for breeding
waterfowl. Our results indicate that spring and
summer flooded wetland habitat for breeding
waterfowl has increased slightly over the past 4
decades, varies annually, and mostly depends

on local wetland management practices rather
than on precipitation or Delta outflow. Managing
habitats as semi-permanent wetlands would
increase flooded wetland habitat in the spring
and summer, and provide habitat for nesting hens
and ducklings.
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INTRODUCTION

Wetlands are an imperiled but critical habitat
for a variety of aquatic species (Wilen and Frayer
1990). Wetland habitats in California support
waterbirds (waterfowl, shorebirds, and wading
birds) that migrate within the Pacific Flyway as
well as providing critical habitat for species that
breed within the state. The majority of historical
wetland habitat has been lost as a result of human
development, and existing wetlands face future
threats from drought, sea level rise, and other
consequences associated with a changing climate
(Heitmeyer et al. 1989; Wilen and Frayer 1990;
Thorne et al. 2018). Within California, more than
91% of the original wetland habitat has been

lost (1780 to 1980; Dahl 1990), and more recent
studies show freshwater wetland habitat area
continues to decrease within coastal watersheds
(Dahl and Stedman 2013). Decreased flooding of
wetland habitats in regions that support waterbird
migration or breeding activities can negatively
affect populations (Donnelly et al. 2019).

During the waterfowl breeding season, the
consistent presence of flooded wetlands is critical
for ducks during nesting and brood rearing.
Dabbling duck hens often nest in upland habitats
and take daily breaks from incubation to forage
in nearby managed wetlands (Casazza et al.

2020; Croston et al. 2021). After the eggs hatch,
hens move their broods to flooded wetlands
where ducklings forage and remain for 48 to 60
days until they gain the ability to fly (Bellrose
1976; Mauser et al. 1994; Chouinard and Arnold
2007; Casazza et al. 2020; Casazza et al. 2021;
Peterson et al. 2024a). Sensitivity analyses show
that population growth rates of mallards are
influenced the most by breeding parameters,
including the survival of nests, ducklings, and
breeding hens (Johnson et al. 1987; Hoekman

et al. 2002; Coluccy et al. 2008). The availability
of flooded wetlands and their proximity to
nesting sites during this critical life-history
stage can affect reproductive success (Chouinard
and Arnold 2007; Peterson et al. 2024a). At the
continental scale, mallard nesting effort and
population recruitment decrease when there are
fewer flooded wetlands available in the spring
(Krapu et al. 1983; Cowardin et al. 1985; Johnson
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and Grier 1988). Furthermore, limited availability
of flooded wetlands in the summer can be a
major contributor to low duckling survival rates
(Rotella and Ratti 1992; Hoekman et al. 2004;
Garrick et al. 2017) and a decrease in population
recruitment (Hoekman et al. 2002; Amundson et
al. 2013). The breeding populations of mallard and
gadwall in California have declined (Ackerman

et al. 2014; Brady and Weaver 2022, 2023) and are
currently below the Central Valley Joint Venture’s
breeding population objectives (CVJV 2020).

Thus, quantifying flooded wetland area in the
spring and summer is important when examining
temporal trends in local waterfowl reproduction.

Suisun marsh, a complex of tidal and managed
wetlands (hereafter referred to as Suisun Marsh?)
located in the upper San Francisco Estuary in
California, USA, is one of the largest brackish
marshes in western North America and comprises
approximately 12% of the wetland habitat that
remains in the state of California (Ackerman et
al. 2014). The availability and quality of flooded
wetland habitats within Suisun Marsh affect
many different species that rely on managed
wetlands, including waterbirds, mammals,

and reptiles (Smith et al. 2020; Agha et al. 2020;
Peterson et al. 2021; Schacter et al. 2021). Upland
habitats within the boundaries of Suisun Marsh
contain high nesting densities of dabbling ducks
(McLandress et al. 1996; Ackerman et al. 2014)
that rely on flooded wetlands to be available
throughout the spring and summer waterfowl
breeding season. Within Suisun Marsh, the
flooded wetland area on Grizzly Island varied
substantially among years (Schacter et al. 2021),
and the proximity of flooded wetlands to upland
nesting habitat may influence duckling survival
rates (Ball et al. 1975; Chouinard and Arnold 2007;
Peterson et al. 2024a). Many seasonal wetlands

in Suisun Marsh are managed to produce food
resources and habitat for wintering waterfowl,
although individual wetland management
decisions can vary from year to year. Fall and
winter-flooded seasonal wetlands may undergo
multiple leach cycles in the spring and summer to

1. The difference in the spelling of "marsh" and "Marsh" here is
taken from internal USGS usage followed by SP. The spelling
is intentional, not typographical errors, and do not conform to
SFEWS style and usage.
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irrigate wetland plants and control soil salinities
and then require a period of dry conditions for
seed germination and seedling growth as well
as for maintenance operations, which makes
these seasonal wetlands unflooded during the
waterfowl breeding season.

Water management for wetlands in Suisun Marsh
is guided by a combination of environmental
considerations (e.g., salinity of available water),
decisions made by private and public water and
land managers, and existing infrastructure.
Suisun Marsh comprises a managed network

of seasonal wetlands and tidal sloughs, and

90% of the marsh plain is diked (Manfree 2014).
Suisun Marsh has a Mediterranean climate, with
most of the precipitation occurring each year
between October 1 and April 30 (mean + SD:
93.7% * 6.1%; https://cdec.water.ca.gov; Napa
weather station; accessed May 6, 2022) and very
dry summer months. Thus, the area of flooded
wetlands during the spring and summer is

likely determined mostly through management
decisions to move water on the landscape. Legally
mandated salinity and water-quality thresholds
guide how freshwater is released into the Suisun
Marsh from the upstream Sacramento-San
Joaquin River Delta and moved through the marsh
by the Suisun Marsh Salinity Control Gates on
Montezuma Slough and other water-delivery
facilities during specific times of the year (SWRCB
2018). The Salinity Control Gates, built between
1980 and 1990 by state and federal water projects,
influence the flow of water within Suisun Marsh
to reduce higher-salinity water from flowing

into the marsh on flood tides, with the goal of
improving habitat conditions for permanent

and seasonally managed wetlands, although

the Salinity Control Gates typically only operate
from October through May (Sommer et al. 2020).
In 1996, a diversion fish-screening program

was implemented by the Suisun Resource
Conservation District (SRCD, https://suisunrcd.
org/) at multiple diversion sites along Montezuma
Slough. These fish-screening facilities allowed
some wetland managers access to water for
habitat management during periods of diversion
restrictions or closures that were implemented

to protect fish species listed in 1994 under the
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Endangered Species Act from entrainment
(2024a email between S. Chappell, SRCD, and SP,
unreferenced, see “Notes”). Additionally, starting
in 1998 to 2003, private and state entities have
used incentive programs and provided grants

to improve water-delivery infrastructure and
encourage landowners to retain more flooded
wetlands during the waterfowl breeding season
for production of ducklings (2024b in-person
conversation between S. Chappell, SRCD, and SP,
unreferenced, see “Notes”).

