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The Critical Role of Islands for Waterbird Breeding and
Foraging Habitat in Managed Ponds of the South Bay Salt
Pond Restoration Project, South San Francisco Bay,
California

By Joshua T. Ackerman, C. Alex Hartman, Mark P. Herzog, Lacy M. Smith, Stacy M. Moskal, Susan E. W. De La
Cruz, Julie L. Yee, and John Y. Takekawa

Executive Summary

The South Bay Salt Pond Restoration Project aims to restore 50-90 percent of former salt
evaporation ponds into tidal marsh in South San Francisco Bay, California. However, large numbers of
waterbirds use these ponds annually as nesting and foraging habitat. Islands within ponds are
particularly important habitat for nesting, foraging, and roosting waterbirds. To maintain current
waterbird populations, the South Bay Salt Pond Restoration Project plans to create new islands within
former salt ponds in South San Francisco Bay. In a series of studies, we investigated pond and
individual island attributes that are most beneficial to nesting, foraging, and roosting waterbirds.

Nesting Waterbird Use of Islands

We evaluated waterbird nesting on pond islands at multiple spatial scales. First, at the largest
spatial scale, we used historical nesting data (2005—13) to investigate how attributes of South Bay ponds
influenced waterbird nest abundance and nest success among ponds. Pond attributes examined included
total pond area, the number of islands within a pond, total island area, the ratio of island area to pond
area, and distance to San Francisco Bay. Second, at the intermediate spatial scale, we used historical
nesting data (2005—13) to investigate how attributes of individual islands in ponds influenced waterbird
nest abundance and nest success on islands. Island attributes examined included island area, island
shape, island distance to San Francisco Bay, and island distance to nearest surrounding pond levee.
Third, at the smallest spatial scale, we used highly precise Global Positioning System (GPS) technology
to study the topography of nesting islands to investigate within-island attributes selected by nesting
waterbirds (2011-12). At this small scale, we evaluated how elevation, distance to the water’s edge,
slope, and aspect of island grids, as well as the number and distribution of other nesting birds,
influenced waterbird use of island patches for nesting. Fourth, we also used highly precise GPS
technology to measure attributes of individual nests (nest microhabitat), and by comparing them to
attributes measured at random sites on the same island, we evaluated the environmental cues waterbirds
use to select specific nest locations (2011-12). Nest microhabitat attributes included elevation, distance
to the water’s edge, slope, aspect, and terrain ruggedness.



Results of the nesting studies identified several attributes of ponds, and islands therein, that most

benefit nesting waterbirds in South San Francisco Bay. Based on these identified attributes, we suggest
the following recipe for pond and island construction and management to improve waterbird nesting

habitat:
1.

Locate ponds and islands for nesting waterbirds near (<1 km) San Francisco Bay because these
islands exhibited greater nest abundance and nest success than those at greater distances.

Where possible, construct islands 100-200 m from the nearest surrounding pond levee because
such islands exhibited greater nest abundance and nest success than those at closer and further
distances.

Construct nesting islands to be more linear in shape, rather than rounded. Although there was no
difference in nest success between linear and rounded islands, linear islands exhibited as much
as eight times more nests than rounded islands after accounting for all other island variables
including size. However, although the recently constructed linear islands in Pond SF2 are more
linear in shape than the recently constructed round islands in Pond SF2, the linear islands in
Pond SF2 are actually much more rounded than the islands that support the greatest nest
abundances. Therefore, it is recommended that islands constructed in the future be more linear
than those recently constructed in Pond SF2 and Pond A16. Instead, we suggest mimicking the
linear shape of islands in Pond A2W and the four historical islands at the southern end of Pond
Al6.

Construct three to five nesting islands in multiple ponds, as opposed to constructing many
islands in just a few ponds.

Construct islands that are 0.05—0.10 ha in size, and given that birds preferred linear islands, we
suggest islands that are approximately 50 m long by 10 m wide (0.05 ha) to 100 m long by 10 m
wide (0.10 ha) with an understanding that island erosion may reduce island size over time and
constructing islands slightly larger than the ideal size may improve the longevity of nesting
islands. In comparison, the recently constructed “linear” islands in Pond SF2 and Pond A16 are
70 m long by 25 m wide and likely are too “rounded” (too wide) for preferred use by waterbirds.

Construct nesting islands with abundant area 0.5—1.5 m above the water surface. American
avocet (Recurvirostra americana) preferred habitat was 0.5—1.0 m above the water surface,
whereas Forster’s terns’ (Sterna forsteri) preference increased with elevation up to 1.3 m. This
preference combined with the likelihood for erosion over time, indicates that islands be
constructed with ample area that is 0.5-1.5 m above the water surface.

