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I. EXECUTIVE SUMMARY
California Landscape Conservation Cooperative Project on estuarine shoals and vertebrate
predators: In this report, we describe the integrated research program supported by the California
LCC addressing sea level rise effects on estuarine shoals and the vertebrate predators dependent on
these habitats. We present results from the first year objectives to determine the feasibility of the
project and to: 1) host a modeling workshop with partners to identify what parameters are needed to
model effects of sea level rise on the ecology of shoals and migratory birds; 2) use existing shoals
modeling grids (Ganju and Schoellhamer 2010) to develop methodology for quantifying key
metrics for habitat change; 3) conduct a comprehensive review on foraging of migratory birds on
shoal habitats, and 4) report on the findings of the workshop and proposed habitat change metrics
from the grid approach.
Modeling Workshop Results: On 26-27 October 2010, we hosted a workshop in Berkeley,
California entitled ―Modeling Effects of Sea Level Rise on the Ecology of Shoals and Migratory
Birds.‖ The two-day workshop invited 20 participants including invited speakers, research
scientists, and resource managers. Expert modelers invited to participate included Dr. Dano
Roelvink (Deltares, Netherlands), Dr. Neil Ganju (USGS Woods Hole Science Center), and Dr.
Noah Knowles (USGS Menlo Park Science Center). The overall goal was to discuss modeling
approaches and identify linkages between physical and biological models about this critical topic.
Results from the discussions indicated that modeling sea level rise (SLR) effects on shoals was both
feasible and timely with several complementary efforts (see below). A brief summary of key
modeling topics are presented in following paragraphs.
 Avian ecology on shoals: Prey quality, abundance, distribution, and accessibility influence bird
carrying capacity and population health. Prey and physical characteristics interact to determine the
area available for foraging. Although invertebrates are primary food on shoals, biofilm may be a
key food source for some smaller shorebirds. Physical factors influence prey abundance and
availability, while habitat use is affected by proximity of suitable roosting or nesting areas. Some
of these datasets are available from existing USGS shoals research studies.
 Biophysical interface: Physical drivers on biota include tidal inundation and exposure, salinity,
temperature, water depth, and sediment type. Phytoplankton dynamics are an important interface
between physical processes and invertebrate response. Predation pressure is determined by water
depth, slope, movement of the tide line, and sediment permeability. Maintenance of biofilm
requires sufficient light and low turbidity, and biofilm may determine cohesiveness of sediments.
USGS Western Ecological Research Center currently is working on biofilm foraging by shorebirds
in cooperation with world expert Dr. Tomohiro Kuwae.
 Geomorphic modeling: Downscaled global climate change models provide temperature and
precipitation predictions to determine potential effects on hydrology. Delta inflows, winds, and
SLR are used to model changes in hydrodynamics, sediment transport, and geomorphology. Hourly
Golden Gate tides are modeled with global SLR scenarios, El Niño, storm surges, barometric
pressure, and tides, and outputs include water levels, floodplain expansion, and sediment
availability that are inputs to estuarine geomorphic models of tidal flat change. Delft-UNSTRUC
model with 3-D grids may be used to simulate hydrodynamics, sediment, geomorphology, salinity,
and temperature along a continuum of ocean to river under one model framework. We will
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coordinate this model with ongoing development of the USGS-led models under CASCaDE
(Computational Assessments of Scenarios of Change for the Delta Ecosystem).
 Habitat connectivity: There is an integral link between destruction and formation of tidal flats and
marshes. Marsh erosion and storm action are integral to the modeling. Work will be coordinated
with USGS hydrodynamic studies at Corte Madera marsh, conducted in cooperation with the Army
Corp of Engineers and the Bay Conservation and Development Commission.
 Extreme events: Frequency or severity of extreme events should be assessed with sea level rise.
Historical datasets are critical to identify effects on birds and mud flats. Parameters include: rate
and degree of sea level rise, frequency and severity of storms, extreme high tide events, marine
influences (upwelling, North Pacific Gyre Oscillation, and El Niño), and acidification.
 Key modeling parameters: Habitat metrics include physical influences on avian foraging and prey
accessibility (water depth, slope, movement of tide line, and sediment permeability), as well as
factors determining the suitability of food sources. Density, distribution, biomass, and size classes
of invertebrates are dependent on tidal inundation-exposure regime, predation pressure, water
quality, benthic conditions, phytoplankton, and seasonally-variable external forcing factors.
Modeling grids: Modeling grids from the ROMS model developed for Suisun Bay as part of
CASCaDE were provided by Dr. Neil Ganju, our invited speaker and collaborator (Ganju and
Schoellhamer 2010). We evaluated existing modeling grids and methods for quantifying key
metrics of habitat change in the South Bay. A series of metrics for habitat change may be created
by analyzing geomorphic change from these scenarios, and it is expected that model grid cell size
will determine the spatial scale of the metrics. Limitations in use of output from hydrodynamicsediment, transport geomorphic models on habitat metrics would be part of such an analysis.
Comprehensive literature review on migratory bird foraging on shoals: We conducted a
comprehensive overview of research on shoal habitats and foraging birds to help guide future
directions for modeling. An extensive review of over 300 scientific journal articles was completed
and incorporated into a scientific review paper. The literature review summarizes biotic and abiotic
influences on foraging suitability for avian species on tidal flats and shoals, explores foraging
strategies, species requirements, and community dynamics, discusses various influences on bird
carrying capacity, outlines the threats to mud flat and shoal ecosystems, discusses the role of
restoration and alternative or artificial habitats, and prioritizes research and management activities.
The comprehensive bibliography is provided in this report.
Next steps: Our workshop and results from this initial work have shown that modeling of SLR
effects on shoals and vertebrate predators is feasible by adapting current models and would be very
valuable in understanding future SLR scenarios in San Francisco Bay. Based on the findings from
the California LCC workshop and comprehensive literature review, we will be submitting a
California LCC proposal to continue the modeling effort. It will address 2011 California LCC
priorities including ecosystem and species response to SLR. Initial work will develop modify
existing models with Deltares to focus on SLR effects on shoals, as well as compiling the relevant
information from the extensive USGS empirical datasets on key parameters and effects on
vertebrates.
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II. MODELING WORKSHOP
A. Workshop Presentation Summaries:
1. CASCaDE: Integrated Modeling of the SF Bay-Delta System and the Effects of Sea Level Rise
— Noah Knowles (USGS Menlo Park Center)
http://cascade.wr.usgs.gov




CASCaDE(Computational Assessments of Scenarios of Change for the Delta Ecosystem):
CASCaDE involves a series of linked numerical and statistical models that span climate,
hydrology, and biology, with each model representing a different component of the system.
Output from several different Global Climate Models were pulled from the Intergovernmental
Panel on Climate Change (IPCC) Fourth Assessment (IPCC 2007) to represent the range of
temperature and precipitation changes.
These models were downscaled to
regional models of the Sacramento-San
Joaquin Delta watershed, in order to
translate meteorological climate
predictions into the hydrology of the
watershed. Modeling involved stream
flows, stream temperature, and manmade structures, and this ultimately led to
the development of downstream models
of sediment transport, geomorphology,
water temperature, phytoplankton,
Figure 1. Climate scenario showing the largest increase in:
benthos, contaminants, and fish. With
a) air temperature and b) precipitation by 2100
the climate scenario that had the most
warming (3.5°C increase) and strongest drying trend (-18% change in precipitation) by 2100
(Figure 1), models showed a decrease in run-off, water supply (-28% change in runoff to
reservoirs), and freshwater floodplain habitat. All temperature and precipitation scenarios
showed these same trends but with different magnitudes.
CASCaDE II: Next steps expand the scope of integrative hydrodynamic models to the larger
San Francisco Bay. 3-D models of phytoplankton, hydrodynamics, and water temperature in a
Delta flooded island (Mildred Island) have been developed from measured grazing, turbidity,
meteorology, and tides. The goal is to take this modeling framework and expand it to the larger
Delta and the San Francisco Bay. Models of contaminant dynamics at the food base can be
integrated with physical models. It is necessary to understand how hydrology influences the
movement of phytoplankton and sediment carrying contaminants relative to invertebrates (i.e.
clams) involved in contaminant uptake into the food web. CASCaDE II (Figure 2) will involve
the new Delft-UNSTRUC model to simulate hydrodynamics, sediment, geomorphology,
3

salinity, and temperature along a continuum of ocean (Point Reyes) to river. Instead of just
sharing inputs and outputs of different models, these factors are incorporated under one model
framework. The fate of wetlands will also be included in CASCaDE II modeling.

Figure 2. Components of the CASCaDE Project. Additions for CASCaDE II represented with *

Roles for CASCaDE II (*new additions)
o
o
o
o
o
o
o
o
o
o
o



Climate: Dan Cayan, Mike Dettinger
Watershed/hydrology: Noah Knowles, student*
Hydrodynamics (salinity, temps): Mick van der Wegen, Dano Roelvink, Bert Jagers*, Ap von Dongeren*,
post-doc*, doctoral student*
Sediment Trends: David Schoellhamer, Tara Morgan
Watershed sediment model: Scott Wright*
Geomorphology: Bruce Jaffe
Wetlands: Judy Drexler*
Phytoplankton: Lisa Lucas, Jim Cloern, post-doc*
Benthos: Jan Thompson, Francis Parchaso
Contaminants: Robin Stewart, Sam Luoma
Fish: Larry Brown

Sea Level Rise: The effects of sea level rise in the San Francisco Bay were also assessed in
CASCaDE I. The modeling boundary was at the confluence of the Delta and focused on
marshes and dry lands at risk for inundation, but did not include shoals or shallow water.
Hourly sea levels at the mouth of the estuary (Cayan et al. 2009) were based on Global Climate
4

Model outputs and were used to drive a hydrodynamic model of San Francisco Bay. Regression
models included the various factors influencing hourly water level: El Nino, storm surges,
barometric pressure changes, astronomical tides, and long-term sea level trends due to global
warming. There is a commitment to assessing the effects of sea level rise beyond 2100.
o Extreme water levels: The water level modeling was incorporated with a TRIM2D
Hydrodynamic Model and high resolution (2-meter) elevation data for the region, in
order to assess extreme water levels and identify areas at risk. Cayan et al. (2009)
showed an exponential increase in extreme water levels over the next century (Figure 3),
which could have severe impacts in the estuary.

