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Abstract

Northern pintail Anas acuta (hereafter pintail) populations have declined substantially throughout the western United
States since the 1970s, largely as a result of converting wetlands to cropland. Managed wetlands have been developed
throughout the San Francisco Bay estuaries to provide wildlife habitat, particularly for waterfowl. Many of these areas
were historically tidal baylands, and plans are underway to remove dikes and restore tidal action. The relationship
between tidal baylands and waterfowl populations is poorly understood. Our objective was to provide information on
selection and avoidance of managed and tidal marshland by pintails. During 1991–1993 and 1998–2000, we
radiomarked and relocated 330 female pintails (relocations, n = 11,574) at Suisun Marsh, California, the largest brackish
water estuary within San Francisco Bay, to estimate resource selection functions during the nonbreeding months
(winter). Using a distance-based modeling approach, we calculated selection functions for different ecological
communities (e.g., tidal baylands) and investigated variation explained by time of day (day or night hours) to account
for differences in pintail behavior (i.e., foraging vs. roosting). We found strong evidence for selection of managed
wetlands. Pintails also avoided tidal marshes and bays and channels. We did not detect differences in selection
function between day and night hours for managed wetlands, but the degree of avoidance of other habitats varied by
time of day. We also found that areas subjected to tidal action did not influence the selection of immediately adjacent
managed wetlands. In areas where tidal marsh is restored, improving habitat conditions in adjacent wetlands would
likely increase local carrying capacities and offset the loss of wetland area.
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Introduction

Northern pintail Anas acuta (hereafter pintail; Figure 1)
populations have experienced substantial continental
declines over the past four decades, especially in the
western United States (Sauer et al. 2011). California now
contains approximately 6% of the original wetlands that
occurred in the early 1900s (Gilmer et al. 1982). It is
thought that the loss of North American wetlands has
contributed substantially to fewer wintering dabbling
ducks, in particular pintails. In California, a majority of

wetlands were converted to cropland or drained and
filled for urbanization. To help restore substantial loss of
wetland ecosystems across California, managed wetlands
have been developed and protected from agricultural
and urban development within the San Francisco Bay
region.

Historically, pintails were the most common dabbling
duck to winter in the San Francisco Bay region (Casazza
and Miller 2000). This bay comprised a relatively large
estuarine ecosystem that comprised three major eco-
logical communities: 1) diked baylands that include
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managed and unmanaged wetlands, 2) tidal baylands
that include low- and high-elevation tidal marshes and
tidal flats, and 3) shallow and deep bays and channels.
Human activities have substantially altered the San
Francisco estuarine ecosystems since the early 1800s
(Goals Project 1999). In particular, tidal marshes have
decreased by 78.9% over the past two centuries (Goals
Project 1999), largely caused by development of levees
intended to provide for agricultural activities and for the
production of commercial salt. In recent years, diked
agricultural areas have been converted to managed
wetlands in an effort to increase plant and animal
biodiversity, and specifically to provide habitat for
wintering waterfowl. The primary goal of managing
wetlands is to create a heterogeneous environment
comprised of vegetation communities that offer habitat
to a wide variety of waterfowl and other species.
Managed wetlands are a result of active land manipu-
lation, primarily through dynamic water management
and periodic soil and vegetation disturbances. For
example, management actions include disking and
mowing vegetation and, most importantly, controlling
the water delivery to wetlands by using an extensive
network of external and internal levees. These managed
wetlands currently occupy approximately 71% of areas
that were historically tidal marshlands (,19,000 ha)
within the San Francisco estuary.

Despite the establishment and management of these
wetlands, pintail populations have experienced a dispro-
portionate decline in abundance within the San Fran-
cisco Bay region compared with range-wide trends
(Casazza and Miller 2000). In particular, peak pintail
counts within the Suisun Marsh, California, the largest
brackish water estuarine ecosystem in the western
United States, declined as much as 90% over the past
four decades (Casazza and Miller 2000). Pintails are
known to use a variety of vegetation types within Suisun
Marsh, including areas dominated by swamp timothy
Crypsis schoenoides (Fleskes et al. 2005) and brass
buttons Cotula coronopifolia (Casazza et al. in press).
Pintails also use open shallow permanent pools during

daylight (Fleskes et al. 2005; Casazza et al. 2012). Suisun
Marsh serves as an important wintering area for pintail
populations and a variety of other waterfowl and
shorebirds. This marshland is particularly important as a
foraging site for pintails that have arrived in the Central
Valley from the fall migration before postharvesting
treatments and flooding of agricultural ricelands.