Construct nesting islands with abundant area within 10 m of the water’s edge. The probability of
nesting peaked at approximately 7 m from the water’s edge for avocet nests, and 2 m from the
water’s edge for tern nests. Similar to our results at the largest spatial scale, this result indicates
that linear islands are more conducive to bird nesting than are rounded islands because, for a
given island size, a linear shape allows for more area within 10 m of the water’s edge.

Construct nesting islands with a mosaic of slopes ranging from flat to moderately steep (21
degrees). Avocets were more likely to nest in steep island grid cells whereas terns preferred flat
grid cells. Thus, high topographic relief on islands is suggested, which is often at odds with the
final smoothing of islands that is typically done during island construction.\



9. Construct nesting islands with abundant area with south-facing slopes. Although avocets showed
no preference for aspect of island grid cells, terns preferred to nest on south-facing slopes. To
maximize the amount of area on linear islands with south-facing slopes, islands may be oriented
west-to-east from end-to-end.

10. Ensure nesting islands contain patches of short vegetation, ranging from 10 to 100 percent cover,
as well as areas with little (<10 percent cover) or no cover; tall vegetation is not ideal. Avocets
and terns were more likely to nest in microhabitats with vegetation (65 percent of avocet nests,
76 percent of tern nests) than without it, and the most common species of vegetation were
pickleweed (Sarcocornia pacifica) and alkali-heath (Frankenia salina). Y et, many avocet nests
were in sparsely vegetated areas, suggesting that islands with complete vegetation cover would
not be conducive to nesting by avocets.

Wintering Waterbird Use of Islands

To evaluate the influence of islands on roosting and foraging waterbirds during winter, we
conducted studies at several spatial scales. First, at the smallest spatial scale of the island, we focused on
managed Pond SF2, and the 30 islands created for nesting and roosting birds. We conducted bi-weekly
high and low tide bird surveys in the autumn, winter, and spring, and used a geographic information
system to determine island spatial characteristics, including shape, size, and perimeter. Survey data were
combined with physical pond and island parameters, and used to model total abundance and relative use
of islands. Second, at an intermediate spatial scale, we used our historical waterbird dataset (2002—13)
to assess the influence of islands on waterbird use of 250-m by 250-m grid cells within ponds for
roosting and foraging. We considered the number of islands and island area within grids, the ratio of
island area to grid area, and the distance from the center of the grid to the nearest island. Third, at the
largest spatial scale, we used our historical waterbird dataset to assess the abundance and distribution of
seven guilds and five species of birds across ponds with and without islands, relative to the number of
islands, total island area, and island-area to pond-area ratio.

From the results of our island, grid, and pond scale analyses, we documented the importance of
islands to wintering waterbirds, and identified island characteristics that influenced wintering waterbird
abundance. Based on these characteristics, we make the following conclusions on the influence of
islands on wintering waterbird abundance:

1. Waterbird abundance was greater in areas with islands than in areas without islands. In Pond
SF2, waterbird densities were greatest on and near islands, and lower in open water, pond
bottom, and levee habitats. Among all ponds with islands, abundance of most birds was greater
in grid cells with islands than grid cells without islands, and island presence only negatively
influenced the abundance of foraging eared grebes (Podiceps nigricollis).

2. Islands provide important roosting habitat at high tide, when mudflat habitats are tidally
inundated with water. In Pond SF2, islands were most heavily used by small shorebirds at high
tide, particularly in the spring.

3. Island size and shape influences waterbird abundance. In Pond SF2, small shorebirds were more
likely to use round islands than linear islands at high tide during spring. During low tide in the
winter, dabbling ducks were more likely to use small islands than large islands, and wading birds
(herons) and piscivores were more likely to use linear islands than round islands. Gulls were
more likely to use large, linear islands than round islands.



4. Ponds and grid cells with islands had a greater abundance of foraging American avocets, black-
necked stilts (Himantopus mexicanus), Forster’s terns, western sandpipers (Calidris mauri),
dabbling ducks, diving ducks, gulls, herons, piscivores, eared grebes, and small and medium
shorebirds, than those without islands. Across all ponds, abundance of Forster’s terns, gulls, and
piscivores increased with increasing total island area, and American avocet abundance was
greater in ponds with more islands. In ponds with islands, black-necked stilt and piscivore
abundance increased with increasing island-area-to-pond-area ratio, and the abundance of
Forster’s terns and small shorebirds increased with total island area.

5. Ponds and grid cells with islands had a greater abundance of roosting American avocets, black-
necked stilts, Forster's terns, western sandpipers, dabbling ducks, diving ducks, gulls, herons,
piscivores, and small and medium shorebirds. Across all ponds, abundance of all waterbirds
except small shorebirds increased with increasing island-area to pond-area ratio. In ponds with
islands, the abundance of diving ducks increased with island area, and the abundance of gulls
was greater in areas closer to islands.

6. Scattering islands across a pond, rather than clustering them together, may increase the preferred
foraging area of many birds. The abundance of foraging American avocets, gulls, and medium
shorebirds was greatest closer to islands, although diving ducks were most abundant farther from
islands.