Figure 3. Total time water levels are expected to exceed the
th
historical 99.99 percentile with predicted rises in annual sea level

o Salinity: Knowles, van der Wegen, and Roelvink incorporated the effects of both
predicted sea level rise and upstream freshwater inflow changes to estimate salinity
changes in the estuary. There is a predicted 37% increase in mean salinity in the North
San Francisco Bay by 2100 (Figure 4), with one third of the increase due to salinity
intrusion from sea level rise and two thirds due to changes in freshwater inflow.

Figure 4. Mean salinity (blue) and salinity fluctuations (red) in the North
San Francisco Bay from 1970 and projected to 2100

o Floodplain Expansion: Knowles also developed maps of floodplain expansion with
different sea level rise scenarios (none, 50cm, 100cm, 150cm). The increased wetland
areas below MLLW will lose gravity drainage, however maps have not accounted for
estimated accretion.
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o Sediments: An important consideration is that sea level rise accelerates with global
temperatures, and the rates of sea level rise and required sediment accumulation increase
linearly (Figures 5a & 5b). The volume of material required for wetlands and shoals to
maintain their place in the tidal range will continually increase over time.
a.)

b.)

Figure 5. a) Rate of sea level with 50 cm vs. 150 cm of sea level rise by 2100, and b) Associated rate of
deposition required to offset 50 cm vs. 150 cm of sea level rise by 2100

2. Geomorphic modeling in estuaries: Linking sea-level rise, physical processes, and habitat
development — Neil Ganju (USGS Woods Hole Center)




Modeling Sedimentation and Geomorphology of Suisun Bay: (part of CASCaDE I)
 dGCM/BDWM Model Inputs: Delta inflows, winds, and sea level rise
 ROMS/CSTM Modeling: Assess changes in hydrodynamics, sediment transport, and
geomorphology
 Outputs: Depth distribution, turbidity, and habitat distribution
Calibration with Historic Data:
 Bathymetric change in Suisun Bay (Capiella et al. 1999)
 Transport of hydraulic mining debris (1850-1884)
 Rapid deposition (1867-1887) followed by erosion (1887-1990)
 Historical data is rare and needs to be simulated to test the model
 Numerical model simulation from 1867-1887:
o 3 different cross sections in Suisun Bay
o Calibrated to idealized tides, waves, and seaward suspended sediment concentrations
o Calculated subtle changes in sediment
o Skill varied spatially, with best agreement in areas under 2 meters
o First quantitative test of morphological evolution and acceleration in an estuary
6



Approach for Future Scenarios:
 Four scenarios (run over 20 years): (1) Base-case, (2) Warming and sea-level rise, (3)
Decreased sediment loads and sea-level rise, and (4) Warming, decreased sediment loads
& sea-level rise
 Sources for signals:
• Warming: Knowles and Cayan (2002)
• Sea-level rise: 0.002 meters/year increase
• Sediment loads: Wright and Schoellhamer (2004)- decrease extended to 2030
 Different morphological hydrographs (moderate, wet, dry) were used to predict future
fluctuations in freshwater inflow and sediment load:
o Flow changes by 2030 are modest (Knowles and Cayan 2001)
o Sediment load decrease ~30% by 2030 (from Wright and Schoellhamer 2005)
o Dry years encourage landward transport in channel and no replenishment of shoals,
while wet years encourage shoal deposition and scouring of channels (Ganju and
Schoellhamer 2010)
 Changes in bed level due to scenarios (Ganju and Schoellhamer 2010):
o Sea Level Rise: Increased water depth reduces wave-induced shear stress (static
wave field) and results in less erosion and less redistribution of sediments. However
this assumes waves are the same regardless of water depth, which is a poor
assumption.
o Warming: Results show minor changes in redistribution.
o Sediment loads: Decreased sediment supply results in widespread erosion except at
the fringes.
 Wave model to assess changes in turbidity due to wave propagation and sea level rise:
o As water level rises, waves can penetrate deeper into the shoals
o Flood-tide turbidity supplied to Delta increases as waves penetrate deeper into subbays.
o Rapid sea level rise may outpace geomorphic change where supply is limited, and
not allow marshes and mudflats with enough time to respond.
o There are several scenarios of wave erosion and shoreline movement in response to
sea level rise (Figure 6):
 With a levee or seawall, there will be redistribution of wave energy resulting in
a scouring of the mudflat.
 A steep marsh edge will experience marsh slumping and particles of sediment
and plant material may be redistributed to create new mudflats. A onedimensional approach to modeling wave forces (Tonelli et al. 2010) on three
types of marsh edges (vertical, sloping, and terraced) could be useful for
different marsh edge types in San Francisco Bay, however this needs to be
coupled with a model that includes geomorphology of flats.
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Figure 6. The distribution of erosive wave energy with waves and mean sea level, with the
presence and absence of sea level rise and shoreline protection (levee/seawall or steep
marsh edge)

o The Estuarine Geomorphic Number:
The balance between depositional and erosional forces is represented with the estuarine
geomorphic number (Figure 7), and it has been developed for the San Francisco Bay (Ganju and
Schoellhamer 2010). The number will need to be modified to explain forces acting upon mud
flats.

Figure 7. The estuarine geomorphic number, accounting for erosional and depositional influences on
geomorphic change
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o Future Needs for Modeling Intertidal Habitat Change:
First steps should involve identifying profile types present in San Francisco Bay, and then
applying a 1D or 2D vertical model for a set of different profiles with wave forcing, geomorphic
change, and parameterization of marsh slumping. Sea level rise, morphological acceleration,
and future wind-wave conditions could then be added to the model.

3. Delft3D Modeling in San Francisco Bay — Dano Roelvink (UNESCO-IHE, Deltares)


Hindcasting bathymetric change in San Pablo Bay: A step towards assessing likely
geomorphic change in response to climate change


Three characteristic periods of bathymetric change:

(1) Excess sediment supply from hydraulic mining from 1856 to 1887 resulted in average net
deposition of 8 million m³/year (Jaffe et al. 2007)
(2) Dramatic decrease in sediment supply after stop in hydraulic mining and dam construction
over the last century resulted in average net erosion of 0.25 m³/year (Jaffe et al. 2007)
(3) Climate change will further perturb morphodynamics as sea level rises and the river
discharge regimes are altered by warming and precipitation changes, likely resulting in further
erosion.




Process-based, 3D, numerical model to reproduce
historic sedimentation volumes and patterns (Figure 8):
o Shallow water equations
 Hydrostatic pressure models
 Salinity and density gradients
o Multiple transport formulations
o Multiple sediment fractions
o Bed slope effects
o Bed level update every time step
o Waves, density currents
Figure 8. Flow chart of parameters in
the Delft 3D sediment model
Model schematization:
o Domain decomposition to vary different portions
o Patch together domains (ocean, SF Bay, Suisun Bay and Delta, rivers)
o Boundary conditions
 River discharge (very high for 1 month, low for 11 months)
 Sediment supply
o Diurnal wind (7 m/s at noon, with 6 months from west, 5 months from southeast)
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o Sediment transport
o 53 total parameters (9 sand fractions, 20 mud fractions, 4 wind, 10 flow, 10 wave)
Sensitivity of model results to model parameter variation and flow schematization
o Model results compared to decadal measured bathymetric development.
o Model can reproduce decadal sedimentation volumes and patterns fairly well.
o Modeled deposition period is better than erosion period due to: (1) major sediment
input signal (large volumes), (2) erosion requires more detailed but scarce information
on bed composition.
o Model results remain quite consistent by model parameter variation within reasonable
limits
o Suggests that the geometry and bathymetry play a major role in the morphodynamic
development of San Pablo Bay.

Sea level rise effects on wave attenuation and morphological development at the Corte
Madera salt marsh
A modeling study on wave generation in San Francisco Bay is currently being developed with a
detailed nested grid in the marsh. It successfully incorporates a wind model and data from
Ralph Cheng (USGS). The study is a very preliminary assessment of morphology change and
the sensitivity of wave attenuation to profile shape, levee, and vegetation. Preliminary results
show that vegetation effects on wave height attenuation are important, however calibration and
verification with field data is necessary. Detailed morphology needs to be accounted for
through high resolution or sub-grid approaches.



Working with D-flow in the San Francisco Estuary: Why would we need complexity in
models?
D-flow is the conditional name for the unstructured version of Delft3D. A structured grid
approach is not adequate or feasible in the San Francisco Bay-Delta. However, issues such as
salt intrusion, fish migration, water quality, and wetland restoration projects can be addressed
using the UNSTRUC model. The Delft-UNSTRUC Hydrodynamic Model is currently under
development for the Delta and will soon be coupled with Delft3D water quality models. It
involves a new hybrid grid (Figure 9), with fixed cells in some areas and curvilinear grids where
resolution is needed. Unstructured mesh can arbitrarily zoom into areas for higher resolution.
Although this can also be accomplished through domain decomposition, there would be
boundary effects where the two domains meet. Parameters incorporated include
hydrodynamics, salinity, temperature, sediment, phytoplankton, and bivalves. Although larger
temporal scale for model simulations would increase computational time, this can be resolved
through the use of additional processors (Table 1).

10

Figure 9. The SF Bay-Delta Delft-UNSTRUC Hydrodynamic Model incorporating a 3-dimensional hybrid grid
from ocean to river.