Recent plans to convert managed wetlands in the San
Francisco Estuary back to tidal marshland are underway
(Goals Project 1999). Research needs included 1)
estimating habitat selection and use by waterfowl of
managed wetlands versus tidal marshlands and 2)
providing information on whether tidal marshlands
affects the selection of nearby managed wetlands. The
latter information need has implications on developing
habitat buffer zones in relation to managed wetlands to
promote waterfowl use (Goals Project 1999). In response
to these described needs, the primary objective of this
study was to calculate resource selection functions (RSFs)
of managed baylands, tidal baylands, and bays and
channels for pintails within Suisun Marsh. In this study,
the RSF is proportional to the probability of use by
pintails as defined in Manly et al. (2002). We also
investigated differences in RSFs based on pintail diel
patterns (e.g., day vs. night) to evaluate the hypothesis
that pintails select tidal marshes during times of roosting
behavior (daylight). We considered night locations as
foraging areas based on reports of pintails feeding
primarily at night (Miller 1985; Euliss and Harris 1987;
Palomares and Delibes 1992). We used a distance-based
modeling approach (Conner et al. 2003) to evaluate
selection of areas near tidal marshland within managed
wetlands (i.e., edges). Although a recent study investi-
gated the selection of specific vegetation communities
within managed baylands at Suisun Marsh (Casazza et al.
2012), it did not include information about selection or
avoidance of tidal marshlands. An understanding of
relationships between pintails and tidal marshlands is
needed. These results are important to make better
informed conservation planning decisions related to

Figure 1. Northern pintail Anas acuta in flight (A) and in a managed marsh habitat (B). Photos by Robert Mclandress.
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Suisun Marsh and perhaps other areas where tidal action
restoration is planned.

Study Site

This study was located at Suisun Marsh (Universal
Transverse Mercator; meters] E 569978–603426, N
4205536–4233586; Zone 10N; NAD 1983) within the
San Francisco Bay of California (Figure 2). Within the San
Francisco Estuary, the Suisun subregion consists of the
Contra Costa Shoreline, Suisun Marsh East, and Suisun
Marsh West as defined in the Goals Project (1999). This
subregion makes up the largest contiguous brackish
estuarine marsh on the West Coast. The marsh has a
steady supply of fresh and salt water, and salinity varies
annually and seasonally (Rollins 1981). The relatively high
salinity levels generally resulted in land unsuitable for
agriculture. Suisun consists of several state wildlife areas,
the largest of which is Grizzly Island Wildlife Area,
encompassing approximately 40.5 km2.

The most common ecological community within the
marsh is diked baylands; these baylands encompasses
approximately 19.3 km2. Diked baylands are areas that
were once subjected to tidal action, and during the mid-
1800s these areas were isolated from tidal action by
constructing levees along marshland margins where they
interfaced with tidal channels. Nearly all of the diked
baylands at Suisun Marsh are actively managed wetlands

for a diversity of plants and wildlife, particularly those
that provide food and cover for wintering waterfowl
populations. Water manipulation by private and public
landowners by using an extensive network of levees is
the most common practice within those managed
wetlands. Other practices within managed wetlands
include mowing, burning, flooding, and disking, all of
which are aimed at increasing vegetation heterogeneity
and supporting wildlife diversity. Diked baylands include
approximately 150 private duck hunting clubs and are
characterized by a mixture of perennial and seasonal
open ponds, rooted emergent vegetation, and shallow
submergent mud with a variety of vegetation types,
including alkali bulrush Bolboschoenus maritimus, brass
buttons, fat hen Chenopodium album, and sago pond-
weed Stuckenia pectinata (Casazza et al. 2012). The
remaining diked wetlands are not managed, but they
consist of similar dominant vegetation communities and
are usually thought to produce less food for waterfowl.

The marsh also consists of approximately 6.1 km2 of
tidal baylands. The most common type of tidal baylands
is tidal marsh, vegetated wetland that is often subjected
to tidal action. In our study area, tidal marshes consist of
brackish waters because of the relatively high freshwater
influence and thus less salinity than other areas of the
San Francisco Bay. These brackish areas are often
dominated by cattail Typha spp., Olney’s bulrush Scirpus
olneyi, and alkali bulrush at lower elevations; common

Figure 2. Map of northern pintail Anas acuta telemetry locations during day and night hours within each ecological community at
the Suisun Marsh, California, study site during 1991–1993 and 1998–2000.
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silverweed Potentilla anserina, saltgrass Distichlis spicata,
and bulrush at middle elevations; and common pickle-
weed Salicornia pacifica, hairy gumweed Grindelia
hirsutula, brass buttons, and alkali seaheath Frankenia
salina at high elevations. Suisun marsh also consists of
muted tidal marshes, a type of marsh that receive less
than full tidal action. Although we did not measure plant
diversity, we observed fewer species of vegetation in
muted marshes. Less common at the study area are tidal
flats characterized by mudflats, sandflats, and shellflats
that occur between mean tide level and elevation at the
lowest tide. However, vegetation grows within the
intertidal zone at Suisun Marsh because of increased
amounts of fresh water (Grossinger 1995), minimizing
the formation of tidal flats.