The objectives of this study were to quantify
flooded wetland availability for breeding
waterfowl during a 38-year period from 1984 to
2021 in Suisun Marsh. We used remote sensing
to identify non-tidal water bodies—including
seasonal, semi-permanent, and permanent
wetlands—at multiple spatial extents. Specifically,
we examined whether the availability of flooded
wetlands has changed substantively over the
past 38 years during the spring (peak waterfowl
nesting) and summer (peak waterfowl brood
rearing). Additionally, we examined temporal
trends for individual land parcels as well as
geographic regions within Suisun Marsh to
identify more localized trends in the availability
of flooded wetlands for breeding waterfowl.
Lastly, we tested whether flooded wetland area
within Suisun Marsh was related to precipitation
or freshwater outflow from the Sacramento-San
Joaquin River Delta or, instead, was more driven
by local management decisions.

MATERIALS AND METHODS

Spectral Mixture Analysis

We digitized water on the landscape for breeding
waterfowl and other wetland-associated species
within Suisun Marsh during a 38-year period with
remote sensing methods that combined Landsat
satellite imagery (composite images; EROS Center
2020a, 2020b, and 2020c) and spectral mixture
analysis using Google Earth Engine (https;/
earthengine.google.com; Adams and Gillespie 2006;
Gorelick et al. 2017; Donnelly et al. 2019). Spectral
mixture analysis is useful for heterogeneous
landscapes because it can estimate the proportion
of each pre-identified class of landscape cover

https://doi.org/1015447/sfews.2025v23iss4art3


https://doi.org/10.15447/sfews.2025v23iss4art3
https://cdec.water.ca.gov
https://suisunrcd.org
https://earthengine.google.com
https://earthengine.google.com
https://suisunrcd.org

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

(e.g., water, bare ground) within each 30 x 30-m
Landsat pixel (Adams and Gillespie 2006).
Following the methods and modified code for
Google Earth Engine from Donnelly et al. (2019),
we used spectral mixture analysis to detect water
that could provide flooded wetland habitat for
breeding waterfowl within Suisun Marsh in the
upper reaches of the San Francisco Estuary,
California, USA from 1984 to 2021 at two times
each year that corresponded to peak nesting
(spring) and peak brood rearing (summer;
McLandress et al. 1996).

To train the Google Earth Engine algorithm

to the spectral profiles of different landscape
cover types, we first identified surface material
categories with unique spectral signatures
(endmembers) of bare ground, shrub/tule, and
upland vegetation within the boundaries of
Suisun Marsh, following the methods used by
Donnelly et al. (2019). We digitized polygons

for these endmember classes using the Google
Earth Engine satellite base map and placed

them in areas where the endmember classes
appeared to be homogenous. Additionally, we
identified endmember classes of water and green
vegetation using the Normalized Difference Water
Index (NDWI) to identify surface water, and the
Normalized Difference Vegetation Index (NDVT)
to identify green vegetation, using the 99th
percentile values from each index to identify the
endmember category. Using the composite image
from each year and time-period to determine

the values that identified endmember categories
allowed for dynamic changes among years. We
used the function ‘img.unmix’ in Google Earth
Engine and the spectral profiles of the five
identified endmember classes to decompose a
collection of Landsat 5 (1984-2011), 7 (2012), and
8 (2013-2021) images into endmember classes
(EROS Center 2020a, 2020b, 2020c). The spectral
mixture analysis provided a proportion of each
endmember in each 30 x 30-m Landsat pixel, and
we selected the values for the water endmember
class.

Validation of Water Maps from Spectral Mixture Analysis
We validated the identification of water from
the spectral mixture analysis using Landsat
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imagery against seven hand-digitized water maps
previously published by Schacter et al. (2021) for
Suisun Marsh during May (2016, 2017, 2019) and
July (2016, 2017, 2018, 2019). The hand-digitized
water maps were created by visual observation
of multiple high-resolution, multi-spectral
images for each time-period, and were verified
by ground-truthing when needed (Schacter et al.
2021). We were unable to include the May 2018
time-period from Schacter et al. (2021) in our
method validation because there were no cloud-
free Landsat images that corresponded to the
time-period for that specific hand-digitized map.
Spectral mixture analysis was run on a composite
of the best available, cloud-free, Landsat imagery
within a + 10-day window of the date used to
generate each hand-digitized water map in
Schacter et al. (2021) (Table 1), where each pixel
in the composite received the mean value of the
spectral bands from the set of Landsat images
within this 21-day window (typically n=1to 2
because of the Landsat 16-day return interval).
We converted each hand-digitized water map
into a raster layer that aligned with the 30 x 30-m
grid cells from the Landsat imagery, and used the
percentage of each pixel that overlapped with a
hand-digitized water polygon to assign each pixel
as dry (£10% overlap with a polygon from the
hand-digitized water map) or wet (>10% overlap
with a polygon from the hand-digitized water
map). We then compared the published hand-
digitized water maps from Schacter et al. (2021)
to the results from this current spectral mixture
analysis to confirm that our spectral mixture
analyses using Landsat images was accurate.

For the validation procedure, we used a digitized
layer of water features from the Bay Area Aquatic
Resources Inventory (BAARI; SFEI-ASC 2017)

to exclude the bays, sloughs, tidal features,

and water channels in Suisun Marsh from each
raster of Landsat imagery and the hand-digitized
water maps published by Schacter et al. (2021).
Next, we randomly selected 500 wet and 500 dry
pixels from each raster for each of the seven
time-periods to compare with the corresponding
values generated from the spectral mixture
analysis. Then, we tested the accuracy of the
spectral mixture analysis for the identification of
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Table1 Time-periods for the validation of spectral mixture analysis and the selection of the threshold for categorization of a pixel as wet (indicating
water). Hand-digitized water maps were created by outlining water visible in multi-spectral satellite imagery through the Planet Open California Data portal
(Planet Team 2017) and supplemented with lower-resolution, multi-spectral satellite imagery obtained through the USGS Earth Resources Observation and
Science Center (EROS). The available Landsat imagery was composited from the best available images in the date range specified for spectral mixture

analysis.

Date range: Landsat imagery Number of images used in
Year Month Date range: hand-digitized water maps for spectral mixture analysis spectral mixture analysis
2016 May June 1 May 22-June 11 2 (May 26, Jun 11)
2016 July July 102, July 14 June 30-July 20 1 (July 13)
2017 May May 17 May 7-27 1(May 13)
2017 July July 13 July 3-23 1 (July 16)
2018 July July 16, July 192 July 9-29 1 (July 19)
2019 May May 5, May 122 May 2-22 2 (May 3, May 19)
2019 July July 15 July 5-25 2 (July 6, July 22)

a. Primary satellite image used for the time-period for hand-digitized water maps. The second date was a supplementary image to aid in the
delineation of wetland boundaries in areas that were hard to see in the primary image.

water (wet) at various thresholds values (i.e., all
values above the threshold would be categorized
as water, and all values equal to or less than the
threshold would be categorized as dry). For the
wet class, the producer’s accuracy is the count of
sampled areas that were wet from the spectral
mixture analysis and in agreement with the
sampled wet areas from the Schacter et al. (2021)
hand-digitized maps, divided by the total sampled
areas that were wet from the hand-digitized
maps (this includes areas that were classified as
dry in the spectral mixture analysis) (Story and
Congalton 1986). For the wet class, the user’s
accuracy is the count of sampled areas that were
wet from the spectral mixture analysis and in
agreement with the sampled areas that were wet
from the Schacter et al. (2021) hand-digitized
maps, divided by the total sampled areas that
were classified as wet from the spectral mixture
analysis (this included areas that were dry in the
hand-digitized maps). Error matrices of producer
and user accuracy were created for threshold
values from 0.15 to 0.70 at intervals of 0.05 (see
Figure Al in Appendix A), and we selected 0.40
as the threshold value that maximized producer
vs. user accuracy while remaining conservative
for classifying a pixel as wet. Specifically, we
decreased the likelihood of falsely identifying
wet mud and very shallow, receding water as
wet habitat that would be available for breeding
waterfowl, which prefer wetland water depths

> 15 cm (Colwell and Taft 2000; Isola et al. 2000;
Peterson et al. 2024b).