Table 1. The D-flow model processing time based on temporal scale of model and number of processors
Days real time
1
365
365
3650
3650

Processors
1
1
8
8
64

Days runtime
0.04
15.21
2.88
28.81
5.46
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Parallelization Factor
0.8
0.8
0.8
0.8
0.8

4. Temporal and Spatial Patterns in Benthic Invertebrates in the San Francisco Bay
— Isa Woo (USGS Western Ecological Research Center)




Salt Pond Restoration Uncertainties:
In 2003, federal and state agencies acquired 16,500 acres of commercial salt ponds in the South
San Francisco Bay and 1,400 acres along the Napa River in the North Bay for the purposes of
restoration within an adaptive management framework. This is the largest tidal wetland
restoration on the west coast. However, there are uncertainties regarding how these restoration
projects will affect adjacent estuarine shoals that support migratory birds and fishes, as well as
how scenarios of climate change will influence wetland restoration processes and outcomes.
Key uncertainties include sediment dynamics for restoration and accretion, avian habitat value
and carrying capacity, effects on the ecology of fish and harbor seals, and effects of tidal prism
on food dynamics.
Ecology of Shoals:
The largely unaltered shoals are
a primary reason the San
Francisco Bay is known for its
rich estuarine communities. A
conceptual model of the ecology
of shoals (Figure 10) displays the
interactive effects of physical
forces with biota, showing links
within the food web. There is
high spatial and temporal
variability in invertebrates due to
both physical factors (hydrology,
elevation, inundation time, water
depth, sediment structure, water
Figure 10. The interactive effects of physical forces and biota
within the food web of shoal ecosystems
quality) and biological factors
(predation, competition, recruitment, and available food resources). Secondary consumers are
influenced by both top-down and bottom-up effects.
o Bottom-up effects: Invertebrate depletion may reduce carrying capacity for avian predators.
Kraan et al. (2009) tested the effects of declining food on mudflats (cockle harvest) for red
knots based on yearly benthic mapping, color-ringing, and bird-counts from 1996-2005 in
the western Dutch Wadden Sea. Through estimations of suitable foraging area, spatial
predictability of food, and bird survival, it was demonstrated that the intertidal flats were
being used to capacity by migrant shorebirds. Red knots lost 55 percent of their foraging
area, resulting in a significant decline in both overall numbers and survival rate; however
the numbers of birds per suitable area remained unchanged. Birds also responded by
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developing enlarged gizzards. 250-meter resolution benthic maps of invertebrates were
used to estimate carrying capacity.
o Top-down effects: Shorebirds may exhibit top-down control on mud flat invertebrate
communities, and thus phytoplankton. Thompson et al. (2008) and Lucas et al. (2009)
found that grazing bivalves determined phytoplankton blooms, and above a grazing
threshold blooms ceased. Bivalves, preyed upon by birds and fish in the fall and winter,
disappear each year prior to the spring bloom. Growth of phytoplankton depends on
shallow water processes, and change in benthic filter-feeders or their predators has great
potential to change bloom dynamics.
Dumbarton Shoals Project:
Project goals are to characterize spatial and temporal variability in benthic invertebrates,
identify factors that drive invertebrate densities and biomass, and relate invertebrate distribution
to physical conditions and avian predators. Invertebrate and sediment samples were collected
monthly during high tide on three transects along an elevation gradient, with each core being
10-centimeters wide and 10-centimeters deep. Invertebrates are sorted to the lowest possible
taxon, bivalves are sorted by size class, and ash-free dry weight is determined. Results include:
o Sediment grain size decreases with increasing distance from shore (Jaffe et al.)
o Benthic invertebrate densities:
 Temporal patterns:
Taxa densities varied over
time, with bivalve numbers
decreasing in mid-winter
months (Figure 11).
 Spatial patterns:
Taxa densities varied by
location and elevation, with
high bivalve densities in
shallow areas within 300
meters of the shoreline.
Amphipods showed
increased density in deeper Figure 11. Relative density of benthic invertebrate taxa in the Dumbarton
Shoals by month, from October 2008 to April 2010.
water.
o Benthic invertebrate biomass: Average ash-free dry weight (mg/m²) was interpolated for
the entire area from sample points. Bivalves and polychaetes compromise the majority of
the biomass. Patterns are patchy and change by season, but biomass is primarily higher in
the shallow shoals, especially for bivalves.
o Predation effects on invertebrates:
 Size class matters for avian predators, so bivalve patterns were examined by size class.
Bivalve temporal patterns may be explained by avian predation, particularly in the 2-6
millimeter size class that is depleted in the winter when birds are feeding (Figure 12).
13



However it is important to note that diving ducks will also eat bivalves up to 25
millimeters in diameter.
Predator exclusion experiments are necessary to tease apart effects of predation
(predator type) from seasonal and annual variability.
Bivalves 2-6 mm

AFDW (mg/m-2)
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Figure 12. Monthly biomass (ash-free dry weight) of 2-6mm bivalves along an elevation
gradient in the Dumbarton Shoals, going from October 2008 to March 2010

o Bathymetry and water levels are used to assess habitat availability for avian foragers,
according to suitable foraging depths by species. The percent of time the mud flat is
accessible is determined by calculating the percent of time the required foraging elevation is
exposed.
 Accessibility of the mud flat ranges from 40 percent near the shore to zero at the deepest
areas, however this differs between shorebirds and ducks.
 Relationship was identified between changes in elevation and inundation period. (10centimeter change in elevation translates to about a 3 percent change in inundation)
 With increased water levels and static mud flat elevations, available foraging habitat
decreases for western sandpipers and lesser scaup (Figure 13a). With 150-centimeter
increase in water level, WESA foraging time is down to approximately one percent
(Figure 13b).
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Figure 13. Percent of time the mudflat is accessible to western sandpipers and lesser scaup: a) along
an elevation gradient with increasing water depth, and b) along the same elevation gradient
combined with a 150 cm increase in water level

5. Carrying Capacity of Small Sandpipers on the Dumbarton Shoals (South Bay Salt Pond
Restoration Program) — Aariel Rowan (San Francisco State University)






Importance of San Francisco Bay for Shorebirds:
The San Francisco Bay is designated an area of hemispheric importance for shorebirds, as over
one million shorebirds come to the estuary annually and feed in the tidal flats. Shorebirds of
North America have experienced population declines over several decades, therefore
understanding the ecology of their key stopover sites is critical. Staging areas of the San
Francisco Bay estuary are providing an important resource for shorebirds in their migratory path
from Mexico to Alaska. During the 2008 Shorebird Census, Western Sandpipers were the most
abundant shorebird in the San Francisco Bay with 30 percent of all birds, followed by Dunlin
with 29 percent.
SF2 Dumbarton Shoals Project:
o Invertebrate and sediment samples collected monthly on transects along elevation gradient
o Monthly bird surveys documented Western Sandpiper and Dunlin abundance, behavior,
distance to water line, and time budgets
o Sediment profile, terrestrial LiDAR, bathymetry, water quality, and tidal levels were all
assessed.
Profitable prey for Western Sandpipers and Dunlin: (from literature review)
o Weight of at least 0.06 mg (ash-free dry weight)
o Include amphipods, bivalves, cumaceans, polychaetes, and oligochaetes
o No bigger than 59mm (polychaetes) or 12mm (all others)
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Determining distribution of macroinvertebrate prey accessible to Western Sandpipers and
Dunlin given variable tidal exposure:
o Inverse distance weighting interpolation (IDW, ArcGIS Geostatistical Analyst, ESRI,
Redlands CA) used to model prey densities from values at the nearest sampling station.
o Assess temporal variability in biomass of prey
Carrying capacity of the site during different seasons
o Involves creation of a foraging model to determine shorebird use of mud flat prey based on
energy content of accessible prey, assimilation efficiency, and daily energy expenditure
(Figure 14).

Figure 14. Foraging model used to determine bird carrying capacity, accounting for
accessible energy from prey, consumption by competitors, and daily energy expenditure



o If biofilm is a significant food source, it will also influence carrying capacity.
o Bird functional response will determine how intake rate varies with prey density
o The water level analysis involves elevation bands, the average rate of tidal water change,
and the number of ebb tides that pass through each elevation band per month.
Potential impact to foraging small shorebirds given possible scenarios of mudflat change
(increased slope, overall loss of elevation).
o Any change to mud flat morphology or tidal prism will affect time available for foraging
o Use sensitivity analysis to describe how each variable contributes to outcome
o Latin Hypercube Method estimates the model with different values of each parameters to
see which parameters carry the most weight on the outcome (DEE, intake rate, competition
level from other predators, sediment elevation change, mud flat slope)
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6. Carrying Capacity Modeling of Diving Benthivores on San Pablo Bay Shoals
— Susan De La Cruz (USGS Western Ecological Research Center)




Importance of San Francisco Bay for Waterfowl:
The San Francisco Bay is one of the
a.) Greater Scaup and Lesser Scaup
most important wintering and staging
areas for benthic-foraging, diving
ducks in the Pacific Flyway.
Approximately half of the flyway
populations of Scaup (Aythya marila
and A. affinis), Canvasback (A.
valisineria), and Surf Scoter
(Melanitta perspicillata) have been
counted in the Bay during the U.S.
b.) Canvasback
Fish and Wildlife Service mid-winter
survey (Figures 15a, 15b, and 15c).
Many species using the San Francisco
Bay are declining due to unknown
causes, however wintering area factors
may contribute, as food is a major
limiting factor in sustaining birds
through the winter season and their
subsequent migration.
Measuring Carrying Capacity:
c.) Surf Scoter
Models of carrying capacity, the
maximum number of bird days that
can be supported by the food supply
within a defined site and time period,
are currently being developed for
diving ducks (Lesser Scaup, Greater
Scaup, Canvasback, and Surf Scoter)
utilizing San Pablo Bay Shoals. These
models provide information for
managing habitat and setting habitat
acreage goals, and they will
specifically assist the San Francisco
Figure 15. Pacific Flyway and San Francisco Bay diving duck
population totals over the last half-century from the U.S. Fish and
Bay Joint Venture with establishing
waterfowl population goals and habitat Wildlife Service mid-winter survey
needs. Models can eventually be
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modified according to information from sea level rise scenarios and geomorphic change models.
Primary methods used to model carrying capacity include:
o Daily ration models: based on the total biomass of accessible food, aggregated across all
patches of differing food density, divided by an individual’s daily energy requirement
(Lovvorn and Baldwin 1996, Michot 1997).
o Individual behavior based models: use a game theoretic approach to follow the patch-choice
and body reserves of each individual animal on each day of a simulation (Goss-Custard et
al. 2002, Lovvorn and Gillingham 1996).
Spatial and Temporal Extent:
This modeling effort excludes intertidal areas used
by shorebirds and focuses on subtidal areas from
0-6m MLLW in San Pablo Bay during October to
January, due to having the highest densities of all
four diving duck species. Waterfowl diet and
movement data is available for all species, and
adequate benthic surveys are available from 1990,
1993, and 1999-2001. Declining numbers of all
species by January suggest that the carrying
Figure 16. Departure chronology of lesser scaup,
capacity of the area is reached (Figure 16).
greater scaup, and surf scoters from San Pablo
The Two-Part Conceptual Approach to
Bay
Modeling:
Part I. Estimate threshold prey densities:
The threshold prey density is reached when energy gain equals the energy cost of foraging at a
particular depth (Figure 17). When energy gain minus energy cost is greater than zero, foraging
is profitable. Unlike for shorebirds, calculations of energy cost need to include dive costs for
benthic-foraging waterfowl. A bird’s functional response, its ability to increase its intake as
prey density increases, must also be taken into account.