Introduction

San Francisco Bay is the largest estuary on the West Coast of North America, but nearly 80
percent of its tidal marshes and 40 percent of its tidal flats have been lost over the past two centuries due
to urban development, agriculture, and salt production (Goals Project, 1999). In particular, about 14,000
ha (35,000 acres) of artificial salt evaporation ponds were constructed within the former baylands
(Goals Project, 1999). Recently, more than 6,110 ha (15,100 acres) of former salt ponds have been
transferred to government ownership, the majority of which are now a part of the U.S. Fish and Wildlife
Service Don Edwards San Francisco Bay National Wildlife Refuge (hereafter Don Edwards Refuge).
The South Bay Salt Pond (SBSP) Restoration Project is implementing a large-scale plan to convert 50—
90 percent of these former salt ponds into tidal and managed marsh habitats within the next 50 years
(Goals Project, 1999; Steere and Schaefer, 2001; Siegel and Bachand, 2002; Life Science!, 2003).

The San Francisco Bay is a designated site of hemispheric importance to shorebirds and annually
supports more than 1 million waterbirds (Page and others, 1999; Morrison, 2001; Stenzel and others,
2002). The bay supports more than 325,000 shorebirds in autumn, 225,000 in winter, and as many as
932,000 during spring migration (Stenzel and others, 2002). Shorebird abundances during peak spring
migration have exceeded 200,000 shorebirds in a single salt pond (Stenzel and Page, 1988). Western
sandpiper (Calidris mauri) is the most abundant shorebird species, with populations exceeding 100,000
in the autumn and winter, and peaking at more than 500,000 in the spring (Stenzel and others, 2002).
San Francisco Bay also is important for diving ducks, supporting 44 percent of the wintering population
observed in the Lower Pacific Flyway (Richmond and others, 2014). The Bay is a particularly important
area for wintering greater and lesser scaup (4ythya marila and A. affinis) and canvasback (4.
valisineria), supporting 60 and 51 percent of their respective Lower Pacific Flyway abundance
(Richmond and others, 2014). During migration and over winter, birds rely on a mosaic of inter- and
subtidal shoal and pond habitats for foraging and roosting (Brand and others, 2014; Rocha and others,
unpublished). Although the restoration of former salt ponds to tidal marsh will increase habitat for many
animals, including the endangered California clapper rail (Rallus longirostris obsoletus) and salt marsh



harvest mouse (Reithrodontomys raviventris raviventris), it also will reduce the overall pond habitats
available for wintering, migratory, and breeding waterbirds. A goal of the SBSP Restoration Project is
to maintain current waterbird populations. Towards this goal, the first phase of the SBSP Restoration
Project has reconfigured and enhanced two existing ponds (Ponds A16 and SF2) by constructing islands
to increase roosting and foraging opportunities and to provide waterbird nesting habitat (Trulio and
others, 2007). Former salt ponds provide critical habitat for wintering and breeding waterbirds. For
example, radio-marked Forster’s terns (Sterna forsteri; hereafter terns) strongly selected ponds,
especially low salinity ponds, as foraging habitat during the pre-breeding (Ackerman and others, 2008)
and breeding seasons (Bluso-Demers and others, unpublished; Ackerman and others, 2009). Similarly,
western sandpipers selected salt ponds and avoided tidal marsh habitats during the winter (Warnock and
Takekawa, 1995; Warnock and others, 2002). Thirty-six percent of the Lower Pacific Flyway
population of ruddy ducks (Oxyura jamaicensis) use San Francisco Bay and 77 percent of those use the
salt ponds in South San Francisco Bay (Richmond and others, 2014). American avocets (Recurvirostra
americana; hereafter avocets) and black-necked stilts (Himantopus mexicanus; hereafter stilts) used
pond habitats more than any other habitat in the estuary (Ackerman and others, 2007; Hickey and
others, 2007). Dry areas of former salt ponds also provide foraging and nesting habitat for the
endangered western snowy plover (Charadrius alexandrinus nivosus; Robinson and others, 2007).

In addition to ponds providing preferred foraging habitat, islands and levees are used extensively
by roosting waterbirds (Goals Project, 1999; Takekawa and others, 2000; Colwell and others, 2003;
Conklin and others, 2007). Western sandpipers selected pond levees as roosting sites, especially during
high tides, throughout the winter (Warnock and Takekawa, 1995). Additionally, pond islands and levees
play a critical role for fledging chicks. For instance, postfledging terns were closer to pond levees than
would be predicted by chance, indicating that they foraged near levees and used levees as roosting sites
as they departed their natal colony (Ackerman and others, 2009).