Mapping Flooded Wetland Area for 38 Years

After the spectral mixture analysis was validated
against the hand-digitized maps of Schacter et al.
(2021) and after we established a threshold value
of 0.40 to use for identification of water within a
30 x 30-m Landsat pixel, we conducted a spectral
mixture analysis twice each year during the
waterfowl breeding season on composite Landsat
imagery over a time-series from 1984 to 2021.

We quantified the flooded wetland area during
waterfowl breeding in Suisun Marsh each year
for two 21-day temporal windows, centered on
May 7 (April 27-May 17; hereafter spring wetland
availability) and on June 27 (June 17-July 7,
hereafter summer wetland availability), by first
making a composite of all existing imagery of
Suisun Marsh taken during those time windows
for each year. Selecting these dates allowed us

to obtain complete satellite coverage of Suisun
Marsh for the greatest number of years with
temporally comparable data. Waterfowl nesting
season in Suisun Marsh typically begins in late
March (McLandress et al. 1996; Ackerman et

al. 2003). From 2010 to 2019, the spring wetland
availability time-frame represented peak nesting
and the start of duckling brooding. During this
time window, 38% of all waterfowl nests were
initiated, and 16% of successful nests hatched.

https://doi.org/1015447/sfews.2025v23iss4art3
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By the end of this window (May 17), 73% of all
nests had been initiated for the season, and

19% of successful nests had hatched. From

2010 to 2019, the summer wetland availability
time-frame (June 17-July 7) represented peak
duckling brooding. During this time window,
20% of all successful nests hatched. By the end

of this time window (July 7), 98% of all nests had
been initiated and 87% of successful nests had
hatched, but most ducklings had not yet fledged
(Ackerman et al. 2015). For both the spring and
summer availabilities of flooded wetlands, we
ran spectral mixture analysis on a composite

of the best available, cloud-free pixels from
Landsat imagery within the 21-day windows. We
created composite Landsat images by taking the
mean pixel values for spectral bands among the
multiple images that existed for a time-period,
and excluding any pixels that were masked out of
an image as a result of cloud cover. For the spring
1994 map, we manually removed the entire image
from May 14, because of cloud-cover interference,
and relied solely on the image from April 28 for
that time-period instead of a composite image. For
the summer maps, images from 1995 (June 18),
2007 (June 19), and 2008 (June 21) were manually
removed because of cloud-cover interference,
and we only used the July 4 (1995), July 5 (2007),
and July 7 (2008) images for those time-periods,
respectively. In all other cases, we used all the
available Landsat images during these time-
periods (n =1 to 2 images) for each year to create
the composite Landsat image for the spectral
mixture analysis. If only one image for a time-
period was available, we used that image.

We defined four spatial extents to calculate
flooded wetland availability (Figure 1). For the
largest spatial extent, we used the California
Department of Water Resources (CDWR) GIS
layer for Suisun Marsh (https:/cdec.water.ca.gov)
to establish an outer boundary, and excluded
land parcels at the edge that were not water

and were not classified as managed wetlands,
permanent water, tidal marsh, or uplands
(Casazza et al. 2021). Second, at a smaller spatial
scale, we established a boundary for Grizzly
Island, using the edge of the adjacent Grizzly Bay,
Honker Bay, and Montezuma Slough to form the
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border; Grizzly Island is the site of several long-
term waterfowl nesting studies, and comprises
approximately 50% of the managed wetlands

in the Suisun Marsh (Schacter et al. 2021). We
then defined two spatial extents by the upland
habitat on Grizzly Island known to be used for
nesting by waterfowl (primary and core extents).
Within Grizzly Island, we first established the
primary extent to represent the largest area of
upland habitats that provide nesting sites and
include many of the units historically managed
by the California Department of Fish and Wildlife
(CDFW) at the Grizzly Island Wildlife Area for
waterfowl nesting (Ackerman 2002) and four
private duck clubs adjacent to the Grizzly Island
Wildlife Area. We buffered those upland habitats
by a distance of 1 km (Figure 1) because the
probability of a brood surviving the move from
the nest in upland habitat to a nearby wetland
dropped to <50% when the nearest flooded
wetland was >1 km from the nest (Peterson

et al. 2024a). Within the primary extent of
upland nesting, we established the core extent

to represent the central and most contiguous
portion of upland habitats that were managed
and monitored for nesting ducks on Grizzly
Island from 2015 to 2019 (Grizzly Island Wildlife
Area, Fields 11N, 13A-0, 14A-P, 15; and the upland
nesting habitat within three private duck clubs
that border the Grizzly Island Wildlife Area’s
Fields 13A-L). We also buffered the core extent of
upland nesting by 1 km. The extent of each buffer
around upland nesting habitat was trimmed to the
boundary of Grizzly Island, such that the polygon
was not allowed to extend into the adjacent slough
or bays (i.e., non-wetland habitat). For all spatial
extents, we identified and excluded bodies of
water that are not typically used by breeding
waterfowl (Casazza et al. 2021; Schacter et al.
2021). Bodies of water excluded from wetland
availability calculations included the bays
adjacent to Grizzly Island (Grizzly Bay, Honker
Bay), tidal mudflats, tidal marsh, tidal lagoons,
and the network of large tidal sloughs throughout
Suisun Marsh (e.g., Montezuma Slough; Figure 1).
We used the BAARI base layer (SFEI-ASC 2017)

to identify, add a 20-m buffer, and remove the
buffered water bodies from every composite
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(B) Grizzly Island
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Figure1 Spatial extents examined for available flooded wetland area in Suisun Marsh (California, USA). (A) Suisun Marsh, with the excluded water
category indicating the permanent water bodies and tidally-influenced sloughs that were removed from all calculations of available wetland area for
breeding waterfowl. Within Suisun Marsh, we quantified wetland area at three smaller spatial scales including (B) Grizzly Island, (C) a buffer of 1 km around
the primary upland nesting habitats for dabbling ducks on Grizzly Island, and (D) a buffer of 1 km around the core upland nesting habitats for dabbling

ducks on Grizzly Island.

image before we calculated the area of available
water for breeding waterfowl (km?).

Once we had the extent of all composite images
that were analyzed using spectral mixture
analysis (for each year and time-period) clipped
to all four spatial extents (defined above), we

examined the percent of missing data (obscured
by clouds) within each composite image. Any
composite image that was missing >5% of the
Landsat pixels was excluded from future analyses.
For composite images that were missing < 5% of
pixels, we applied a correction factor by assuming
the percent of wet pixels in the missing data was

https://doi.org/1015447/sfews.2025v23iss4art3
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proportional to the percent of wet pixels in the
existing data.