Figure 17. Simulation model for estimating the threshold density of prey above
which diving ducks can achieve positive energy balance (Lovvorn et al, in prep.)
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Part II. Estimate duck use-days for San Pablo Bay: Prey densities at a given location need to be
adjusted for consumption by the four main non-avian competitors (Figure 18). In addition, the
prey mass available to a particular duck species must also consider partitioning with all other
duck species. Waterfowl may partition prey resources by prey size, prey species, foraging
depth, and foraging location.

Figure 18. Algorithm for estimating number of duck-use-days that can
be supported in San Pablo Bay over winter (Lovvorn et al., in prep.)

Data Informing the Model:
o Diet data for diving ducks:
 Corbula amurensis is a dominant diet item for diving ducks in San Pablo Bay (Figure
20b), and there is some evidence of partitioning by size classes (Figure 19a).
 Macoma balthica is important for canvasback (Figure 19b), particularly those foraging
in intertidal and creek areas
 Scoter diet differs among sub-bays
a.)
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Figure 19. a) Proportion of different size classes of Corbula amurensis in the diets of lesser scaup, greater
scaup, canvasback, and surf scoters. b) Percent of greater scaup, lesser scaup and canvasback with certain
prey types in their diets
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o Duck foraging depths are determined from telemetry and bathymetry (Figure 20b). Both
scaup species predominantly overlap in preferred foraging depths, with lesser scaup tending
toward shallower depths than greater scaup (Figure 20a).

Figure 20a. Preference (bars) of two scaup species
for shallow water foraging habitats compared with
available habitats



Figure 20b. Current availability of shoal
habitats preferred by foraging scaup

o The Benthic macroinvertebrate atlas (Rowan et al., in prep.) is used to understand the
spatial and temporal spread of prey resources around the bay.
 Contributors include USGS, SFEI, CAS, DWR, NOAA, and CDFG.
 Interpolation conducted to obtain prey densities for carrying capacity modeling.
o Functional responses and different densities of prey:
 Tank experiments measure mechanical dive costs in different substrates (Perry et al.
2007, Richman and Lovvorn 2004)
 Follow intake of bird to see if responding to increased prey density. Lesser Scaup were
able to assimilate more energy with increasing density of Corbula; however energy gain
was minimal with increasing density of Macoma, which is deeper in the sediment.
o Consumption by non-avian competitors is being estimated through an extensive literature
review combined with allometric scaling.
Future Work:
o Expand model to include other sub-bays in the estuary
o Determine how sea level rise and geomorphic change will influence available foraging
habitat, energetics (i.e. dive costs with water depth), and prey densities.
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7. San Francisco Bay Subtidal Habitat Goals Project — Marilyn Latta (California State Coastal
Conservancy- Subtidal Habitat Goals)












Project Goal:
o Develop priorities for subtidal habitats, with a focus on science, management, and
restoration
o Identify key research questions to answer the most pertinent management questions.
o Link key areas of subtidal resources to future designs and planning.
Subtidal Habitat Categorization:
o Six habitat types: soft substrate(including mobile sediments such as mud, sand, and
pebbles), rock (large islands and outcrops), artificial, shellfish, eelgrass, and seaweed beds
o Includes intertidal mudflats because they were not included in the original Baylands
Ecosystem Habitat Goals Report
o Incorporates connectivity and linkages between habitat types
o All habitat types have data gaps
Function and Knowledge of Stressors:
o Define all habitat stressors
o Determine highest level of stressors to each habitat type
o Conceptual model developed for stressor types (Science advisor, Wim Kimmerer,
University of Maryland)
o Scale, irreversibility, and scope lead to goals recommendations
o Committee includes the National Oceanic and Atmospheric Administration, the San
Francisco Bay Conservation and Development Commission, and the State Coastal
Conservancy
Consultant Reports:
o 5 stressor narrative papers: contaminants, bottom sediments, suspended sediments,
nutrients, and artificial structures (Andy Cohen)
o Eelgrass opportunities and constraints (Kathy Boyer)
o Shellfish (Grosholtz)
o Survey of derelict pilings, their significance, and action plan for removal (San Francisco
Estuary Institute)
Concept of Living Shorelines:
o Using natural materials as buffers on shorelines to stabilize sediment, reduce wave action,
and provide habitat (i.e., oyster reef, eelgrass bed)
o Goal to develop pilot projects at 3 sites (including Corte Madera and Eden Landing)
Final Subtidal Habitat Goals Report:
o Implementation directed toward resource managers, however the report is useful for
anyone working in subtidal areas
o Includes a 50-year set of goals
o All consultant reports are included with the report
o Final Report was released in January 2010 and is available at
http://www.sfbaysubtidal.org/report.html
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B. Workshop Discussion Topic Summaries:
1) AVIAN ECOLOGY OF SAN FRANCISCO BAY SHOALS
Shorebirds and waterfowl generally use different areas of shoals, intertidal and subtidal
respectively, however habitat area overlaps somewhat in the intertidal zone. Suitability of avian
habitat can be defined by both prey and physical characteristics (i.e. water depth, sediments, slope,
salinity, inundation regime). All of these factors interact to determine the area available for
foraging. Prey quality, abundance, distribution, and accessibility will influence bird carrying
capacity and population health.
Invertebrates make up the primary food source for shorebirds and waterfowl in shoal environments.
The presence of the introduced Overbite Clam, Corbula amurensis, since 1986 has drastically
altered the food web, as it has become a main prey item for diving ducks and other species.
Invertebrate populations are primarily influenced by phytoplankton, however top down effects on
invertebrates are strong due to annual prey depletion by avian predators. The influence of
additional predators (i.e. fish, crustaceans, rays, and sharks) also affects prey availability, and large
upwelling events can exacerbate the issue due to predator invasion into the estuary.
Biofilm on intertidal mud flats may also be an important energy source for some shorebirds.
Biofilm is a generic term for the top outer layer of sediment that contains primary producers (i.e.
diatoms) within the interstitial spaces between sediment particles. When the mud flat is exposed,
they migrate upward and are accessible to small foraging shorebirds, such as the Western
Sandpiper.
Prey availability and accessibility are integrally linked to the cost-benefit balance of foraging
behavior. Water depth and the movement of the tidal line determine the available foraging time and
accessibility of prey. The timing of the tidal cycle, both daily and seasonally, also plays an
important role in foraging response. While feeding shorebirds are strongly influenced by fine-scale
tidal flat topography, waterfowl foraging habitat is more homogeneous and influenced by water
depth. Both diving costs and depth thresholds must be considered as part of the energetic balance
of foraging diving ducks, however these factors are variable by species.
Suitability of the adjacent landscape for roosting and/or nesting is also essential in evaluating
overall habitat quality. The proximity of roost sites to daily feeding areas is important in
maintaining the foraging profitability despite energy expenditure. Although most ducks are not
present in the San Francisco Bay in the summer, there are some nesting shorebirds and waterbirds
that forage in tidal flats. Shorebirds such as black-necked stilts, American avocets, and snowy
plovers utilize adjacent salt ponds as breeding habitat. Nesting marsh birds (i.e. California clapper
rails) will also forage in mud flats.
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2) BIOPHYSICAL INTERFACE


Drivers of invertebrate density and distribution:
o Tidal inundation and exposure regime are the primary drivers of invertebrate distribution.
Water inundation and exposure are driven by slope and elevation relative to the tidal
cycle. Microtopography also plays a critical role along tidal edges.
o Salinity is the other primary factor influencing invertebrate population response.
Although the prominent invasive bivalve, C. amurensis, has a wide salinity tolerance from
2 ppt. to full ocean salinity at 35 ppt., it is more stressed in the 2-10 ppt range.
o Water temperature must be maintained within a suitable range; however temperature
tolerance varies by invertebrate species.
o Water depth:
 The ability of invertebrates to respond to deeper waters is species specific and
dependent on sediment type.
 An invertebrate gradient along elevation is apparent in the South San Francisco Bay;
however it is unclear whether predation is creating gradient or invertebrates are
directly responding to water depth.
 Although clam density does not appear to be depth dependent, it is energy dependent
and therefore indirectly influenced by depth.
o Sediment requirements for invertebrates are generally all fine sediment.
o Phytoplankton: Phytoplankton dynamics are a key aspect in predicting invertebrate
abundance, distribution, and biomass. P. amurensis eat phytoplankton, bacteria,
zooplankton larvae, microciliates. When phytoplankton is high in the South San
Francisco Bay, bivalves can grow 5mm per month (J. Thompson, pers. comm.)
Phytoplankton is dependent on residence time, grazing, and light availability. Suspended
sediment concentrations and water depths will influence the light available to
phytoplankton. Phytoplankton blooms are generally initiated in the shallow shoal
environments, where cells have increased opportunity for light.
o Predation pressure: Depletion of prey stocks is common, due to annual avian predation,
the influence of non-avian predators, and potential predator invasion into the estuary due
to upwelling. Predation pressure is dependent on foraging time and water depth. P.
amurensis disappears in shallow water by every January in San Pablo Bay because of
heavy predation by waterfowl. Although it is difficult to separate predation pressure from
inundation and exposure effects on invertebrates, it can be accomplished using predator
exclusion experiments.
o Marine Influences: Seasonal and spatial variability in invertebrates can be difficult to
discern due to upwelling, marine influences, and predator migration into the estuary. P.
amurensis can be affected by extraordinary predation events, such as its disappearance in
2004 due to the arrival of offshore predators (i.e. shrimp).
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Physical influences on prey accessibility for waterbird predators:
o Water depth thresholds
o Timing of tidal cycle (i.e., daily, seasonally)
o Sediment permeability
o Slope
o Microtopography
Biofilm dynamics:
o Develops over muddy intertidal estuarine flats with little sediment re-suspension
o Requirements include sufficient light availability and low turbidity
o Also important for the cohesiveness of sediments