In addition to providing roosting and foraging habitats, former salt ponds support nesting habitat
for locally breeding waterbirds, especially terns and avocets. Approximately 30 percent of the breeding
population of Forster’s terns on the Pacific Coast nests in the San Francisco Bay (McNicholl and others,
2001; Strong and others, 2004), and the islands within ponds currently provide nesting habitat for 80
percent of those terns (Strong and others, 2004). Thus, the project area currently accounts for about one-
quarter of the nesting habitat on the Pacific Coast. Similarly, the estuary is the largest breeding area for
avocets along the Pacific Coast (Stenzel and others, 2002; Rintoul and others, 2003), and 75 percent of
breeding avocets in the South Bay nest on islands within ponds (Ackerman and others, 2013).

As the largest tidal wetland restoration project on the West Coast of the United States proceeds,
there are several key uncertainties about how to enhance and manage existing ponds to maximize
waterbird foraging and nesting opportunities as pond habitats are reduced. Pond islands and levees are
expected to continue to support high densities of roosting birds, and the experimental addition of islands
to ponds is expected to enhance this effect (Trulio and others, 2007). Herein, we address these key
uncertainties to help direct future management actions to maximize waterbird habitat in the remaining
ponds.



Study Objectives

Whereas our broad objectives were to quantify the benefits that islands within ponds of South
San Francisco Bay provide to waterbirds, our more specific objectives were as follows:

1. Assess how pond and island attributes affect waterbird nest abundance and nest success.

2. Assess how the specific structure (topography and vegetation) of islands influence nest-site
selection, nest densities, and reproductive success of avocets and terns.

3. Evaluate factors influencing the variation in numbers of waterbirds roosting and foraging near
the newly created islands in Pond SF2.

4. Using pond complex-wide surveys, evaluate whether waterbird diversity and abundance at a
broader scale are influenced by island habitat and water depth within ponds.

Study Area

The primary study area was within former salt ponds of the Don Edwards Refuge and Eden
Landing Ecological Reserve (fig. 1). Our evaluation of pond and island attributes on waterbird nest
abundance and nest success was conducted on 100 nesting islands in 22 ponds (table 1, fig. 1). Our
evaluation of island morphometry and vegetation structure on avocet and tern nest-site selection was
conducted on 28 islands within 10 ponds (table 7, fig. 1).

Our study to evaluate factors that influence roosting and foraging at the large, or pond, scale
included former salt production ponds within the SBSP Restoration Project in South San Francisco Bay,
California (fig. 1). Project ponds were divided into three regional complexes: Eden Landing (managed
by the California Department of Fish and Wildlife as part of the Eden Landing Ecological Reserve),
Ravenswood, and Alviso (both managed by the U.S. Fish and Wildlife Service as part of the Don
Edwards Refuge). Ponds mostly consisted of moderate to deep water ponds managed with water control
structures to increase circulation with bay water, and shallow water ponds that collected rainwater
during the winter and dried during the summer.

Our study to evaluate factors that influence roosting and foraging at the island-scale
(intermediate) focused on former salt Pond SF2 in Ravenswood (fig. 2). Pond SF2 (lat 37°29°N., long
122°07°W.) is a 57-ha impoundment bordered by the municipalities of East Palo Alto and Menlo Park
to the west and south, U.S. Highway 84 to the north, and San Francisco Bay to the east. In 2009-10, the
U.S. Fish and Wildlife Service created 30 islands ranging in size from 1,439 to 2,363 m®. Internal levees
were constructed to divide the pond into two experimental units with islands. Unit 1 (23 ha) contained 8
islands and was closest to the Bay, whereas Unit 2 (34 ha) contained 22 islands. Water control structures
were placed along the Bay-front levee and weir boxes were installed into internal levees to allow for
water level manipulation. All islands had a north facing slope that provided protection from northwest
winds, the typical wind direction for the region. One-half of the islands were rounded—falcate-curved
shapes with a low island-edge to island-area ratio; whereas the others were linear—long and rectangular
with a saw-tooth south edge providing a high island-edge to island-area ratio.



Using Historical Nesting Data to Model the Effects of Pond and Island Attributes
That Influence Waterbird Nest Abundance and Nest Success