Precipitation Over 38 Years

Suisun Marsh has a Mediterranean climate,
where precipitation falls as rain during winter
months and summer months are very dry. We
downloaded precipitation data for water years
from 1984 to 2021 from the California Data
Exchange Center (CDEC, https://cdec.water.ca.gov;
accessed May 6, 2022) from the two closest,
long-term weather stations located in the San
Francisco Estuary hydrological area: Fairfield
(FRF—operated by the National Weather Service;
latitude 38.267° longitude -122.067°) and Napa
(NSH—operated by Napa County; latitude
38.283° longitude -122.267°) weather stations.
Precipitation was assessed for two time-periods:
(1) starting October 1 of the prior year (start of
the annual water year as defined by the state of
California water agencies) and ending April 30
of the current year, before the peak of waterfowl
nesting (hereafter annual precipitation), and

(2) the winter and spring precipitation starting
on January 1 and ending April 30 (hereafter
spring precipitation), which may be the timing
of precipitation more meaningful for nesting
ducks (McLandress et al. 1996). We reviewed
monthly precipitation records for missing

data; we could not calculate annual and spring
precipitation values if a month of data was
missing. Although the Fairfield weather station
was located closer to the center of Suisun Marsh,
24% of years had at least 1 month of precipitation
data missing. The annual precipitation values for
both stations were highly correlated (R? = 0.93,

p <0.001; Fairfield precipitation [cm] = 0.98 *
Napa precipitation [cm] - 3.82), and the spring
precipitation (January 1-April 30) values for both
stations were also highly correlated (R? = 0.91,

p <0.001; Fairfield precipitation [cm] = 0.98 * Napa
precipitation [cm] - 3.26). Thus, we calculated
the average annual and spring precipitation
values using the data from both weather stations
and interpolating any missing data using a
single station’s data. Specifically, for cases when
precipitation values were missing for a month
from the Fairfield weather station, we multiplied
the Napa precipitation value for that month by
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0.98 and subtracted a correction factor (half of
the intercept value from the correlations between
weather stations: 1.91 cm for annual precipitation
and 1.63 cm for spring precipitation).

Delta Outflow and Water Year Type Over 38 Years

To represent the rate of freshwater flowing

out of the Sacramento-San Joaquin River Delta
and past Suisun Marsh and into San Francisco
Bay, we downloaded net daily Delta outflow

for the Sacramento-San Joaquin River Delta
(hereafter Delta outflow) calculations from the
CDWR Dayflow model, estimated at Chipps
Island, from the CDEC2. We used the daily Delta
outflow estimates to calculate median daily
Delta outflow for the period of March 15 to June
15 (hereafter, spring Delta outflow) during our
38-year study period, which is typically the time
of year (after the waterfowl hunting season ends)
when water managers actively move water on
and off flooded wetland units in Suisun Marsh
to leach salts from soils and provide flooded
wetland habitats for breeding waterfowl (2024c
videoconference among S. Chappell, SRCD, J.
Takekawa, SRCD, and SP, unreferenced, see
“Notes”). We also downloaded the water year
classifications for the Sacramento Valley from the
CDEC?. We used the water year classifications for
the Sacramento Valley because the Sacramento
River contributes 75% of the historical average
annual flow from the combined Sacramento and
San Joaquin River basins (Null and Viers 2013).
Water year classifications for the Sacramento
River hydrological basin were defined as (1) wet,
(2) above normal, (3) below normal, (4) dry, or
(5) critical, based on the annual Sacramento
Valley Index for each water year, calculated by
the CDWR (http://cdec.water.ca.gov/cgi-progs/iodir/
WSIHIST).

Temporal Trends for Land Parcels and Regions
Within Suisun Marsh

We examined temporal trends of wetland area
for four spatial extents, 198 individual land
parcels, and seven defined sub-regions within
Suisun Marsh during spring and summer
from 1984 to 2021 (Figure A2). We used the
established land parcel boundaries mapped by

2. https://cdec.water.ca.gov
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the Suisun Resource Conservation District (2024c
in-person conversation between S. Chappell,
SRCD, J. Takekawa, SRCD, and SP, unreferenced,
see “Notes”), and we modified the land parcel
ownership layer to include the main land
management units of CDFW’s Grizzly Island
Wildlife Area (Figure A2A). Sub-regions were
delineated to represent different sections of the
Suisun Marsh (Figure A2B). Following the same
protocol described earlier, we used the BAARI
base layer to exclude tidal mudflats, tidal marsh,
tidal lagoons, and the network of large tidal
sloughs throughout Suisun Marsh from analyses
of available water for breeding waterfowl. We
then used the modified boundaries to determine
the area of available water in the composite
Landsat images for each parcel and region for
each year. As described above, we used a pixel
threshold of 0.4 to identify each pixel as wet (>0.4)
or dry (£0.4). We only examined land parcels
larger than 0.05 km?2. As described above, the
composite image for any land parcel or sub-region
that was missing > 5% of the Landsat pixels was
excluded from future analyses. For composite
images that were missing <5% of pixels, the
percent of wet pixels in the missing data was
assumed to be proportional to the percent of wet
pixels in the existing data.

Statistical Analysis

We quantified the arithmetic mean, standard
deviation (SD), and coefficient of variation (CV)
for wetland area in spring and summer from 1984
to 2021 at each of the four spatial extents, as well
as for 198 land parcels and seven sub-regions.
We used univariate general linear models to
examine linear relationships between flooded
wetland area (spring and summer) at all four
spatial extents and (1) year, (2) precipitation,

and (3) Delta outflow. We also used a one-way
analysis of variance to test whether spring or
summer flooded wetland area at the largest
spatial scale (Suisun Marsh) varied among water-
year hydrological classifications. Additionally,
we examined whether flooded wetland area in
the summer was correlated with flooded wetland
area in the spring. We conducted all statistical
analyses in the program R, version 4.4.0 (R Core
Team 2024).
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RESULTS

Between 1984 and 2021, the two waterfowl
breeding seasons with the greatest amount of
flooded wetland area in the spring (peak nesting;
satellite imagery centered on May 7) at all spatial
extents were 1998 and 2017; both years had
widespread infrastructure failures and flooding
that resulted in the overtopping of levees and
inundation of areas that were not purposefully
flooded. Thus, the water years of 1998 and 2017
and the corresponding flooded wetland areas
quantified in the spring and summer were
considered outliers for water management and
were excluded from statistical analyses. The
flooded wetland area data for all spatial extents,
including 1998 and 2017, can be found in Peterson
et al. (2025).

After removing those 2 years, we observed a
2.1-fold range between the minimum wetland
area observed in the spring of 2004 (37.6 km?)

and the maximum wetland area observed in

the spring of 2006 (77.4 km?; Figure 2; Table 2;
Figures A3 through A5 in Appendix A). During the
summer (peak brood rearing; satellite imagery
centered on June 27), we observed a 2.6-fold range
between the minimum flooded wetland area that
was observed in 1990 (17.7 km?2) and the maximum
wetland area that was observed in 2006 (46.5 km?;
Table 2; Figure 3, Figure 4, Figure 5).