3) THE SHOAL TO MARSH CONTINUUM
Shoals are flats that extend sub-tidally into the estuary from the intertidal zone. They encompass a
majority of the non-channelized areas of the San Francisco Bay estuary. Intertidal flats are limited
to areas of tidal inundation, and the term mud flat is commonly used due to their sediment
composition. Mud flats transition into tidal marsh habitats as the deposition of sediments increases
and erosion decreases. A continual cycle between sedimentation and erosion is important for
healthy landscape dynamics, as it is necessary for wave energy to attack the marsh in order to build
shoals and mud flats. There is equilibrium between when the mudflat begins to disappear, the
marsh experiences increased erosion due to wave action, and the mudflat starts to regenerate.
Although the erosion of shoals, mud flats, and marshes is generally thought of negatively, it is a
natural component of a healthy system and long-term habitat maintenance.
The placement of hardened shorelines and the ability of the marsh to erode will determine the
amount of sediment in the system. Therefore, the potential levels of marsh protection and the
ability of storms to redistribute sediment to shoal habitats are important considerations. The
balance between sedimentation and erosion occurs on an annual basis. Although the mud flats are
continually influenced by wave action and tidal filling and emptying, marshes only experience
erosion and deposition of sediments during storm events. Wave energy is necessary to distribute
sediment, and if waves are dampened, there is no mechanism for sediment re-suspension and
deposition on both flats and marsh. It is possible that waves will be a positive factor when
associated with sea level rise. Although general protection of certain marshes may be necessary,
allowing large storm events to occasionally redistribute sediments will be important to the health of
both flats and marsh.
Despite the connectivity of the system, there is still somewhat of a trade-off between the protection
of marsh and/or mudflat. In the San Francisco Bay management community, there is some tension
about the preservation of different species in the respective habitats. Research and management has
been primarily focused on tidal marshes instead of mud flats. There is competition between
supporting habitat for migratory birds vs. the severely endangered tidal marsh species (i.e., Black
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Rail, Clapper Rail, and Salt Marsh Harvest Mouse). There will continue to be political pressure
regarding what areas are restored and protected, and further tension may result if the marsh protects
inland developed areas from flooding. Although flats may come and go over short periods of time,
marshes take a while to form. Natural areas that would allow for marsh succession are limited, and
new marshes differ from older marshes in terms of their ecosystem function. Many habitats are
also already disconnected and that will affect system dynamics. For instance, the location of the
back side, or hard edge, of the marsh will affect the distribution of wave energy and the dynamics
of erosion, deposition, and succession.
Salt ponds are another important component of the shoal to marsh habitat continuum. The
sediment demands of salt pond restoration areas must be taken into account, as these areas are
primary competitors for sediment. There is still great uncertainty regarding the amount of salt
ponds in the South Bay that will be converted from pond to marsh, with numbers ranging from 50
to 90 percent, and therefore a huge range of sediments may be required. In addition, habitat
provided by former salt ponds growing new marsh is providing valuable transitional habitat that
may be lost if fully restored to marsh. Steps are currently being made to determine the energetic
value of salt ponds to avian species. The availability of salt pond habitats is currently
supplementing the carrying capacity of the flats for shorebirds; therefore future bird carrying
capacity predictions will need to account for decreased habitat availability as these ponds transition
into mature marshes.
It is logical for any discussion of shoals and climate change to also include tidal marshes. This
habitat gradient is part of a continuum. As an extended system, the modeling aspect of the bay
proper should be connected to the modeling in the marshes. Model predictions need to incorporate
influences of landscape ecology in modeling scenarios. Sea level rise will add to an already
dynamic system, and all factors must be accounted for when determining how birds will respond.

4) SEA LEVEL RISE IMPACTS


Initial loss of intertidal habitat

With rising water, intertidal habitat could potentially transition spatially, however much of it would
be lost as it moves landward and possibly into hard structures. In a sediment poor system with a
hard shoreline and low wave energy, the effect of changing water depths on different avian species
can initially be considered independent of geomorphic change. As flats stay submerged, many
foraging areas in tidal flats would disappear for shorebirds.
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Changing hydrodynamics

As sea level increases, wave reflection from hard structures could increase erosion of mud flats.
Although the sediment load from the Sacramento-San Joaquin Delta is decreasing, redistribution of
sediments from the marsh edge will likely increase. Sediment redistribution would occur over
several decades; however those sediments could disappear over the longer-term. The amount of
sediment necessary to maintain mud flats and where there is sufficient sediment supply will need to
be determined.
Rising seas will also drive salinity intrusion farther into the estuary. In addition, salinity
stratification may result as water becomes deeper. Deeper areas have less vertical change, less
freshwater, and farther intrusion of salt water.


Maintaining natural processes

Wherever possible, it will be important to maintain transitional dynamics in the mud flat, through
the right balance of erosional and depositional forces to offset the rising water. However, pushing
tidal flats higher up the system may not be feasible due to levees and limited land. Identifying
locations where a natural transitional zone can be maintained in the San Francisco Bay Area is
essential. Modeling should involve determining the tipping points or thresholds for system change
and when they might occur. Subsequently, sensitivities to different scenarios will need to be
incorporated into avian models.


Influence of management activities
o Shoreline protection: Shoreline protection structures will have increased ramifications on
adjacent wetlands and mud flats when combined with sea level rise. The location, height,
construction material, and condition of levees are all factors to consider when assessing
scenarios of changing hydrodynamics. It is especially important to know which levees will
be retained and to incorporate this into future modeling of sea level rise effects on the
availability of suitable water depths for foraging. Determining the political coverage of
areas that will not be allowed to flood will be useful in evaluating probable scenarios of
ecological change.
o Sediment supply: A sufficient sediment supply for wetlands and mud flats is necessary to
maintain suitable habitat in the face of sea level rise, and it will be important to identify
locations with adequate sediment input. Unfortunately, the sediment supply is not enough
to keep up with sea level rise in most areas. Supply from the watershed is currently limited
due to the presence of numerous dams blocking sediment flow. There is a disconnected
system of sediments with little back-side sediment supply to marshes from creeks or tidal
sloughs. Additional sediment sources are stuck up channels, and there is no mechanism for
moving this sediment. Boulder removal in the Delta could also result in an additional
sediment sink.
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o Deepened channels: Although future dredging activities are uncertain due to conflicts over
disposal of dredge material, channels could also be deepened by an increased tidal prism.
The impact of salinity intrusion would increase with deeper channels.


Alteration of food sources

Changing physical conditions associated with sea level rise could alter the dynamics of avian food
sources. Invertebrates would be primarily impacted by changes in salinity, temperature,
phytoplankton, and tidal inundation regime, while biofilm would be influenced by changes in
salinity, turbidity, and light availability. Models could assess how both invertebrates and biofilm
may be altered through different climate scenarios. Changing hydrodynamics and energy could
also encourage or discourage certain predators and influence top-down effects on food sources.
Phytoplankton is influenced by hydrological changes; therefore modeling phytoplankton dynamics
will be integral to assessing sea level rise effects on prey populations. Shoals are important to
blooms because cells have increased opportunity for light. It is possible that deeper shoals may
cause blooms to be lost, as there is no positive net phytoplankton growth in channels. Because
suspended sediment concentrations influence the light available to phytoplankton, decreased
sediment concentrations could potentially offset the effects of increased water depth. Clam grazing
also has less of an effect in deeper water because of low vertical turnover. However, the San
Francisco Bay is already a nutrient-rich system and reaching the threshold for eutrophic conditions
could be an issue.


Prey inaccessibility

Foraging habitat loses suitability as water gets deeper, because prey either becomes physically
inaccessible or the energetic costs of foraging become too high. The time available for foraging is
influenced by tidal fluctuations and sea level rise. Shorebirds dependent on fine-scale movements
of the tide line would lose available foraging habitat as intertidal mud flats disappear. Diving ducks
may have difficulty finding enough foraging areas with suitable depth ranges for diving. Water
depth thresholds are variable by species; therefore sea level rise may have differential impacts.

5) EXTREME EVENTS
The ecological response to the potential of an increase in frequency or severity of extreme events
should also be assessed along with sea level rise. Capturing this scenario would involve comparing
the model of mean conditions to models of extremes. Although this is possible for hydrological
modeling, it could be more difficult for long-term geomorphology modeling that may require endmember conditions. However, the event scale should be based on what is of greatest concern to
birds and what may leave a long-lasting signature on the ecosystem. It would involve discerning
events that the system can recover from, versus ―tipping-point‖ events that result in system change.
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A key factor is whether extreme events would expedite already existing trends or result in drastic
change.
Historical datasets are necessary to pinpoint the effects of extreme events on birds and the physical
environment. A water level analysis can incorporate regression models of storms, El Nino, and
tides to produce water level projections with climate change in the future. Conversely, capturing
the effects of extreme events on biota may be difficult, because there is limited invertebrate data
going back to the 1970s and historical bird data is a single point per year. However, strong year-toyear site fidelity may help to reveal trends, and localized effects may be observed, such as birds
responding to an oil spill. Because most extreme events have implications beyond the San
Francisco Bay estuary, analyzing regional and flyway data would be especially useful. Waterfowl
data is more widespread, with transect surveys conducted across North America. Shorebirds have
been infrequently counted at different sites, but a more unified Pacific Flyway effort is being
developed.