Methods
Salt Pond and Island Attributes

We used historical nesting data to evaluate waterbird nesting across entire ponds (pond scale)
and on individual nesting islands (island scale). At the pond scale of analysis, we investigated whether
the amount and distribution of island habitat within a pond influenced waterbird nest abundance or nest
success by evaluating the effects of the number of islands in a pond, total island area, and the ratio of
island area to pond area. We also evaluated the effects of total pond area and pond distance to San
Francisco Bay, as these attributes may affect nest abundance and nest success through corresponding
differences in food availability and predator densities. Pond areas were calculated using pond polygon
shapefiles digitized from 2005 National Agricultural Imagery Program (NAIP) imagery for South San
Francisco Bay, in ArcMap™ 10.2 (Environmental Research Systems Institute [ESRI], Redlands,
California). Island areas were calculated from island perimeters derived using one of two methods. For
29 islands, we used real-time kinematic Global Positioning System (GPS; Leica® Smart Rover
GPS1200, Leica Geosystems Inc., Atlanta, Georgia) to trace the island perimeter at the water’s edge.
Universal Transverse Mercator (UTM) coordinates (accuracy: 3.75 cm) were collected at 1-second
intervals while the perimeter of each nesting island was traversed and the water’s edge marked using the
GPS unit. Island perimeters were traced using real-time kinematic GPS in April and May 2011. For the
remaining 125 islands in the study ponds, we digitized island perimeter polygon shapefiles from 2011
U.S. Geological Survey (USGS) high-resolution orthoimagery of the San Francisco Bay area
(resolution: 0.3 m), in ArcMap 10.2. These data were collected in April 2011, thereby matching the
period of data collection of island perimeters using real-time kinematic GPS. Total island area in each
pond was calculated by summing the island areas of all islands within a given pond. Pond distance to
San Francisco Bay was calculated as the minimum distance from the pond’s edge to San Francisco Bay
using the Near Geoprocessing Tool in ArcMap10.2.

Next, at the island scale of analysis, we evaluated the effects of island area, island shape, island
distance to San Francisco Bay, and island distance to nearest surrounding pond levee on waterbird nest
abundance and nest success among individual islands. We included the distance to nearest surrounding
pond levee as this may influence island accessibility by land-based egg and chick predators, as well as
the potential for human disturbance. The area of each island was calculated from the island polygon
shapefiles previously described. Island shape was quantified using the residuals of a general linear
regression of island perimeter length on island area such that positive residual values denoted more
linearly-shaped islands while negative residual values denoted more rounded islands. Unlike simple
perimeter-to-area ratios, residuals of the regression allowed for a measure of island shape that was
independent of island size. Lastly, we calculated the distance of each island edge to the nearest pond
levee and to San Francisco Bay using the Near Geoprocessing Tool in ArcMap10.2.



Historical Waterbird Nesting Data for San Francisco Bay

The USGS Western Ecological Research Center, Dixon Field Station has been studying
waterbird breeding ecology in South San Francisco Bay since 2005 and has collected and archived
detailed records from more than 15,000 individual waterbird nests into a computer database. The large
number of nest records, collected over almost a decade, provided us with a robust dataset for evaluating
waterbird nesting preferences and nest success. We compiled historical USGS waterbird nesting data
from ponds of the Don Edwards Refuge and Eden Landing Ecological Reserve over the years 2005—13.
We included only nests that were located on islands within ponds (levee and marsh nesting birds were
removed from the dataset). Furthermore, we only included data from an island when all nests on that
island were monitored, thereby providing us with an accurate island-level estimate of nest abundance.
Similarly, for the pond scale analysis, we only included data from ponds for which all islands on the
pond were monitored, thereby providing us with an accurate nest abundance estimate among all islands
within a given pond. We focused our analyses on the three most numerous species—Forster’s tern,
American avocet, and black-necked stilt.

Estimating Annual Average Nest Success for Each Pond and Nesting Island

Throughout the nesting season (April through August), we visited nesting pond islands weekly
to monitor waterbird nesting activity. We uniquely marked each newly initiated nest, and recorded UTM
coordinates of each nest (Garmin GPSMAP 76, Garmin International Inc., Olathe, Kansas). At each
weekly nest visit, we floated eggs to determine embryo age (Ackerman and Eagles-Smith, 2010),
recorded clutch size, determined overall nest fate (hatched, failed, abandoned, or depredated), and
determined the fate of each individual egg (hatched, failed-to-hatch, abandoned, or depredated).

We estimated daily nest survival rates based on weekly nest visits using logistic exposure
models (Shaffer, 2004). A nest was considered to have survived an interval if the clutch was still
completely or partially intact, embryo development had progressed, and there were no signs of nest
abandonment (such as cold eggs). A nest was considered successful if 1 or more eggs successfully
hatched. A nest was considered unsuccessful if it was destroyed or abandoned. Exposure days were
calculated as the number of days between nest visits, except when a final nest fate occurred between
visits (hatched, depredated, or abandoned). For hatched nests, we calculated exposure days for the final
interval based on the expected hatch date (Ackerman and Eagles-Smith, 2010). For depredated nests, we
calculated exposure days for the final interval as the mid-point between nest visits. For abandoned nests,
we calculated exposure days for the final interval as the difference between the developmental age of
the eggs when the nest was abandoned (estimated by egg flotation) and the developmental age of the
eggs when the nest was last visited. Daily nest survival estimates were estimated separately for each
year, species, pond, and island with nest age as the single covariate in the model. Nest success was
calculated as the model averaged product of daily nest survival over the approximate 27 day incubation
period (Ackerman and others, 2013).