Bays and channels represent 13.5 km2 of Suisun Marsh.
These areas consist of deep water (.5.6 m below mean
lower low water [MLLW]) and shallow water (between
5.6 m below MLLW and at MLLW). Other areas consist of
nonflooded agricultural baylands and grasslands, vernal
pools, and storage ponds. We did not include those
other areas in the analyses because those areas are rare,
nonflooded, and not related to the objectives of this
study.

The managed wetlands consist of .150 duck hunting
clubs, and nearly all managed wetlands are hunted.
Pressure from hunting varies substantially within man-
aged wetlands, primarily because of variation in habitat
quality and hunter access. Although wildlife managers
carry out actions that improve habitat conditions within
managed wetlands to attract pintails and other water-
fowl, to our knowledge baiting does not occur on
managed wetlands.

Methods

Field procedures
We captured and radiomarked 330 female pintails in

total (Table 1) during late August and mid-September
1990–1992 (n = 215) and 1998–2000 (n = 115), before
the opening of duck hunting season. Field procedures
during the later period (1998–2000) were similar to those
during the earlier period (1990–1992) as described in
Casazza et al. (2012). Pintails were captured using grain-
baited swim-in funnel traps and rice Oryza sativa-baited
or unbaited rocket nets (Schemnitz 1994). Captured
pintails were equipped with 18-g VHF backpack style
(Dwyer 1972) radiotransmitters that were equipped with
mortality switches (Advanced Telemetry Systems, Isanti,
MN). Backpacks weighed approximately 2% of an
average female pintail (Casazza 1995). Pintails were
handled for ,30 min and were released at the location
of capture.

We relocated pintails remaining in the primary study
area of Suisun Marsh $5 times per week (relocations, n =
11,574; individuals, n = 330) during daylight (relocations,
n = 6,544; individuals, n = 330) and night hours
(relocations, n = 5,030; individuals, n = 330) by using
radiotelemetry during September–March 1991–1992 and
1998–2000 (Table S1, Supplemental Material, http://dx.
doi.org/10.3996/102011-JFWM-062.S1). Vehicle-mounted

dual yagi antennas were used with a null-peak system
(Advanced Telemetry Systems; Cochran and Lord 1963).
Vehicle alignment azimuth, location (Universal Transverse
Mercator), and bird azimuths were keyed into a modified
version of the XYLOG and UTMTEL programs (Dodge and
Steiner 1986) to estimate pintail locations. We sought to
minimize the time spent traveling between locations to
prevent location bias based on movement of pintails
(Schmutz and White 1990). This was partially accom-
plished by obtaining two or more azimuths at approx-
imately 90u angles from the pintail location. We did not
approach pintails within 100 m and sought to avoid
measurements .1.5 km away from actual pintail
locations. The probability of relocating a pintail using
radiotelemetry did not vary by environmental factors
within Suisun Marsh (e.g., ecological community). Suisun
Marsh consisted of sufficient roads to allow access to all
areas and meet the triangulation criteria that minimized
the error distance. The average error distance to test
transmitters for our telemetry system was 58 6 SD 35 m.

We used geographical information system (GIS) to
measure multiple landscape level covariates (ArcGIS;
ESRI, Redlands, CA). A detailed land cover map for Suisun
Marsh was obtained from the San Francisco Estuary
Institute’s Bay Area EcoAtlas Program (Brewster et al.
1998). Land cover types were digitized into a vector
coverage by using digital orthophotography from
multiple sources (e.g., 1-m resolution; National Agricul-
ture Imagery Program). Full delineation of areas consist-
ed of many distinct classes. Because most of the classes
were absent or rare in Suisun Marsh and this study
focused on a priori hypotheses related to general land
cover types, we condensed the categories into three
general ecological communities for our analysis: 1) diked
baylands of which nearly all areas were managed
wetlands (MANAGED) and included perennial and
seasonal open ponds, floating and rooted emergent
vegetation, and associated uplands; 2) tidal baylands
(TIDAL) that consisted of tidal flats, tidal marshes (low,
medium, and high elevation), and muted tidal marsh;
and 3) bays and channels (BAY) that included deep water
(.5.6 m below MLLW) and shallow water (between 5.6 m
below MLLW and MLLW). Diked baylands consisted of a
heterogeneous landscape, with multiple distinct vegeta-
tion communities. We did not delineate those vegetation
communities and include them into our analysis for

Table 1. Number of radiomarked northern pintail Anas
acuta and relocations used in modeling pintail resource
selection within Suisun Marsh, California, during 1991–1993
and 1998–2000.