Temporal Trends in Wetland Area

During the waterfowl breeding season, flooded
wetland area increased over time from 1984

to 2021 at most of the four spatial extents. We
estimated that flooded wetland area in Suisun
Marsh during the waterfowl breeding season
increased over the study period (1984 to 2021)
by 42.6% (18.1 km?) in the spring (R? = 0.32,
p=0.002; Figure 6) and by 48.1% (11.1 km?) in
the summer (R? = 0.21, p = 0.008; Figure 7). At
the next, smaller spatial scale, encompassing
Grizzly Island, there was no temporal increase
in wetland area among years in the spring
(R%?=0.07, p = 0.20), but wetland area increased
by 41.0% (5.1 km?) over the 38-year period in the
summer (R% = 0.14, p = 0.035). Flooded wetland
area did not increase between 1984 and 2021
around the primary upland nesting habitat on

https://doi.org/1015447/sfews.2025v23iss4art3
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Figure2 Flooded wetland area in Suisun Marsh during the spring (composite of satellite imagery from April 27 through May 17) and summer (composite
of satellite imagery from June 17 through July 7) for the year with the (A) least amount of flooded wetland area (spring 2004) and (C) the greatest amount
of flooded wetland area (spring 2006) during the 38-year study period from 1984 to 2021. The corresponding flooded wetland area in summer is shown in
panels B (2004) and D (2006). Wetland area was identified using composites of Landsat imagery and spectral mixture analysis in Google Earth Engine
(https.//earthengine.google.com), with a pixel threshold of 0.4 used to categorize water (blue) versus dry land (fan). Any area within Suisun Marsh shown
in white had missing data due to cloud cover. The large bays, tidal sloughs, tidal marsh, and tidal mudflats (light blue gray shading) that are not commonly
used by breeding dabbling ducks were all excluded from calculations of flooded wetland area for breeding waterfowl. Light gray lines indicate land parcel

boundaries.
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Table2 Flooded wetland area during spring (composite of satellite imagery from April 27 through May 17) and summer (composite of satellite imagery
from June 17 through July 7) at four spatial extents in Suisun Marsh over a 38-year period (1984 to 2021). Values are mean + standard deviation (SD), range,
and coefficient of variation (CV) expressed as a percent. The water years of 1998 and 2017, which were excluded from statistical analyses, are excluded
from mean and CV calculations but are included in the ranges. The spatial extents for the two Grizzly Island nesting areas include a 1-km buffer around the

regions identified as either the primary upland nesting habitat or the core upland nesting habitat in Figure 1.

Spring water Spring water Spring Summer water Summer water Summer
Spatial extent availability (km?) range (km?) water CV availability (km?) range (km?) water CV
Suisun Marsh 512 £ 9.8 37.6-88.6 19.2 289 £ 6.9 17.7-575 239
Grizzly Island 293 £ 50 19.9-49.5 17.2 15.3 £ 4.0 6.8-30.0 26.3
Grizzly Island primary nesting habitat 85+ 16 5.4-18.8 18.7 50 £ 11 2.8-9.5 216
Grizzly Island core nesting habitat 42 +09 2.3-86 21.8 24+ 06 1.3-4.2 25.2

Grizzly Island during either spring (R?=0.12, p =
0.08) or summer (R? = 0.02, p = 0.45). However,

at the smallest spatial scale, the average flooded
wetland area around the core upland habitat on
Grizzly Island increased by 47.0% (1.6 km?) in the
spring (R%=0.28, p = 0.004) and 34.4% (0.7 km?) in

the summer (R? = 0.12, p = 0.05) from 1984 to 2021.

During the spring, 24.2% of the 198 individual
land parcels (n = 48) increased in flooded wetland
area over time, 70.2% (n = 139) did not have a
detectable trend over time, and 5.6% (n = 11)
decreased over time (Figure 8). During the
summer, 15.2% of land parcels (n = 30) increased
in flooded wetland area over time, 79.3% (n = 157)
did not have a detectable trend over time, and
5.6% of parcels (n = 11) decreased over time
(Figure 8). Of the parcels where flooded wetland
area increased over the years in the spring,

50.0% also increased in summer, whereas the
remaining parcels showed no detectable trend

in the summer. Of the parcels where flooded
wetland area decreased over the years in spring,
36.4% also decreased in summer, whereas the
rest showed no detectable trend in summer. Of
the seven identified regions within Suisun Marsh
(Figure A2B), flooded wetland area in spring
increased over time in zones 2, 4, and 5 (R? >0.15,
p £0.039) but did not change over time for regions
1, 3, 6, and 7 (RZ <0.09, p 20.12). During the
summer, flooded wetland area increased over
time in regions 3, 4, 5, and 6 (R? >0.12, p <0.05)

11

but did not change over time for regions 1, 2, and
7 (R? <0.06, p >0.18).

Correlations Between Spring and Summer Wetland Area
Flooded wetland availability for breeding
waterfowl was positively correlated between
spring and summer of the same year, although
stronger intra-year correlations were observed

at the three smaller spatial extents (R? >0.55,

p <0.001) than at the larger extent of Suisun
Marsh (R% =0.42, p <0.001), where summer-flooded
wetland area increased 0.41 km? for every 1 km?
increase in spring-flooded wetland area. The area
of flooded wetlands in summer was positively
correlated with flooded wetland area in the spring
on Grizzly Island (R? = 0.75, p <0.001), around the
primary upland nesting area on Grizzly Island
(RZ=10.55, p <0.001), and around the core upland
nesting area on Grizzly Island (R? = 0.56, p <0.001).

Consistency of Wetlands on Individual Land Parcels

We examined the percent of land parcels that
held different minimum amounts of water

by establishing two different thresholds, and
examined the consistency of each area threshold.
Based on a threshold of >0.01 km? of flooded
wetland area (1 hectare; 2.5 acres) per parcel, 43%
of land parcels in the spring were flooded >90% of
years, whereas 82% of land parcels were flooded
>50% of years (Figure 8). During the summer, 28%
of land parcels were flooded with >0.01 km? of
wetland area >90% of years, whereas 62% of land