Statistical Analyses

For the pond-scale analysis, we used repeated measures linear mixed models (PROC MIXED,
SAS/STAT® software, release 9.4, SAS Institute, Cary, North Carolina) to evaluate the effects of
species, year, total pond area, the number of nesting islands within a pond, and total island area on
waterbird nest abundance and nest success within ponds. We used apparent nest abundance, or the
number of nests observed during weekly colony visits. Often nest abundance studies use adjusted nest
abundance estimates that account for nests that failed before they could be found. However, because we



visited colonies weekly, and islands represented a finite area that could be searched systematically, we
determined that adjustments to apparent nest abundance were unnecessary. In analyzing pond nest
abundance in ponds, we included only data from ponds for which all nesting islands were monitored in a
given year. Additionally, in analyzing nest success, we only included data from ponds for which 10 or
more nests of a given species were monitored in a given year, so as to provide us with a reasonably
accurate estimate of nest success. We built a relatively balanced set of candidate models based on all
combinations of the class variables species and year, and linear and quadratic terms for total pond area,
the number of islands within a pond, total island area, the ratio of island area to pond area, and distance
to San Francisco Bay, plus a null model (940 total models). Nest abundance values were not normally
distributed so we used a natural log data transformation to meet the assumption of normality.

For the island-scale analysis, we again used repeated measures linear mixed models (PROC
MIXED, SAS/STAT) to evaluate the effects of island area, island shape, island distance to San
Francisco Bay, and island distance to nearest pond levee on waterbird nest abundance and nest success
on islands. We included only data from islands for which all nests were monitored, and in analyzing
nest success, we only included data from islands for which 10 or more nests of a given species were
monitored in a given year. We built a relatively balanced set of candidate models based on all
combinations of the class variables species and year, and linear and quadratic terms for island area;
island shape (residuals of island perimeter to area regression); island distance to San Francisco Bay; and
island distance to nearest pond levee, plus a null model (324 total models). For all island-scale models,
we included the pond in which the island was located as a random effect. Nest abundance values were
not normally distributed so we used a natural log data transformation to meet the assumption of
normality.

Model Selection

For the pond and island scales of analysis, we ranked models using an information-theoretic
approach and second-order Akaike Information Criterion (AIC,.; Burnham and Anderson, 2002). The
model with the lowest AIC,. score was considered to be the most parsimonious, and we used the
difference in AIC, values (AAIC,) between the best model and each other model in the candidate set to
assign model rank. We considered models with a AAIC, score less than or equal to 2.0 to be competitive
and calculated the beta parameters of the variables by model-averaging all models in the candidate set.
The weight of evidence for each model was determined using Akaike model weights (w;), defined as the
relative likelihood of a model given all models in the candidate set. We used evidence ratios, or the ratio
of the Akaike model weight of one model to the Akaike model weight of another model, to assess the
relative weight of support between models.

Results and Discussion

Pond Scale Nest Abundance

We examined historical nest abundance on a total of 22 ponds (table 1). A total of 9,404 avocet,
stilt, and tern nests were monitored on islands in these ponds between 2005 and 2013. Not all 22 ponds
were used by nesting avocets, stilt, and terns in all years. Moreover, in some years, ponds used for
nesting were not monitored for nest abundance. Therefore, for each pond, we included only data from
years when one or more island nests were initiated, and all island nests were monitored.



The most parsimonious model describing waterbird nest abundance on ponds in South San
Francisco Bay included the effects of species and a quadratic term for distance to bay; had an Akaike
weight of 0.11; and was 1.08 times more likely than the next best model (table 2) to explain nest
abundance. Five other models were competitive (AAIC, < 2.0), and included the effects of species (all
six models), linear terms for the number of islands (two models) and total pond area (one model), and
quadratic terms for distance to bay (three models), the ratio of island area to pond area (one model), and
the number of islands (one model). However, 95-percent confidence intervals of the model-averaged
parameter estimates for the number of islands, total pond area, and the ratio of island area to pond area
all overlapped zero, suggesting they had little to no effect on the number of waterbird nests initiated
within ponds. To further evaluate the importance of the variables in the best model, we compared
evidence ratios between the best model and an identical model but with one of the variables removed.
Using evidence ratios, we determined that the best model was 2.98x10'* times more likely than a
similar model but without species, and 2.76 times more likely than a similar model but without distance
to Bay. Predictions from model-averaged parameter estimates exhibited a U-shaped pattern, in which
nest abundance decreased as a pond’s distance to San Francisco Bay increased to approximately 2 km,
and thereafter nest abundance increased as distance to the Bay increased, with ponds 4-5 km from the
Bay exhibiting the greatest nest abundance (fig. 3).