Year
No. marked

pintails

No. relocations

Day Night

1990–1991 105 2,324 1,457

1991–1992 110 2,227 1,817

1998–1999 61 1,177 1,116

1999–2000 54 816 640

Total 330 6,544 5,030
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two reasons. First, a recent study at Suisun Marsh has
investigated resource selection functions (RSFs) of
pintails for those vegetation communities within
managed wetlands (Casazza et al. 2012); however, that
study did not address tidal marshland. Second, a finer
managed wetland analysis is beyond the scope of the
study objective of developing an understanding of the
relationship between pintails and tidal marshland to help
guide conservation planning decisions related to tidal
action.

We used a distance metric (Conner et al. 2003) and
generalized linear mixed modeling approach (Gillies et al.
2006) to calculate RSFs for pintails within Suisun Marsh.
This approach consisted of multiple steps. We imported
relocations as points into a GIS system (ArcGIS 10; ESRI).
We then defined our study area using pintail relocations.
The Convex Hull command in ARC/INFO (ESRI) was used
to generate a 100% minimum convex polygon (MCP) on
all the locations of radiotagged pintails. The overall MCP
accounted for 92.4% of the Suisun Marsh legal bound-
aries. The reason we used the relocations was to avoid
biasing selection coefficients by choosing an inappropri-
ate spatial scale from a predefined study area (Aebischer
et al. 1993).

We categorized relocation points by day and night to
examine variation in RSFs by light period. We defined
daylight as the period from 30 min before sunrise to
30 min after sunset. Pintail relocations were then
intersected with the San Francisco Estuary Institute’s
map of ecological communities (e.g., diked managed
wetland, tidal baylands, and bays and channels). We then
calculated the Euclidean distance between each telem-
etry point and each community by using the NEAR
command in ARC/INFO (ESRI). Relocations within the
community boundaries received a value of 0. The
distance from relocation to each community represented
different variables for used points in the model analysis.
To characterize availability, we generated an equal
number of random points for all relocations within the
MCP boundaries and used the same distance metric for
each point. The sampling approach aligned with the
Design II approach described in Manly et al. (2002), in
that locations for individual pintails were known, and the
available habitats were assumed to be the same for each
pintail of the population. This approach was appropriate
for pintails because 1) pintails have large home ranges
that often overlap (Fleskes et al. 2003), 2) pintails are
capable of long-distance daily movements (Fleskes et al.
2003), and 3) our study questions were specifically
related to RSFs within the Suisun Marsh.

We used a generalized linear mixed effects logit model
(generalized linear mixed modeling; Zuur et al. 2009) to
estimate differences in the distance measurements (i.e.,
used points to community type and random points to
community type) for night and day periods. Using this
model, we tested the null hypothesis that the distances
between pintail locations and the ecological community
of interest was equal to those of random locations
(expected) as described in Conner et al. (2003). If the
difference between these distances is sufficiently large
relative to the variance, then the null hypothesis is

rejected. Pintail locations that fall closer to an ecological
community than expected are selected, and those farther
than expected are avoided. The model notation took the
following form:

y~XbzZuze

where y is the vector coded as 0 for used and 1 for
random (specified binomial error distribution), X is a
matrix containing the fixed effects regressors (distances
to ecological communities), b is a vector of fixed effects
parameters, Z represents the design matrix for random
effects, u is the random effect coefficient, and e is a
vector of normally distributed errors. We specified
random effects in the models to account for variation
that may otherwise confound the fixed effects (Faraway
2006; Gillies et al. 2006; Zuur et al. 2009). We fit a random
intercept for season (e.g., birds tracked during 1999–
2000) to account for variation in disproportionate use
explained by temporal autocorrelation (Koper and
Manseau 2009). We also fit a random intercept for
individual bird to account for correlation associated with
repeated measurements within individuals (Zuur et al.
2009). Furthermore, fitting random intercepts accounted
for the unbalanced sampling that existed in our data that
may otherwise bias the distance coefficients (Gillies et al.
2006). Before model computation, distances were
divided by 100 m and centered by subtracting each
value from the mean to facilitate interpretation of the
coefficients.