https://doi.org/1015447/sfews.2025v23iss4art3
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Figure 3 Maps of flooded wetland area (shown in blue) in the summer (composite of satellite imagery from June 17 through July 7) of each year from 1984
to 1997 (Suisun Marsh). Maps for 1987 and 1991 are not shown because a composite image could not be generated due to cloud cover interference during
those years. The composite image for 1985 was excluded from statistical analyses due to > 5% missing data (indicated as white within Suisun Marsh) but is
shown here for reference. Annual maps for the spring time frame are available in Appendix A, Figures A3 through A5.
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Figure 4 Maps of flooded wetland area (shown in blue) in the summer (composite of satellite imagery from June 17 through July 7) of each year from 1998
to 2009 (Suisun Marsh).
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Figure 5 Maps of flooded wetland area (shown in blue) in the summer (composite of satellite imagery from June 17 through July 7) of each year from 2010
to 2021 (Suisun Marsh). The composite image for 2018 was excluded from statistical analyses due to >5% missing data (indicated as white within Suisun
Marsh) but is shown here for reference.
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Figure 6 Flooded wetland area in the spring (composite of satellite imagery from April 27 through May 17) over time at four spatial extents in Suisun
Marsh: (A) Suisun Marsh, (B) Grizzly Island, (C) the primary upland nesting habitat on Grizzly Island with a 1-km buffer, and (D) the core upland nesting
habitat on Grizzly Island with a 1-km buffer. Solid regression lines with the 95% confidence limits are drawn for the significant linear temporal trends and
dashed lines are shown for the non-significant linear temporal trends. Note that the y-axis scale differs for all spatial extents. The years 1998 and 2017
(shown as white circles) were excluded from statistical analyses due to levee failures and widespread unintentional flooding.
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Figure7 Flooded wetland area in the summer (composite of satellite imagery from June 17 through July 7) over time at four spatial extents in Suisun
Marsh: (A) Suisun Marsh, (B) Grizzly Island, (C) the primary upland nesting habitat on Grizzly Island with a 1-km buffer, and (D) the core upland nesting
habitat on Grizzly Island with a 1-km buffer. Solid regression lines with the 95% confidence limits are drawn for the significant temporal trends and dashed
lines are shown for the non-significant temporal trends. Note that the y-axis scale differs for all spatial extents. The years 1998 and 2017 (shown as white
circles) were excluded from statistical analyses due to levee failures and widespread unintentional flooding.
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Figure 8 Temporal trends in
spring and summer flooded wetland
area examined for 198 private and
public land parcels during (A) spring
(composite of satellite imagery

from April 27 through May 17) and
(B) summer (composite of satellite
imagery from June 17-July 7) over

a 38-year period from 1984 to 2021

in Suisun Marsh, California, USA.
Significant trends were identified

(p <0.05) from linear regressions
done on each individual land parcel.
The coefficient of variation (CV) of
water availability during (C) spring
and (D) summer calculated for each
of the land parcels. The percentage
of land parcels over the study period
with >1ha (0.01 km?) of water during
(E) spring and (F) summer. The
percentage of land parcels over the
study period with =10 ha (0.1 km?)
of water during (G) spring and (H)
summer. Land parcels <10 ha in
size are shown in black in panels G
and H.
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parcels were flooded >50% of years (Figure 8).
Based on a threshold of 0.1 km? of wetland area
(10 hectares; 25 acres), 16% of land parcels in

the spring were flooded >90% of years, whereas
48% of land parcels were flooded >50% of years
(Figure 8). During the summer, 8% of land parcels
were flooded with >0.1 km? of wetland area
>90% of years, whereas 28% of land parcels were
flooded >50% of years (Figure 8).

Precipitation

Over the 38-year period, annual precipitation
(October 1-April 30), including the water years

of 1998 and 2017, ranged from 24.8 to 109.7 cm
(58.1 £ 21.0 cm; mean + SD), with a CV of 36.2.
The two driest water years were 2020 and 2021,
each with <28 cm of rain (48% of the mean annual
precipitation). During the three wettest years
(water years 1998, 2006, and 2017), >95 cm of rain
occurred (164% of the mean). Spring precipitation
(January 1-April 30), including 1998 and 2017,
ranged from 8.1 to 82.2 cm (35.6 + 17.7 cm), with

a CV of 49.8. There was no detectable temporal
trend in the annual or spring precipitation over
the 38-year period (annual: R? <0.01, p = 0.86;
spring: R? <0.01, p = 0.88; Figure A6).

The increase in wetland area over time during
the spring did not appear to be caused by the
amount of annual precipitation nor spring
precipitation. Flooded wetland area in the spring,
excluding water years 1998 and 2017, was not
correlated with annual precipitation at any of the
four spatial extents (R? <0.10, p >0.12), despite a
more than 4-fold range in annual precipitation
between the minimum (24.8 cm) and maximum
(103.7 cm) precipitation recorded during the
38-year study period (Figure A7). Similarly,
flooded wetland area in the spring was not related
to spring precipitation at any of the four spatial
extents (R? <0.07, p 20.18). In contrast, flooded
wetland area in the summer had a weak positive
correlation with the annual precipitation for the
largest spatial extents, Suisun Marsh (R? = 0.20,
p=0.01) and Grizzly Island (R% = 0.16, p = 0.02),
but not at the two smaller spatial extents around
the upland nesting fields on Grizzly Island
(R%<0.03, p >0.31; Figure 9). Similarly, the flooded
wetland area in the summer had a weak positive
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correlation with the spring precipitation for the
largest spatial extents, Suisun Marsh (R? = 0.20,
p=0.01) and Grizzly Island (R? = 0.17, p = 0.02), but
not at the two smaller spatial extents around the
nesting fields on Grizzly Island (R% <0.03, p >0.32).

Delta Outflow

Over the 38-year study period, annual median
daily Delta outflow between March 15 and June
15 ranged from 4.3 to 98.1 kcfs (23.9 + 26.0 kcfs;
mean * SD). There was no detectable temporal
trend in the median spring Delta outflow over
the 38-year period (R? = 0.04, p = 0.25; Figure A8).
Although neither precipitation nor Delta outflow
had any temporal trends from 1984 to 2021,
spring Delta outflow was strongly and positively
correlated with annual precipitation at the
Fairfield and Napa weather stations (R? = 0.71,

p <0.001), including water years 1998 and 2017.
Flooded wetland area in the spring for the
entirety of Suisun Marsh increased with spring
Delta outflow (R% = 0.27, p = 0.007; Figure 10),
although wetland area within the smaller spatial
extents was not correlated with Delta outflows
(R% < 0.04, p > 0.35). Flooded wetland area
during the summer was positively correlated
with spring Delta outflow at the scale of Suisun
Marsh (R%=0.42, p < 0.001; Figure 10) as well as
Grizzly Island (R? = 0.29, p = 0.001), although there
were no correlations between wetland area and
Delta outflow at the smaller two spatial extents
(R? < 0.03, p >0.34). Overall flooded wetland area
in Suisun Marsh did not differ among water
year hydrological classifications during either
the spring (F4)21 =0.74, p=0.57) or summer

(F4)21 =1.09, =0.38; Figure 11).
DISCUSSION

In California, where more than 91% of the
original wetland area has been lost, Suisun Marsh
continues to provide critical wetland habitat

for a variety of species, including waterbirds,
mammals, and reptiles (Smith and Kelt 2019;
Agha et al. 2020; Peterson et al. 2021; Schacter

et al. 2021). In Suisun Marsh, we showed that

the flooded wetland area available for breeding
waterfowl has increased 43% in the spring (during
peak nesting) and 48% in the summer (during
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Figure 9 Flooded wetland area in summer (composite of satellite imagery from June 17 through July 7) in relation to annual precipitation (October 1
through April 30) at multiple spatial extents in Suisun Marsh: (A) Suisun Marsh, (B) Grizzly Island, (C) the primary upland nesting habitat on Grizzly Island
with a 1-km buffer, and (D) the core upland nesting habitat on Grizzly Island with a 1-km buffer. Dashed regression lines with the 95% confidence limits
are shown for the non-significant temporal trends. Water years 1998 and 2017 (shown as white circles) were excluded from statistical analyses due to