Increased rate of sea level rise

In the context of climate change, the largest predicted change is in terms of sea level rise.
Because sea level rise will accelerate as global temperatures warm, there is potential for the rate
of sea level rise to be higher than expected. Sea level rise scenarios could be conservative
estimates, since IPCC estimates do not include catastrophic glacial melt. An increased rate of
change could impose deeper water levels on the flats without time for geomorphology to
respond. These extremes should modeled, so appropriate contingency plans can be developed


Increased frequency and severity of storms

A higher frequency and severity of storms could drive increased deposition at certain sites,
resulting in increased burying and loss of food availability. For example, a delta formed off of
San Francisquito Creek due to flooding in 1995 and persisted many years. The formation of a
delta can be recreated with models; however subsequent slow erosion may be more difficult.
Models will need to include data on wave energy and slumping. In addition, location relative to
sediment source is an important consideration, such as sediment inputs of local tributaries
versus the Delta. The ability of biota to respond successfully to deposition events is dependent
on both species and scale. The scale is very important for shorebirds focused on a narrow band
of suitable foraging habitat. If shorebirds cannot access the flats, they must find other suitable
habitat elsewhere within several days or mortality may result.
There is no consensus on how storminess will change with climate change, however severe flow
events are highly possible and would have community implications. The timing and degree of
flow events may be altered, even though the total water input might stay the same. How land
management responds to changing flood peaks in the Delta will influence the dynamics of
freshwater flows reaching the Bay. Although snowpack variability is agreed upon, it will not
affect tributaries in non-snowpack areas and it will likely affect salinity more than sediment.
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Flow changes in the Bay would primarily affect invertebrates that are structured by salinity.
For instance, large flow events between 1995 and 1998 changed invertebrates. Large rain
events will also cause changes in the mud flat community. Species respond differently, with
soft-bodied species being more susceptible and other species burrowing deeper. This could be
assessed looking at shallow subtidal invertebrate data going back to the 1980s.


Extreme high tide events

Combined with sea level rise, extreme high tides could have drastic effects on communities by
further decreasing the accessibility of mudflat and shoal habitats for foraging. In areas like the
North Bay, high river flows coinciding with extreme tides could especially be of concern. The
possibility of nest inundation might also need to be considered for some breeding species.
Although flooding has a major influence on nest failure in other areas, predation is a larger
factor in the San Francisco Bay. Some birds (i.e. clapper rails) are adapted to water flows,
because their nests and eggs can float and potentially survive inundation. However, if high
water levels drastically decrease the amount of suitable habitat, birds and nests could become
more exposed to predators.


Regular oceanic patterns

The degree that the San Francisco Bay maintains equilibrium over larger timescales will
determine the influence of global patterns and events. When considering the climate envelope
of a species, population dynamics are regularly influenced by upwelling events, northern
oscillations, southern oscillations, and El Nino. It will be essential to assess species responses
to these events when combined with the effects of climate change.
o Large upwelling events:
Because productivity is driven by upwelling, the role of event scale and time period on
the degree of biological effects will need to be determined. Coastal winds may also
determine the upwelling value. Large events drive nutrient availability, thus creating
more available food and encouraging additional predators. These effects could be
modeled using an index number.
o North Pacific Gyre Oscillation (NPGO):
Timescale will be important when considering how populations are affected by northern
and southern oscillations. The influence of the NPGO on populations over a 20-30 year
period could be very large compared to climate change effects. Some studies in Europe
have looked at the importance of northern and southern oscillations relative to migratory
populations.
o El Niño:
El Niño events may be of concern if they make marginally suitable foraging habitat no
longer acceptable, therefore the scope of El Niño effects will need to be determined.
Over the short-term, water elevation could rise up to 20cm due to El Niño and this could
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last a few months. Because these larger El Niño-type events are not only confined to the
San Francisco Bay, their influence might be seen across many sites. With changing
environmental conditions, birds must either move, adapt, or die. Temperature affects the
chronology of bird migration relative to spawning, plant phenology, and snowpack. The
effect of El Niño on species that ―hop-scotch‖ up the flyway will need to be assessed.
Looking at historic bird counts would be especially useful; however shorebird counts
have not been conducted as regularly as waterfowl.


Toxic algal blooms

The influence of algal blooms could increase due to higher temperatures. Toxic algal blooms are
associated with water temperature and global ocean conditions, and this is being assessed through
CASCaDE. A U.S. West Coast ROMS Model also has real-time data of temperature, salinity,
currents, and upwelling that could be used to build a model of the temperature of the Bay. Birds
may respond to toxic algae through reduced feeding activity, inability to lay eggs, and loss of motor
coordination to death (Shumway et al. 2003). In Santa Cruz, mortality of birds has been associated
with bloom events on the coast. Also, if red algae is deposited on shore, the mud flat can go anoxic
and it could several years for the ecosystem to recover.


Acidification

Although bays and estuaries tend to be more buffered than the open-coast, there is still a need to
think about acidification effects on invertebrates and benthivores in the San Francisco Bay. Acidity
has a different behavior in the bay; however it would still be influenced by any increase in ocean
acidity. There are several studies of acidification currently being conducted at Bodega Bay,
Tomales Bay, and there is also instrumentation collecting pH data in the South San Francisco Bay.


Contaminants

Contaminants are of high concern to avian species in the San Francisco Bay, and have been shown
to have a leading influence on nest failure in several species. Diving ducks are showing high
Selenium concentrations, and those concentrations have recently increased. Few measurements
have been taken of bird condition in response to contaminants; however effects have generally been
seen on the immune system and subsequent survival.
Although it could be a secondary step in modeling efforts, contaminants should be incorporated
with hydrodynamic models to see how trends are influenced by climate change. This will be a
component of CASCaDE II, involving research that has been conducted on transport and
contaminants. Selenium enters the food web through phytoplankton, and the effects of these inputs
on concentrations down the line will need to be assessed. In addition, marsh erosion due to
increased wave energy or storm severity could result in contaminant release (i.e. methylation).
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6) KEY MODEL PARAMETERS:
Bird Requirements:
 Foraging time and accessibility of prey influenced by:
o Water depth
o Slope
o Movement of tide line
o Sediment permeability
 Suitability of prey populations determined by:
o Density
o Distribution
o Biomass
o Size classes
 Landscape factors include:
o Proximity of suitable roosting or nesting habitat
o Degree that adjacent salt ponds supplement carrying capacity
Influences on Invertebrate Populations:
 Inundation/exposure regime determined by:
o Elevation
o Slope
o Tidal flow
 Predation pressure dependent on:
o Foraging time
o Prey accessibility
 Water quality parameters:
o Salinity
o Temperature
o Dissolved oxygen
 Benthic conditions:
o Sediment type
o Organic matter
 Phytoplankton influenced by:
o Light availability and suspended sediment concentrations (inverse relationship)
o Clam grazing and water depth (inverse relationship)
o Vertical mixing and salinity stratification (inverse relationship)
o Upwelling
o Threshold for eutrophic conditions
 Effects of extreme events:
o Upwelling influences on predator invasion
o High freshwater flow events
o Burial events on invertebrate survival
o Erosion events on invertebrate survival
o Inundation events on marsh
Influences on Biofilm:
 Light availability
 Low turbidity
 Salinity
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7) MODELING APPROACHES
a. GEOMORPHIC CHANGE MODELING:


Climate and hydrological changes

The CASCaDE project has developed data on the cascading effects of changes under
different climate scenarios as they propagate from the climate system to watersheds to
river networks to the Delta and San Francisco Bay (Cayan et al. 2008a, 2008b, 2008c,
Ganju et al. 2008, Ganju and Schoellhamer 2009). Global climate models are run under
selected scenarios of future greenhouse gas emissions, and resulting precipitation and
temperature projections are downscaled for use in hydrologic models, which provides
input for geomorphic models. CASCaDE II additionally involves the Delft-UNSTRUC
model, incorporates hydrodynamic effects from ocean to river, and includes the fate of
wetlands. This LCC Project will build on upcoming work with CASCaDE II in order to
evaluate climate change and sea level rise effects on birds (Figure 21).

Figure 21. The CASCaDE conceptual model incorporating additional effects on birds



Geomorphology and sediment dynamics

Initial steps of hydrological modeling can use current bathymetry and topography to
explore the effects of sea level rise. The goal is to determine the overall availability of
different depth ranges as sea level rises and intertidal habitat disappears. However,
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increasing wave reflection from hard structures would eventually increase erosion of the
flats, and these potential bathymetric changes will also need to be modeled.
Methodologies for quantifying intertidal habitat change resulting from climate change and
sea level rise can be developed based on modeled shoal changes for Suisun Bay (Ganju
and Schoellhamer 2010). These simulations showed an increase in erosion of intertidal
areas when a base-case scenario was compared with a scenario of warming, sea level rise,
and decreased watershed sediment supply. Intertidal areas can be delineated from historic
surveys, and change in tidal flats can then be quantified using recent light detection and
ranging (LiDAR) surveys. Parameters that affect tidal flat change can be identified in
order to determine the spatial distribution of wave energy, tidal currents, and sediment
availability in the current system. Estuarine geomorphic numbers can be established for
San Pablo Bay and the South Bay based on mud flat change over time. Hydrodynamic
and sediment transport models can further refine these models.