Pond Scale Nest Success

We examined historical nest success using data from 9,119 nests on a total of 20 ponds (table 1).
Not all 20 ponds were used by nesting avocets, stilt, and terns in all years. Moreover, in some years,
ponds used for nesting were not monitored for nest abundance, or nest abundance in a given year did not
meet the 10 nest threshold we imposed for our nest success analysis. Therefore, for each pond, we
included only data from years when 10 or more nests were monitored.

The most parsimonious model describing waterbird nest success within ponds in South San
Francisco Bay included a linear term for the number of islands in a pond and quadratic terms for
distance to bay and total pond area; had an Akaike weight of 0.21; and was 1.06 times more likely than
the next best model (table 3). Two other models were competitive (AAIC, < 2.0), one with a quadratic
terms for distance to Bay and total island area, and one the same as the best model but without a linear
term for number of islands in the pond. Using evidence ratios, we determined that the best model was
3.2x10* times more likely than a similar model but without distance to bay; 21 times more likely than a
similar model but without total pond area; and only 1.5 times more likely than a similar model but
without the number of islands within a pond. Furthermore, 95-percent confidence intervals of the
model-averaged parameter estimates for the effect of the number of islands in a pond overlapped zero,
suggesting it had little to no effect on waterbird nest success on pond islands. Predictions from model-
averaged parameter estimates showed that nest success was slightly greater on islands in ponds very
close (<1 km) to San Francisco Bay (fig. 4a) and that nest success was greatest in ponds that were
120-170 ha in size (43—46 percent), and lower within smaller (33—-37 percent for 20 ha) and larger
(2631 percent for 270 ha) ponds (fig. 4b).
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Island Scale Nest Abundance

We examined nest abundance on a total of 100 individual islands within 22 ponds (table 1). Not
all 100 islands were used for nesting by avocets, terns, or stilts in all years. Moreover, in some years,
islands used for nesting were not monitored for nest abundance. Therefore, for each island, we included
only data from years when one or more nests were initiated, and all nests were monitored.

The most parsimonious model describing waterbird nest abundance on islands in South San
Francisco Bay included the effects of species, a linear term for distance to nearest pond levee, and
quadratic terms for distance to Bay, and the residual of island perimeter length to island area; had an
Akaike weight of 0.48; and was 3.10 times more likely than the next best model (table 4). No other
model was competitive (AAIC, < 2.0). Using evidence ratios, we determined that the best model was
9.99x10° times more likely than a similar model but without species, 9.47x10* times more likely than a
similar model but without the residual of perimeter to area, 614 times more likely than a similar model
but without distance to Bay, and 13 times more likely than a similar model but without distance to
nearest pond levee. Predictions from model-averaged parameter estimates exhibited a U-shaped pattern,
in which waterbird nest abundance decreased as island distance to San Francisco Bay increased from 0
km to about 3 km, after which nest abundance increased slightly as island distance to San Francisco Bay
increased to 5 km from the Bay (fig. 5a). Moreover, nest abundance was greater on more linearly-
shaped islands (positive residuals for perimeter to area regression; fig. 5b). Lastly, waterbird nest
abundance increased as island distance to surrounding pond levee increased, such that approximately
three times as many nests of each species were predicted on islands 300 m from the levee than islands
next to the levee (fig. 5c¢).

Island Scale Nest Success

We examined historical nest success using data from 8,156 nests on a total of 44 islands within
19 ponds. The most parsimonious model describing waterbird nest success on islands in South San
Francisco Bay included the effects of year, a linear term for distance to nearest levee, and a quadratic
term for distance to Bay; had an Akaike weight of 0.31; and was 2.25 times more likely than the next
best model (table 5). A model similar to the best model but including island area also was competitive
(AAIC, =1.63). Using evidence ratios, we determined that the best model was 7.64x10° times more
likely than a similar model but without year, 21 times more likely than a similar model but without
distance to Bay, and 16 times more likely than a similar model but without distance to nearest levee.
Predictions from model-averaged parameter estimates indicated that waterbird nest success was slightly
greater on islands located very close (< 1 km) to San Francisco Bay (40—47 percent), compared to
islands 5 km from the Bay (37—40 percent, fig. 6a). In addition, nest success increased slightly from 31—
35 percent on islands adjacent to a pond levee to 35-39 percent on islands 130 m from the pond levee,
after which nest success decreased as island distance to levee increased (fig. 6b).
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Summary

Island nesting habitat is extremely important to waterbirds in South San Francisco Bay. Between
2005 and 2013, we monitored 15,066 waterbird nests (6,003 avocet, 1,433 stilt, and 7,630 tern) in South
San Francisco Bay. Of these, 73 percent of avocet, 21 percent of stilt, and 96 percent of tern nests were
observed on island habitats. Terns were the most numerous island-nesting species (other than California
gulls), and accounted for 65 percent (6,134) of the 9,404 nests on islands monitored within the 22 study
ponds between 2005 and 2013. Avocets were the second most numerous island-nesting species, and
accounted for 32 percent (3,022) of nests on islands. Stilts, in contrast, accounted for only 3 percent
(248) of nests on islands, and prefer to nest in more vegetated marshes, particularly New Chicago Marsh
which accounts for approximately 63 percent of all stilt nests.