widespread levee failures and unintentional flooding.
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Figure 10  Flooded wetland area in Suisun Marsh in the (A) spring (composite of satellite imagery from April 27-May 17) and (B) summer (composite of
satellite imagery from June 17-July 7) in relation to median daily Sacramento-San Joaquin River Delta outflow (kcfs: 1000 cubic feet of water per second)
between March 15 and June 15. Water years 1998 and 2017 (shown as white circles) were excluded from statistical analyses due to widespread levee failures
and unintentional flooding that was not due to wetland management activities. Delta outflow is color coded by the hydrological category (water year type)
for the associated water year assigned to the Sacramento Valley by the California Department of Water Resources.
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Figure 11 Flooded wetland area in Suisun Marsh during the (A) spring (composite of satellite imagery from April 27-May 17) and (B) summer (composite

of satellite imagery from June 17-July 7) did not differ among hydrological categories (water year type) for the associated water year assigned to the
Sacramento Valley by the California Department of Water Resources. Data are shown using boxplots, with the box delineating the interquartile range,
the horizontal line showing the median value, and whiskers representing the full range of data. Water years 1998 and 2017 (shown as white circles) were
excluded from statistical analyses due to widespread levee failures and unintentional flooding that was not due to wetland management activities.



peak duckling brood rearing) over the 38-year
period from 1984 to 2021; however, flooded
wetland area varied among years, with a 2.1-fold
and 2.6-fold range during the spring and summer,
respectively. Upland habitats, particularly
within the Grizzly Island Wildlife Area, contain
high nesting densities of dabbling duck hens
(McLandress et al. 1996; Ackerman et al. 2014)
that move from their nests in upland habitat to
adjacent wetlands once the eggs hatch (Mauser
et al. 1994; Chouinard and Arnold 2007; Casazza
et al. 2020; Casazza et al. 2021). Flooded wetland
area increased by 47% in spring and 34% in
summer around the core upland nesting habitat
on and immediately adjacent to the Grizzly Island
Wildlife Area, although the flooded wetland area
at this spatial scale varied up to 2.6-fold (spring)
and 2.9-fold (summer) among years. Despite the
overall increase in the average flooded wetland
area over this 38-year period at multiple spatial
scales, the among-year variability in flooded
wetland area demonstrated a lack of consistency
in how much flooded wetland habitat existed

for breeding waterfowl each year. Of note, semi-
permanent wetlands that remain flooded until

at least late summer are particularly important
during brood rearing (Dzus and Clark 1997; Krapu
et al. 2006) but our analysis did not distinguish
between permanent, semi-permanent, and
seasonal wetland types. Thus, it is unknown
whether the increase in wetland area was similar
among wetland types.

The increase in flooded wetland area in

Suisun Marsh during the spring and summer
waterfowl breeding season corresponded to

a period of infrastructure upgrades designed

to improve the movement of water as well as
wetland incentive programs that encouraged
private landowners to keep wetlands flooded
for longer into the waterfowl breeding season.
Infrastructure improvements by the Suisun
Resource Conservation District and landowners
have improved managers’ ability to take
advantage of lower-salinity water, when available,
to leach salts from wetland soils in the spring
and then reflood wetlands to hold water during
the summer for ducklings. Semi-permanent
wetlands that hold water through August 1 are
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particularly important during the brood rearing
period, and were selected by dabbling ducklings,
whereas permanent bodies of water were

avoided by dabbling ducklings. (Peterson et al.
forthcoming). Although water in Suisun Marsh

is consistently available to landowners through

a network of brackish sloughs, the feasibility of
accessing water to drain and irrigate wetlands
can be constrained by (1) salinity requirements
at certain times of year, (2) the gravity flow of
water, and (3) water height in sloughs that can be
influenced by tidal flow, Delta outflow, wind, and
interactions among these environmental factors.
The median daily Delta outflow in the spring was
strongly correlated with annual precipitation at
the Fairfield and Napa weather stations. Although
excess precipitation or the net outflow of water
from the Sacramento-San Joaquin River Delta
may affect the ability of landowners to access
water for managed wetlands, precipitation and
Delta outflows did not increase over the same
38-year period, and instead either demonstrated
no temporal trend or may have even decreased
(Hutton et al. 2017a; Figures A6 and A8). Thus,
although precipitation and Delta outflow may
affect the ability to drain or re-flood managed
wetlands, it is unlikely that precipitation or Delta
outflows were primarily responsible for the
increase in flooded wetland area in Suisun Marsh
over time.

Although the net outflow of freshwater from
the Sacramento-San Joaquin River Delta did
not increase over time, Delta outflows in the
spring varied among years (Hutton et al. 2017a;
Figure A8). We observed positive correlations
between flooded wetland area in Suisun Marsh
and Delta outflows, although only at the largest
spatial extents and not at the two smallest
spatial extents (for flooded wetlands within a
1-km buffer of the primary and core upland
nesting habitat on Grizzly Island). The location
of the X2 zone (the location where the bottom
salinity is 2 ppt) within the San Francisco
Estuary differs among water year classifications
(e.g., wet, dry, critical), with the X2 zone often
located farthest downstream during wet water
year classifications, and farthest upstream in
critical water year classifications (Hutton et al.
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2016, 2017b). During wetter years and periods of
time with more freshwater flowing through the
upper San Francisco Estuary (higher daily Delta
outflow) salinity concentrations can decrease

in Suisun Marsh (Beakes et al. 2021), which may
make it easier for wetland management practices
that retain flooded wetlands through the spring
and summer waterfowl breeding season. In
contrast, salinity concentrations during the
spring in the San Francisco Estuary typically
increase with decreasing Delta outflow (Hutton et
al. 2017b). Consequently, if salinity concentrations
start trending higher in Suisun Marsh and lower-
salinity water is not easily accessible for wetland
managers to re-flood wetlands, landowners may
decide not to hold water for as long a period of
time in winter-flooded wetlands or not to re-flood
wetlands after their spring leach cycles have been
completed. Notably, the overall flooded wetland
area in Suisun Marsh did not differ between

the wettest (wet) and driest (critical) water year
classifications (Figure 11), as determined by the
CDWR, corroborating prior research that also

did not detect any relationships between water in
Suisun Marsh and drought conditions (Reiter et
al. 2015), and providing additional evidence that
intentional management decisions determine the
amount of flooded wetland habitats in Suisun
Marsh during the critical spring and summer
waterfowl breeding season.