Role of 1D, 2D, and 3D models

Stratification of modeling scales and complexity are essential because the time to run the
large scale, fully 3D models prohibits a large number of long-term simulations. The
influence of sediment size, tidal range, and wave exposure should first be assessed at
locations with characteristic profile shapes from around San Francisco Bay. Distilling to
1-D profiles of wave attenuation is very informative for determining how sea level rise
affects the wave and the marsh. Looking at simplified models of profile behavior will be
helpful in determining the key driving processes. The profile shape of accretional vs.
erosional mud flats will influence sediment dynamics and sea level rise effects. When
there is large tidal range and wave energy, the convex up shape is favored, indicating
erosion. It will be important to capture different topologies, shoreline types, and the full
transition from tidal flat to vegetated marsh, in order to assess how they will be affected
by hydrological changes. Developing this tool to look at cross-shore behavior and marsh
response will be useful in parameterizing the larger model. Sensitivity analyses should
involve waves, sediment types, tides, upwelling, and vegetation response.
Ultimately, the Delft3D modeling system can be used to investigate sediment transport,
hydrodynamics, and morphological change. A combination of the Delft 2DH (Roelvink et
al. 2001) and 3D (Lesser et al. 2004, Winterwerp 2001) coupled hydrodynamic, sand and
mud transport models and morphology models within the Delft3D system
(http://delftsoftware.wldelft.nl/index.php?option=com_content&task=view&id=109 and
http://www.wldelft.nl.soft/d3d/intro/) can assess likely changes to the intertidal, and
because of its influence on the intertidal, the subtidal. Changes in depth, due to sediment
redistribution, and sea level rise, alter the distribution of available habitat. Freshwater
inflows and sediment supply are simulated from down-scaled GCCM output and
combined with sea level rise and estuarine hydrodynamics to estimate likely future
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geomorphic change (Ganju et al. 2009; van der Wegen et al., accepted). These models are
informed by research on historical intertidal changes in the northern San Francisco
Estuary (Jaffe et al. 2007, Jaffe et al. 1998, Capiella et al. 1999). The same data also
allow calibration and validation of the geomorphic models. GIS tools will be developed
that integrate with the avian foraging model.


Addressing limitations of geomorphic models

There can be variability in the accuracy of geomorphic models, because models are often
conducted at a course resolution and some factors are not accounted for. For instance,
critical sheer stress for mud can vary 20 percent over a year and from place to place (D.
Roelvink, pers. comm.). The shape of the mudflat must be considered, however there is
high variability and seasonality between locations at a fine scale. In addition, how
sediment spreads out and is transported into salt pond restoration and tidal marsh areas can
be difficult to accurately characterize. The calibration of the past is also not a guarantee
for predicting the future, however focusing on scenario modeling can help to deal with
uncertainty.
Detailed shoreline and levee data is needed to improve map accuracy and resolution.
Refining shoreline extrapolation and calculating levee geometry (i.e. height, width, and
shape) could be accomplished with the new LiDAR survey being flown with 1-meter
resolution. In addition, the San Francisco Bay Conservation and Development
Commission is considering a transportation vulnerability assessment focused on specific
sub-regions of the Bay, which could also help in obtaining more accurate shoreline
information.


Involving management approaches with sea level rise scenarios

In addition to sea level rise scenarios, any modeling of habitat change must also
incorporate management scenarios. Determining habitat suitability will need to account
for realistic possibilities of how management will proceed. Developing color-coded maps
for degree of sea level rise effects could be a first step. Although there may be some
disagreement on accuracy, it could help in initiating a discussion regarding current and
future management activities. Map have been created for other hazards (i.e. coastal
erosion, tsunamis, hurricane surges) and the coloration of hazards can be used to show the
degree of potential influence. The scenario approach is useful in determining the effect of
human inhabitation, such the incorporation of water conveyance systems in CASCaDE I.
Future hydrodynamic models will need to incorporate the future location, height, and
condition of levees, as well as potential impacts of deepened shipping channels that could
result in increased tidal prism and salinity intrusion.
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b. AVIAN ECOLOGY MODELING:


Invertebrate response to changing physical conditions

Spatially-explicit geographic information system-based analyses (ArcGIS, ESRI Systems,
Redlands, CA) can be used to map expected macroinvertebrate densities in response to
changing physical conditions. Model simulations determine how sediment and
morphological changes may affect community composition and availability of food
resources. CANOCO 4 (ter Braak and Smilauer 1998) can be used to perform canonical
correspondence analyses (CCA; ter Braak 1986, ter Braak 1988) in order to reveal
gradients in species composition and relate log-transformed macroinvertebrate abundance
values to environmental variables (i.e., salinity, bed elevation, sediment grain size). The
Benthic Atlas (Rowan et al., in prep.) can be used to assess spatial variability in
invertebrates and elevation effects.
There are some difficulties in discerning interannual and seasonal variability in
invertebrates due to the presence of external forcing factors and the complexity of
phytoplankton dynamics. Although the magnitude between years fluctuates, similar
patterns of rapid population declines are seen each year. Invertebrate biomass is driven by
phytoplankton; however predation influences the crash of benthic populations. Oceanic
upwelling events drive nutrient availability, and increased food availability encourages
migration of additional predators (i.e. fish, shrimp, crabs) into the bay. Hindcasting longterm climate fluctuations with phytoplankton and invertebrate trends would require
adequate historic data; however the prey data to analyze flyway-wide connections between
different systems is limited. Because the current benthic system has changed many times,
it is difficult to identify what invertebrate population is the norm. Seasonal patterns in San
Pablo Bay are predictable due to bird predation, and there is data of invertebrate trends
going back to 1986. However, patterns in the South San Francisco Bay are more difficult
to determine.
Larger landscape factors have an influential role on invertebrate distribution and
abundance in shoal habitats, therefore large spatial scales will be necessary to model
annual changes in benthic communities relative to hydrology and phytoplankton. Models
of ocean systems and data on upwelling can be used to assess changes on productivity
should also account for larger scale fluctuations (i.e. El Nino and NPGO). The DelftUNSTRUC model will include bivalves and phytoplankton dynamics as part of
CASCaDE II. Pulling scenarios out of global climate models would be useful to resolve
critical forcing factors affecting food source variability across the flyway. Furthermore,
because shoals and wetlands are connected as part of a habitat continuum, modeling of
invertebrates should also involve wetland dynamics. Wetlands influence the population
dynamics of shoals by acting as nurseries for biota, such as amphipods, isopods, and fish.
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Experiments on predator exclusion will be necessary for separating the effects of water
depth and tidal inundation regime from predation effects. Because predator foraging
activity is also influenced by water depth, it is unclear whether predation is creating this
gradient or the invertebrates themselves are responding to water depth. Predator exclusion
pens can be designed to remove particular predators or the predation component
altogether. Analyzing patterns of prey size can also help to tease out the effects of
different predators on invertebrate populations.


Avian response to geomorphic and invertebrate change

Suitability of avian habitat needs to be defined by both prey and physical characteristics
(i.e. water depth, sediments, slope, salinity, inundation regime). Water depth and the
movement of the tidal line influence the available foraging time and accessibility of prey,
while inundation/exposure and salinity are the biggest factors in determining invertebrate
and prey distribution. The linkage between the physical environment (i.e. tides, water
depth) on invertebrates will drive responses of avian predators. Prey quality, abundance,
distribution, and accessibility will all influence bird carrying capacity.
Although foraging ecology modeling approaches are well developed, there is great
variability in the types of models that are utilized. The life history of the species must be
considered, and therefore models are variable by system. There is not one equation or
principle universally used to progress to the next step, and model verifications are an
essential part of the process. Looking at pathways of causation and using a correlation
based approach are important in determining the key factors influencing bird abundance.
The modeling process should also identify colinearities and confounding factors. Because
invertebrate distribution can be difficult to predict, it is important that models account for
all physical factors that may influence prey abundance, distribution, and accessibility to
avian predators.
o Modeling of Physical Habitat:
Predictions of sea level rise relative to geomorphic change can be used to model the
change in fine-scale tidal flat habitat for foraging shorebirds and the amount of shoal
habitats at suitable water depths for foraging waterfowl. For diving ducks, both the
energy cost of diving and the thresholds for diving depth are variable by species and will
need to be considered.
Geographic information system-based analyses (ArcGIS, ESRI Systems, Redlands, CA)
can compare the current and projected extent of shoal habitats through the next half
century with knowledge of foraging ecology of migratory birds to estimate likely
functional and numerical responses to alteration of their foraging resources. Spatiallyexplicit habitat suitability models or indices (HSI) involve factors influencing different
groups of birds in order to determine degrees of suitability of specific areas. Because
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invertebrates are difficult to predict from year to year, models should focus on the
spatial distribution of habitat. The percentage of shoals that are available and accessible
for specific periods of time can be modeled according to species and/or guild. The
number of acres at certain elevations and how moving water lines will change according
to profile shape, slope, and tide will need to be determined. Landscape influences on the
suitability of foraging sites, such as proximity to suitable roosting and nesting habitat,
will also need to be assessed using spatial analyses.
Incorporating prey distributions as part of a habitat-based approach may be difficult with
poor spatial prediction of invertebrates. A full 2-D spatial description would be
necessary; however invertebrates are subject to regular fluctuations. The Benthic Atlas
is the first step in locating benthic invertebrate concentrations, determining density and
abundance of prey species, and can help in identifying important prey items by what is
depleted first.
Initially using 1-D vertically integrated models can be very informative, and, where
alongshore variability is small, can sometimes be used to mimic a 2-D or 3-D model.
Slope and water depths along transects of shoreline types will be critical in 1-D models
in order to predict bird response. 1-D models can be useful in determining a threshold
of mudflat loss where bird use can no longer be supported, because the time the mudflat
is accessible becomes too short to maintain daily energetic requirements. The first step
is to develop relationships in 1-D models, and once modeling of geomorphic responses
to sea level rise has been completed, those relationships can be applied to larger 2-D and
3-D models.
Probabilistic depth-distribution by cell can help in representing more complex smallscale topography. Variation in microtopography within a cell influences the movement
of the tide line, water depths, and fine-scale prey and predator distributions. Because
shorebirds are more refined in the habitat that they use, subgrid modeling should focus
on near-shore areas.
o Hindcasting causes of bird decline:
Although a better understanding of historic conditions (benthic change, invertebrates,
and disturbance) is necessary, it can be possible to hindcast causes of bird decline and
changing habitat use patterns by analyzing more recent bird, invertebrate, and
hydrological data over the last decade. Beyond that, historic bird numbers are also
questionable, because transects in mid-winter aerial surveys were only developed more
recently. Reproducing the past can help to determine what is driving trends and will
assist in modeling future scenarios. Bird habitat utilization can be predicted based on
benthic conditions in recent years, by modeling the influences on spatial variability of
food sources from the Benthic Atlas (Rowan et al., in prep.). Habitat conditions that
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cause changes in invertebrates are driving factors of bird response. When a sufficient
energy source is not available, birds will leave the area.
The USGS Western Ecological Research Center has conducted studies on the foraging
ecology of migratory birds in San Francisco Bay for over 20 years, and there is data on
bird declines along with benthic conditions in recent years. Extensive datasets exist on
foraging behavior, detailed shorebird and invertebrate prey surveys have been conducted
through the USGS Shoals Project, and there is knowledge of the current and past
baywide distribution of migratory waterbirds (Takekawa et al. 2001, Takekawa et al.
2002, Warnock et al. 2002, Takekawa et al. 2006, Hickey et al. 2007, Takekawa et al.
2009). Presence-absence and density of surf scoters have also been modeled relative to
habitat distribution. Next steps are to add details to models, such as the factors of
disturbance and management, and then incorporate them into larger-scale models.
o Carrying capacity modeling:
Models of carrying capacity assist in determining the current baseline resource value in
the estuary, which helps to estimate how bird populations will be affected by changing
conditions. Carrying capacity models are parameterized with information from both
prey-based and habitat-based models. They eventually determine the maximum number
of bird days that can be supported by the supply available at a particular site. Threshold
prey densities for species or guilds are determined through carrying capacity models,
and modeling should account for all competitors (i.e. fish, crustaceans, rays, sharks)
influencing their shared prey base. Next steps will need to involve fish biologists in
order to assess how climate will affect fish communities and predator-competitor
interactions. Models of carrying capacity have recently been developed for diving ducks
of San Pablo Bay Shoals (Figures 17 and 18, Lovvorn et al. in prep., Lovvorn 2010), as
well as small sandpipers on the Dumbarton Shoals (Figure 22, Rowan et al. in prep.,
Rowan 2010). A structured equation model can also be created based on invertebrate
and bird data currently available for the Dumbarton Shoals.
Another important consideration is that habitat provided by former salt ponds growing
new marsh is providing valuable transitional habitat that may be lost if fully restored to
marsh. Steps are currently being made to determine the energetic value of salt ponds.
The availability of salt pond habitats is currently supplementing the carrying capacity of
the flats for shorebirds, therefore future carrying capacity predictions will need to
account for decreased habitat availability as these ponds transition into mature marshes.
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The carrying capacity of San Francisco Bay is independent of the flyway, but it has
become a limiting factor for many migratory populations. The system is food limited
and the resource value goes to zero very fast in some areas. Models provide the capacity
of the bay (number of bird use days in a year), however they do not provide information
on population and reproductive response. Body condition influences flyway decisions
and breeding success, and bird presence alone may not be indicative of actual suitability
and health. These lag effects across years are not included in carrying capacity
modeling.
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Figure 22. Parameters used to estimate carrying capacity for small sandpipers in the
Dumbarton Shoals (Rowan et al., in prep.)