Using a distance-based model approach was most
appropriate for these data for multiple reasons. First, the
distance metric incorporates more information (e.g.,
patch type, size, shape, and configuration) than the
traditional classification methods (e.g., compositional
analysis; Aebischer et al. 1993) as described by Conner
et al. (2003). Second, this metric requires no explicit
modeling of the error distribution. Third, this approach
addresses issues related to spatial scale because sur-
rounding patches have an opportunity to influence the
analyses, regardless of whether those patches are within
the home range of the animal or across the study area.
Fourth, this approach provides information regarding the
selection or avoidance of the edges of ecological
communities. Last, RSFs are equivalent to the logistic
discriminate function using the binomial regression
approach (Manly et al. 2002; Keating and Cherry 2004;
Johnson et al. 2006), which contrasts the samples of
distances between used and random points. Although
we did not perform a classification-based analysis
because of advantages of the distance-based approach
for these data, we calculated and illustrated the
proportion of points within each land cover type and
the proportion of each land cover types within the MCP
by day and night to further facilitate interpretation of the
results.

We developed a candidate set of five relatively simple
models for each day and night period. To prevent the
effects of multicollinearity in our models, we did not
allow additive effects between two variables that
covaried in the same model (r $ |0.65|). We measured
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bivariate collinearity by using a simple correlation matrix.
For example, distances to TIDAL and those to BAYS were
not included in the same model. Our final model set
consisted of two additive models (i.e., MANAGED + TIDAL
and MANAGED + BAY) and three models with a single
land cover variable.

We evaluated evidence of support for the five models
in each of the two sets (day and night) by using an
information criterion (AIC; Akaike 1973) with second-
order bias correction (denoted as c; Anderson 2008).
Under scenarios where random structures differ across
models, AICc values might not be comparable because of
differences in the intended scope of inference (Burnham
and Anderson 2002). However, this was not the case in
our study. Using AICc is an appropriate measure of
goodness of fit for mixed models in this study because
random effect structure did not vary across models,
thereby providing consistency in comparing AICc values.
We specified the effective degrees of freedom as the
number of individual birds rather than relocations. We
specified maximum likelihood estimation to make
unbiased comparisons across models (Zuur et al. 2009).
We evaluated uncertainty among models by using AICc
differences (DAICc). Model probabilities (wmodel i; Ander-
son 2008) were calculated by comparing the most
parsimonious model (model i) to other models (model
j) in the set (Anderson 2008).

After model comparisons, we refit the most parsimo-
nious models (w . 0.05) and used restricted maximum
likelihood to obtain unbiased coefficients (Zuur et al.
2009). We computed 95% confidence intervals (CIs) of
the coefficients by conducting 1,000 resampled simula-
tions with replication. We chose 1,000 because our level
of estimation was to the one-thousandth decimal place
(i.e., percentile of distribution 0.025 and 0.975). We
exponentiated the coefficients to obtain the RSFs. In this
case, the RSF represents the relative probability of use

(Manly et al. 2002; Keating and Cherry 2004). If the CI of
an RSF included the value 1, we scored the habitat type
as no selection or avoidance (Manly et al. 2002).
Confidence intervals .1 were evidence for selection,
and CIs ,1 evidenced avoidance. If CIs of RSFs for a
variable during day did not overlapped with the CIs for
that of night, then we concluded that the selection
function differed between day and night. We used CIs to
evaluate diel patterns in RSFs to facilitate straightforward
interpretation. Analyses were conducted using Program
R version 2.14.0 (‘lme4’ package; Bates et al. 2008; R
Development Core Team 2008). We reported values as
means 6 SE.

Results

The most parsimonious resource selection model for
pintails during daylight hours included MANAGED and
TIDAL (model 1, w = 1.00; Table 2). We found that a
model with these two distance covariates was substan-
tially more parsimonious than a model with only random
effects (model 6, DAICc = 3983.0; Table 2). These
analyses revealed that pintails selected areas with
managed wetlands and avoided areas with tidal marsh.
The RSF for MANAGED (RSF = 2.253, 95% CI = 2.503–
2.859) was .1, and the lower confidence limit was not
,1 (Figure 3), indicating selection for managed wet-
lands. The proportion of points within MANAGED was
disproportionate to the area classified as MANAGED
within the population-based MCP (Figure 4). The RSF for
TIDAL (RSF = 0.949, 95% CI = 0.943–0.955) was ,1, and
the upper confidence limit was not .1, indicating
avoidance of TIDAL. We found substantial support for
TIDAL by comparing model 1 to a model with only
MANAGED (model 3, DAICc = 327.5; Table 2). The MCP
consisted of disproportionately fewer points within

Table 2. Mixed binomial regression models of northern pintail Anas acuta resource selection within Suisun Marsh, California,
during 1991–1993 and 1998–2000. Abbreviations: k, number of parameters; 22LL, 226log-likelihood; DAICc, difference in Akaike’s
Information Criterion with second-order bias correction between model of interest and most the most parsimonious model; W,
model probability.