Water-management actions taken in the spring
after the end of the winter waterfowl hunting
season can affect the availability of flooded
wetlands later in the waterfowl breeding season.
Although the flooded wetland area during the
spring was unrelated to annual precipitation,
flooded wetland area at the scale of Suisun Marsh
was weakly correlated with spring Delta outflows.
In contrast, during the summer, there was a
positive relationship between flooded wetland
area and annual precipitation at some scales, and
there was a moderate relationship with spring
Delta outflows. It is possible that more fall- and
winter-flooded seasonal wetlands retain water
for longer into the waterfowl breeding season
during years with more precipitation or higher
spring Delta outflows, because increased flows
can provide conditions that improve managers’
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access to water in the late winter and early
spring for multiple wetland soil leach cycles.
During this 38-year study period, there was a
more than 4-fold range in the annual minimum
(25 cm) and maximum (104 cm) precipitation
observed, which could have contributed to

some wetlands taking longer to dry out in the
spring after leached wetlands were reflooded

or land managers actively choosing to reflood
some wetlands and hold water for longer during
years with more precipitation or higher Delta
outflows. However, none of the relationships
between flooded wetland area and environmental
conditions were particularly strong, and were
mostly present only at the largest spatial

scale of Suisun Marsh. This underscores the
complexities of managing wetlands in a brackish
marsh, where the soil leach cycles that occur
after the end of the annual waterfowl hunting
season are critical to reduce the salt load in
sediments, and the subsequent reflooding of
wetlands must balance interacting environmental
conditions and infrastructure constraints that
influence the ability to access water, competing
ecological needs of the wetlands (e.g., moist soil
management for vegetation vs. retaining winter-
flooded wetlands into the summer for breeding
waterfowl), and maintenance requirements of the
wetlands and surrounding levees. Importantly,
at the two spatial scales that are likely the most
critical for nesting and rearing ducklings (near
to the managed upland nesting fields), we did
not observe any relationships between flooded
wetland area and Delta outflow. Thus, at those
spatial scales, local management decisions

to reflood and keep wetlands flooded during

the waterfowl breeding season drove wetland
availability.

Despite an overall increase in flooded wetland
area over the 38-year study period, the land
parcels where those increases occurred (24% of
land parcels in spring and 15% in summer) were
not evenly distributed throughout Suisun Marsh,
suggesting that changes in the management of
wetlands throughout the marsh had a spatial
component and may have differed among public
and private land parcels. During the summer,
23% of the parcels that increased in flooded



area were in the northwest region of the marsh
(region 2) and 37% were located in the central
marsh (region 6; Figure A2B). In contrast, 55%

of the land parcels that decreased in flooded
wetland area during the summer occurred in

the southern portion (region 7), including five
management units within the Grizzly Island
Wildlife Area, and a publicly managed parcel in
region 5 which was originally intended to serve as
a brood pond for waterfowl that nest in the core
upland habitat on the Grizzly Island Wildlife Area
(Unit 14 brood pond; Figure A9). Within 1 km of
the primary upland nesting habitat on Grizzly
Island, flooded wetland area in the summer
increased on only two public land parcels (one
was a land acquisition by the CDFW in 2018) and
decreased on eight public land parcels, which
could negatively affect brood-rearing waterfowl
by causing ducklings to travel farther from

their nest to reach wetlands and decrease the
likelihood of ducklings surviving that initial
movement to flooded wetland habitat (Peterson et
al. 2024a). In contrast, flooded wetland area in the
summer increased on seven private land parcels
and did not decrease on any private land parcels,
suggesting that there may have been different
management strategies applied over time to the
public vs. private land parcels. Only regions 4 and
5 within Suisun Marsh (Figure A2B) increased in
flooded wetland area during both the spring and
summer. Region 5 contains the primary upland
nesting habitat available in Suisun Marsh, for
both public and private land.

Our methods to quantify flooded wetland area
over 4 decades have applicability for other
historical imagery of wetland habitats with
similar vegetation structure. Suisun Marsh
wetland habitats differ from many wetlands in
the California Central Valley, where spectral
mixture analyses using Google Earth Engine
algorithms were previously applied, and surface
water was identified using a Landsat imagery
pixel threshold of 0.15 (Donnelly et al. 2022) or
a different analytical technique was used and

a Landsat imagery pixel threshold of 0.27 was
applied (Reiter et al. 2015), compared to our use
of a threshold of 0.40. Our validation procedure
used previously identified wetlands based on
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finer-resolution spectral imagery and ground-
truthing of wetland boundaries (Schacter et al.
2021). Although we were only able to conduct this
validation for imagery from Landsat 8 (2013-2021)
and not for Landsat 5 (1984-2011) or Landsat 7
(2012), we did not observe a substantive change
in flooded wetland area concurrent with a switch
in satellites. From this validation procedure, we
selected 0.40 as the pixel threshold to identify
wetlands available for breeding waterfowl,
which we felt was more conservative because
waterfowl prefer wetland water depths >15 cm
(Colwell and Taft 2000; Isola et al. 2000; Peterson
et al. 2024b). Our more conservative selection

of the pixel threshold reduced the likelihood of
falsely identifying wet mud and very shallow
receding water as available wetland habitat for
breeding waterfowl. If the target bird guild were
shorebirds, which prefer shallower water (often
<10 cm; Dybala et al. 2017; Peterson et al. 2024b),
using a lower pixel threshold would be more
appropriate (Donnelly et al. 2022).

Breeding waterfowl rely on flooded wetlands
during the spring and summer, and decreased
availability of wetlands during the breeding
season can reduce nesting effort and brood
survival (Cowardin et al. 1985; Rotella and

Ratti 1992; Hoekman et al. 2004; Garrick et

al. 2017). Wetland habitats may be managed

to prioritize production of food resources for
migrating and wintering waterfowl, which may
not be effective at providing flooded wetland
habitat and food resources for waterfowl hens
and ducklings during the breeding season.
Elsewhere, particularly in the prairie pothole
region, waterfowl nesting effort and population
recruitment were positively correlated with
spring wetland availability at large spatial scales
(Cowardin et al. 1985; Johnson and Grier 1988).
In California, mallard and gadwall breeding
populations have declined (Ackerman et al.
2014; Brady and Weaver 2022, 2023), and the
relationship between waterfowl reproduction
and flooded wetland availability in California is
unknown. Furthermore, the relationship between
waterfowl reproduction and flooded wetland
availability at smaller spatial scales may differ
from patterns observed at larger geographic
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extents (Austin 2002). From 1984 to 2021, the
flooded wetland area during peak brood rearing
(summer) varied 2.6-fold among years in Suisun
Marsh as a whole, and varied 2.9-fold among
years for areas within 1 km of the core upland
nesting habitat on Grizzly Island Wildlife Area.
The lack of consistent flooded wetland habitat
among years, at the time of year most important
for brood rearing, could contribute to variable
duckling survival rates among years (Peterson et
al. 2024a) and less consistent levels of population
recruitment. Changes in water-management
strategies and prioritizing spring and summer
waterfowl brood-rearing habitat could result

in more consistent conditions among years.
Water quality (e.g., salinity concentrations) and
proximity to upland nesting habitats are also
critical components in how beneficial wetlands
are to breeding waterfowl. In Suisun Marsh,
salinity concentrations vary among land parcels
(Schacter et al. 2021), and some wetlands had
salinity concentrations that could adversely affect
ducklings (Krista et al. 1961; Schmidt-Nielsen and
Kim 1964; Barnes and Nudds 1991; Moorman et
al. 1991). Additionally, duckling survival can be
negatively affected by the distance that waterfowl
broods must travel between upland nesting
habitat and nearby wetlands (Ball et al. 1975;

Chouinard and Arnold 2007; Peterson et al. 2024a).

Thus, understanding spring and summer wetland
availability to breeding waterfowl and wetland
proximity to potential upland nesting vegetation
is important, and may improve the ability of
resource managers to make informed decisions.
Leveraging this 38-year dataset to examine
specific links between wetland availability and
waterfowl reproduction may be used to inform
future habitat management and conservation of
breeding waterfowl populations.
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