Distance to San Francisco Bay was an important predictor of waterbird nest abundance across
South San Francisco Bay ponds and on individual islands. At the pond scale of analysis, and at mean
values for all other variables, ponds 100 m from San Francisco Bay were predicted to have 12.1 avocet,
2.6 stilt, and 32.7 tern nests per year (fig. 3). Indeed, several of the largest avocet and tern breeding
colonies have occurred within ponds less than 100 m from San Francisco Bay (Ponds A1, A2W, AB1,
AB2, E2, N4/N5, N4AB, R1, and SF2; table 1). Predicted pond nest abundance decreased to 8.3 avocet,
1.7 stilt, and 22.3 tern nests per year in ponds located 2 km from the Bay. Similarly, at the island scale
of analysis, predicted nest abundance was 13.7 avocet, 4.1 stilt, and 44.1 tern nests per year on islands
100 m from San Francisco Bay, but only 3.9 avocet, 1.2 stilt, and 12.6 tern nests on islands 3.5 km from
the Bay (fig. 5a). Breeding avocets and stilts primarily forage in ponds, tidal marshes, tidal flats, and
managed marshes (Ackerman and others, 2007). Thus, nesting close to these preferred foraging habitats
may be more attractive, prompting greater nest abundance on near-Bay islands and ponds.

Model-predicted nest abundance also was high within ponds farther from San Francisco Bay
(fig. 3), with 25.2 avocet, 5.3 stilt, and 68.0 tern nests predicted in ponds 5 km from the Bay. This result
is due mostly to the influence of two ponds, Ponds A16 and A8, both of which are more than 3.7 km
from San Francisco Bay and historically have had large numbers of nesting waterbirds. However, both
of these ponds have undergone dramatic changes since 2013. In 2013, Pond A16 was enhanced to
increase nesting and foraging value for waterbirds. Sixteen new islands were constructed, increasing the
total number of nesting islands in Pond A16 from 5 to 20. The initial response by waterbirds has been
positive, with 81 avocet nests monitored in 2013, and 68 avocet nests monitored in 2014. However, only
a single tern nest (in 2013) has been initiated in Pond A16 in the past two years, which is a drastic
reduction from the yearly average of approximately 150 tern nests in Pond A16 during 2005—11.
Continued monitoring is necessary to evaluate the waterbird response to the Pond A16 enhancement,
and to determine if this pond returns to, or even exceeds, the high waterbird nest abundance totals
historically observed. In contrast, Pond A8 has lost almost all of its island nesting habitat. In 2013, the
last year of this study, only 3 avocet nests were monitored in Pond A8, down from a yearly average of
173 avocet nests during 2005—11. In 2014, only 8 avocet nests were observed throughout Pond AS.
Changing pond water management associated with the opening of the Pond A8 notch, has caused all
island habitat in Pond A8 to become inundated with water, thereby removing virtually all waterbird
nesting habitat. Given the historical importance of Pond A8, particularly to nesting avocets and terns,
future pond enhancements that effectively replace this lost nesting habitat will be critical to maintaining
breeding waterbird numbers in South San Francisco Bay.
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At the island scale of analysis, island shape and island distance to surrounding pond levee also
were important in predicting waterbird nest abundance. Waterbird nest abundance was greatest on
linearly-shaped islands relative to rounded islands (fig. 5b). At mean values for all other variables,
waterbird nest abundance was predicted to be almost eight times greater on linear islands similar in
shape to the southernmost island in Pond A2W (residual of island perimeter to island area = 207.4), than
on more rounded islands similar in shape to the round islands in Pond SF2 (residual of island perimeter
to island area approximately = -100). The southernmost island in Pond A2W is approximately 140 m
long by 6.5 m wide (at its widest point), whereas, the round islands of Pond SF2 have an approximate
diameter of 50 m. However, even more highly linearized islands, such as those similar in shape to the
middle two historical islands at the south end of Pond A16 (residual of island perimeter to island area
approximately = 330-350), although still exhibiting greater nest abundance than rounded islands,
showed a decrease in nest abundance relative to islands similar in shape to the southernmost island in
Pond A2W. Island 15 (second island from the west at the southern end of Pond A16) is approximately
190 m long by 7 m wide. Linearly shaped islands improved nest abundance relative to rounded islands
up to a point at which additional island size did not increase nest abundance.

Nest abundance was greater on islands farther from surrounding pond levees (fig. 5c), such that
at mean values for all other variables, predicted waterbird nest abundance on islands 300 m from the
nearest surrounding pond levee was almost three times that of islands only 10 m from the nearest
surrounding pond levee. In a previous study on nest predation in South San Francisco Bay, 71 percent of
i