Analysisa No. Modelb k 22LL DAICc w

Day 1 MANAGED (+), TIDAL (2) 5 14,167 0.0 1.00

2 MANAGED (+), BAY (2) 5 14,406 239.0 0.00

3 MANAGED (+) 4 14,497 327.5 0.00

4 TIDAL (2) 4 17,674 3,505.0 0.00

5 BAY (2) 4 17,883 3,714.0 0.00

6 null (random-effects only) 3 18,144 3,983.0 0.00

Night 7 MANAGED (+), BAY (2) 5 10,790 0.0 1.00

8 MANAGED (+), TIDAL (2) 5 11,102 311.3 0.00

9 MANAGED (+) 4 11,240 447.1 0.00

10 BAY (2) 4 13,217 2,424.6 0.00

11 TIDAL (2) 4 13,740 2,947.2 0.00

12 null (random-effects only) 3 13,946 3,161.6 0.00

a Analysis was conducted at two time periods: 1) radiolocations after sunrise and before sunset (day) and 2) after sunset and before sunrise (night).
b All models consisted of year and repeated measures on each individual pintail as random effects. In parentheses, signs denote positive (+) or

negative (2) relationship of covariates with habitat use.
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Figure 3. Resource selection functions (RSFs) with 95% confidence limits (denoted as vertical bars) for land cover types during day
and night by northern pintail Anas acuta at Suisun Marsh, California, during 1991–1993 and 1998–2000. Resource selection functions
were generated from parameter estimates by using generalized linear mixed models. Lower confidence limit .1 indicates selection
and upper limit ,1 indicates avoidance. Note: The RSF 95% confidence limits for tidal baylands and bays and channels were too
small to appear in illustration.

Figure 4. Percentage of telemetry locations of northern pintails Anas acuta within each land cover type (Used) and the percentage of
available cover type within a 100% minimum convex polygon (MCP), during 1991–1993 and 1998–2000, and within the Suisun Marsh,
California, that includes Contra Costa Shoreline, Suisun Marsh East, and Suisun Marsh West as defined in Goals Project (1999). MCP was
generated from the pintail telemetry locations collected during 1991–1993 and 1998–2000. The remaining 13% available land cover
was not included in the resource selection function analysis because it consisted of multiple categories of usually rare cover types that
were not germane to the objectives of this study, such as nonflooded agricultural baylands, ruderal lands, and grasslands.
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TIDAL than the proportion of TIDAL within the MCP
(Figure 4).

The other additive model for daylight consisted
of MANAGED and BAY and also showed substantial
evidence of parsimony over the random effect model
(Table 2). The selection function for BAY (RSF = 0.975,
95% CI = 0.969–0.981) was ,1 and the upper
confidence limit was not .1, indicating significant
avoidance for BAY. We found disproportionately fewer
points within BAY (3.1%) than the proportion of BAY
within the MCP (23.2%; Figure 4). These data provide
support that TIDAL was avoided more often than BAY
based on differences in evidence between models
(model 2, DAICc = 239.0; Table 2) and an evaluation of
95% CIs. For example, the upper confidence limit of the
RSF for TIDAL was lower than the lower confidence limit
of the RSF for BAY.

Habitat selection results for night were slightly
different than those for day. The most parsimonious
model for night locations was MANAGED and BAY
(model 7, w = 1.00; Table 2). The RSFs and 95% CIs
indicated selection of areas with MANAGED and avoid-
ance of areas with BAY, respectively (Figure 3). Similar to
the day models, the RSF for MANAGED during night
hours (RSF = 2.438, 95% CIs = 2.187–2.803) was .1, and
the lower 95% CI was not ,1. We found disproportion-
ately fewer points within BAY compared with the
proportion of BAY within the MCP (Figure 4). Although
model 8 (MANAGED and TIDAL) did not have as much
support from the data as model 7, this model was much
more parsimonious than a model without distance
covariates (model 12, DAICc = 3161.6; Table 2). These
data indicated that distances to TIDAL were less during
the night hours (896.3 6 11.3) than during the day (987.5
6 10.5). Because the 95% CIs for MANAGED between day
and night overlapped, we found evidence that the
degree of selection was similar during both periods.
However, we observed differences in locations within
MANAGED areas between day and night. For example,
during night hours pintails used areas within MANAGED
that were closer to TIDAL edge than those during day
hours. The RSF for TIDAL (RSF = 0.961, 95% CI = 0.955–
0.968) was ,1, and the upper confidence limit was not
.1.

Discussion

This study confirms the importance of managed
wetlands within the San Francisco Estuary, particularly
Suisun Marsh, as important areas for foraging and
roosting by pintail populations. It has been reported
that tidal marshes probably do not support similar
numbers of waterfowl as diked and managed wetlands
(Gordon et al. 1998; Goals Project 1999); however, this
has been a topic of controversy and often times
speculative. This study demonstrates substantial evi-
dence that pintails do not use areas with regulated and
nonregulated tidal action during their roosting and
feeding hours. Although it has been documented that
tidal areas provide habitat for many migrant and resident
avian species (Reinert and Mello 1995; Burger et al. 1997;

Melvin and Webb 1998), tidal marsh were avoided by
pintails in our study area. Based on these findings, we
suspect similar patterns in avoidance by other dabbling
ducks that occur in similar environments as pintail.

The San Francisco estuaries have lost a substantial
amount of tidal baylands over the past 200 y (,78.9%;
Goals Project 1999), and plans to restore tidal marsh to
different areas of the estuary are underway. The results of
this study should be of interest to wildlife managers and
land administrators because of current plans to replace
35% of managed wetlands with restored tidal baylands
in Suisun Marsh (Goals Project 1999). Little doubt exists
that restoration of tidal baylands in the Suisun Marsh is
necessary to preserve the natural ecological function of
the San Francisco Estuary. However, conversion of
managed wetlands back to natural tidal baylands
highlights an important dilemma: how to restore
ecosystem communities that have been lost (Goals
Project 1999) while protecting the existing plant
communities and wildlife within the Suisun Marsh
(Suisun Marsh Protection Plan 1976), including pintails
and other waterfowl. Here, we help address this dilemma
by providing needed information regarding the relation-
ship between pintail and tidal baylands.

The differences in RSFs between diked managed
wetlands and tidal marshes for pintails can be explained
by differences in food availability. First, the diet of
pintails during fall and winter largely consists of seeds
(Miller et al. 2009), and evidence suggests that pintail
distribution within a marshland is based on seed
foraging areas. For example, a recent habitat selection
study that focused on selection of vegetation commu-
nities for pintails within managed wetlands indicated
that an overwhelming majority of night locations, the
period when foraging primarily occurs (Miller 1985, Euliss
and Harris 1987; Palomares and Delibes 1992), were
located within ,5% of the managed wetland and that
those areas were dominated by brass buttons (Casazza
et al. 2012). Furthermore, we observed a nonuniform
distribution of pintail relocations within managed
wetlands. Pintail locations were clustered in specific
areas of managed wetlands, and approximately 90% of
the relocations occupied 35% of the available managed
wetlands. This nonuniform distribution indicates varia-
tion in preference for areas within managed wetlands,
perhaps as a result of variation in management practices
and vegetation communities.

Seed-producing macrophytes preferred by pintails
seem to be more prevalent within brackish managed
wetlands than tidal areas. For example, brass button
seeds are a preferred food source (George et al. 1965;
Mall 1969; Miller et al. 2009) and vegetation communities
dominated by brass buttons are selected by pintails
(Casazza et al. 2012). This plant occurs within brackish
wetlands and is less productive with tidal inundations.
Thus, brass buttons is often confined to upper tidal
zones, or it is absent from tidal areas altogether. Other
macrophytes that dominate pintail diets and do not
generally tolerate high-salinity conditions include swamp
timothy, alkali bulrush, sago pondweed, and watergrass
Echinochloa crusgalli. One exception is western sea
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purslane Sesuvium verrucosum, a relatively salt-tolerant
species that was found to dominate pintail diet during
years with relatively high annual precipitation (Miller et
al. 2009). However, similarly to brass buttons, this plant is
usually associated with brackish marshes or confined to
high-elevation tidal marshes.

In addition, because seed production and growth rates
are reduced with pulses of high salinity in aquatic
macrophytes (Haller et al. 1974; Bonis et al. 1993), fewer
overall foods of pintail are available in tidal areas
compared with diked wetlands. Thus, increased salinity
through tidal action not only influences plant composi-
tion but also seed production, which further results in
lower overall food availability for pintails and other
dabbling ducks. Plants vary in their tolerance to salinity,
but as salinity increases the total weight of propagules
decreases substantially at the community level (Bonis
et al. 1993). Lower quality foods during nonbreeding
months results in reduced endogenous energy reserves
in pintails (Ballard et al. 2006) and potentially influences
spring migration, survival, and reproductive success
(Ballard et al. 2006). Furthermore, pintail diets in areas
with relatively high salinity contain smaller proportions
of protein and fat, proportions reported to provide about
half the metabolizable energy as those diets in fresher
conditions (Ballard et al. 2004). Muted tidal marsh may
provide a higher quality food resource than full tidal
marsh for pintails because inundation is regulated and
pulses of increased salinity can be managed. It is also
important to note that pintails are known to feed in areas
with clumped seed sources (Casazza 1995), and move-
ment of water associated with inundation probably
causes seeds to scatter and disperse, thereby increasing
the time and energy used while foraging. For example,
brass buttons often windrow along pond margins, and
this abundant source is thought to attract foraging
waterfowl (Rollins 1981).

An alternative explanation for avoidance of tidal marsh
is the lack of patch heterogeneity compared with
managed wetlands. A previous study indicated differen-
tial selection for varying degrees of vegetation cover
based on diel patterns within managed wetlands
(Casazza et al. 2012). Pintails preferred to feed in the
emergent vegetation with relatively high cover during
the night and open permanent pools during the day.
Although permanent pools provide limited food, these
areas are critical for roosting, preening, evading preda-
tors, and gregarious behaviors (Tamisier 1985). This
mosaic of patches within relative proximity to each
other provides the necessary elements to meet the
energetic demands of pintails and allows them to avoid
predation.

Our study also demonstrated that selection of
managed wetlands was not influenced by adjacent tidal
marsh based on the distance-based metric. For example,
because the confidence limits for the RSF of tidal marsh
were ,1, we concluded significant avoidance. However,
the magnitude of the effect (0.949) was relatively close to
1. This magnitude was not consistent with the degree of
avoidance that one might expect from a classification-
based design, simply because the proportion of

relocations within tidal marsh was half of the proportion
of availability, as shown in Figure 4. The explanation for
this finding was that pintail relocations were on
managed wetlands that were immediately adjacent to
tidal marsh, as shown in Figure 2. Although pintails were
only rarely using tidal marsh, they were located in areas
immediately adjacent to tidal marsh. We do not believe
that pintails chose those areas for the purpose of
benefitting from proximity to tidal marsh, but instead
the selection of managed wetlands was independent of
proximity to tidal marsh and was more likely explained
by the proximity to relatively high concentration of brass
buttons as a food source. Evidence of a recent study
suggested that pintails chose to forage in areas with high
concentration of brass buttons at night (Casazza et al.
2012), largely because hunting pressure prevented
pintails from foraging in those areas during daylight
hours. This hunting effect on diel foraging patterns also
helps explain why the distances from used locations to
tidal marsh boundaries were less during night than
daylight hours. The implications to restoration of tidal
marsh throughout the San Francisco Estuary are impor-
tant, in that choosing areas to restore tidal action should
not have negative impacts on pintail use in immediately
adjacent managed wetlands, as long as extent and
production of nearby managed wetland adequately
meet the daily requirements of pintails.

This study was not without constraints. The influence
of hunting pressure on RSFs was not included within
these analyses. Hunting disturbance influences diel
patterns in pintail behavior at Suisun Marsh (Casazza
et al. 2012). For example, hunting deters pintails from
areas with abundant food plants during daylight hours in
the managed wetlands, but pintails remained in man-
aged areas and used permanent pools (Casazza et al.
2012). Because the majority of hunting pressure occurred
within public managed wetlands and hunting in tidal
baylands was negligible within Suisun Marsh, the RSFs
estimated for tidal baylands were probably unaffected by
hunting. Also, although autocorrelation associated with
year was accounted for in this study, within-season
temporal effects were not investigated in the models. For
example, it is possible that the RSFs for tidal marshland
during early season differed from those during late
season. However, we do not believe this to be the case
because of the lack of the relatively small confidence
intervals of the RSFs, which indicated low variation,
coupled with the strong negative coefficient. Further-
more, exploratory data plots showed similar intra-annual
patterns in avoidance of tidal marshland and selection of
managed wetlands by pintails.

Although it is uncertain how conversion of managed
wetlands to tidal marshland may change pintail abun-
dance, it is clear that loss of managed wetlands would
reduce available habitat for pintail populations within
Suisun Marsh. The high concentration of pintail relocations
within a rather small proportion of managed wetlands,
as described herein, suggests that conditions could be
improved in low-use existing managed lands to increase
quality of pintail habitat. If the goal is to expand tidal
baylands while minimizing adverse effects on pintails, then
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land managers should consider focusing on areas within
managed wetlands which are less used by pintails and
other waterfowl. Effective practices in the remaining
managed areas may elevate local carrying capacities of
pintail, and might alleviate any potential adverse effects
of tidal restoration on pintail abundance. Efforts within
managed wetlands aimed at increasing abundance of
those macrophytes found to be important to pintail diet
and controlling for dense stands of invasive species, such
as common reed Phragmites australis (Cross and Fleming
1989; Benoit and Askins 1999), should be encouraged.
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Table S1. Northern pintail Anas acuta relocation data
collected using radiotelemetry techniques in Suisun
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Data were used in mixed binomial regression models
to estimate resource selection functions of managed
wetlands, tidal marshlands, and bays and channels. Data
consist of pintail identification number (PINTAIL_ID), year,
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NORTH; NAD 1927, Zone 10), and light period (day, night).
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