o Final metrics to guide management
Ultimately, there are several key metrics that can help direct management. It will be
important to map the area and distribution of suitable habitats, both current and
predicted into the future. Once the baseline resource value of this estuary is determined
through carrying capacity modeling, the ability of management to hold that resource in
light of predicted habitat changes can be assessed. However, unlike the agricultural
systems in California’s Central Valley, the ability of man to manipulate food and prey in
the San Francisco Bay is somewhat limited.
It will be essential to identify the tipping points or thresholds for system change and
when they might occur. Sensitivities to different scenarios from physical models will
need to be incorporated into avian models, and this would also help to narrow down the
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important parameters. Bird counts can be a final metric in assessing whether minimum
energy requirements are available for birds to stay in an area and under what conditions
foraging costs become too high. This mechanistic approach can look how much a
hectare could support and use total numbers of hectares to get bird numbers.

8) SPATIAL SCALES: Different spatial scales are necessary between biological and physical models.
In general, larger spatial scales are necessary to model hydrology, geomorphology,
phytoplankton, and changing benthic communities from year to year.


Resolution (GRID SIZE):
o Geomorphic models:
 Suisun Bay Model (Ganju and Schoellhamer 2010): 200m square resolution, with
smaller grids in certain areas
 The Delft Model: 10m resolution for the finest unstructured grid size, with one
model time-step limited by the most critical cell
 Structured vs. Unstructured grids:
 Structured grid modeling can involve step-wise nesting within grids to capture
details in zones (i.e. near-shore), but does not always represent geometry
accurately.
 Unstructured grid modeling can be more flexible in how nesting is done in
specific areas, but is more computationally intensive.
 Limitations of large grids:
 Variability in mudflat shape
 Additional variability and seasonality between locations at fine-scale
 Course scale models are less accurate for specific areas
o Invertebrate data:
 More limited by spatial scaling compared to geomorphology
 Generally less dense than 100m grid spacing at Dumbarton
o Bird responses to water level changes:
 High resolution needed to assess shorebird response to water depth changes.
 Shorebirds and invertebrates follow edge of tide line
 Availability of food (invertebrates and biofilm) influenced by fine-scale movement
of tidal line
 At Dumbarton, a 10cm different over a year of water level data led to 5% change in
inundation time
o SUBGRID MODELING:
 Possible by embayment
 Cell-by-cell analysis is more accurate in areas where data was collected
 Important when including marsh
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 Small creeks/channels that flood marshes must be parameterized in 2D model
 Look at interaction of vegetation and mud
 Small areas like Corte Madera could have this final resolution
 Focus on near shore areas
 Shorebirds are more refined in the habitat they use (compared to waterfowl)
 Determine fine-scale distributions and variation in microtopography.
 Variation in microtopography within a cell (influences movement of tide line,
water depths, and fine-scale prey and predator distributions)
 1980s-90s bathymetry data goes up to 5 ft. above MLLW, and gap was
interpolated to shore (100m horizontal)
 Refine shoreline extrapolation with new LIDAR and re-determining mean high
water line. Test data for NOAA LiDAR should be available by January 2011.
Modeling Scale:
o Bay-wide analysis:
 Done from Point Reyes to Delta
 Could specify boundary conditions
 Important to use larger models/maps to see general trends
 Larger scale is important for hydrology and geomorphology:
 Freshwater signal is from Delta to San Mateo bridge
 Delta sediments are still important for the entire South Bay
 Phytoplankton modeling needs a larger scale, because of advection
 SPB Delft model went from ocean to delta and was easier than boundary conditions
of smaller model to San Pablo Bay
 Could have a diffusion process between different types of models (channels, shoals)
 Incorporate scenarios of salt ponds with sediments and hydrology
o Sub-bay analyses:
 Biological forcing factors are at the scale of embayment
 Bird dynamics are specific to sub-bay. Different prey densities and species
compositions influence bird response.
 Sub-bay analyses could still be run simultaneously
 San Pablo Bay:
o Shoals/flats are wider
o Hydrology models are more well developed
o Good reach of grids
o May be appropriate for sub-grid analysis
o More ducks
 South Bay:
o Smaller shoal area
o Shoals Project is currently underway
o More shorebirds
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o
o
o
o

Prey data north of the San Mateo Bridge is very sparse
2-year baseline invertebrate data prior to changes in Alviso salt ponds
Shorebird data available off of Eden landing
Sea level rise effects could be more severe due to land management needs
in the region
o Local site analyses:
 Assess locally for fine-scale modeling
 Involve a refined nested grid
 Appropriate scale for managers who are interested in effects to their distinct local
area. However, if models are too specific, inaccuracies may be common.
 Identify profile areas:
 Characterize the different types of shoal environments according to distinct
characteristics and similarities between profile shapes
 Determine 5-6 keystone profiles of bay to marsh
 Map size and location of different shoal types
 Run over sea level and wave profiles
 See how they change under a variety of scenarios (sediment, bathymetry,
upwelling, etc.) over the next 100 years
 Scale up to see how species would utilize habitat
 Conduct location specific modeling to assess bird carrying capacity and response to
habitat change:
 Determine dynamics of prey density on wide shoal vs. narrow shoal
 Collect bird and invertebrate data on mudflats of different sizes and slopes
 Identify different predator/competitor dynamics between locations
9) TEMPORAL SCALES:
 Predictions of morphological changes:
o Use short-term scenarios now
o Project future with long-term morphology changes
 Determine what is most reliable to predict long-term changes
 Do future projections with acceleration factors
 Box model types for decadal scales
 Geomorphic scale should be over 100 years
 Operational (day to day) modeling:
o Get daily feedback (i.e. PORTS or ROMS models)
o Shorter time period, so computational time is realistic
o Identify key parameters for long-term modeling
o Comparable modeling for birds?
 May be difficult because data collection is so time intensive
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Could get signals with a week prediction time, and then check to see how birds
respond
 Adaptive modeling would inform management at a small scale
 Seasonal variability in birds and invertebrates:
o Narrow the scope to be season specific:
 Determine the most limiting periods (winter, migratory stopovers)
 Possibly eliminate summer from the model, because birds are not there
o Track one season over time:
 Look at seasonal variation in hydrodynamics
 Focus on simplified 1D tidal flat profile for specific season (tides and waves)
 Interannual variability of sediments will set the profile (seasonal vs. long-term
changes)
 Sediment is cumulative, so whole year still needs to be included. Annual sediment is
related to watershed inputs.
 Ocean conditions would need to be nested (time series through the winter and inputs
to the Bay)
 Daily and Seasonal Timing of Tides and Effect on Communities:
o Tides relative to sunlight and primary producers:
 Changes in the phasing of ebb tide and sunlight over this century could result in
altered dynamics of phytoplankton and biofilm. The high tide cycle changes over
the decadal scale relative to the day/night cycle.
 The 50-100 year tidal cycle can be assessed according to phasing of daylight.
 Increased high tide spillover at night could result in lowered water temperatures.
o Tides relative to wind and wave action:
 Different wind and wave patterns at high tides would influence geomorphic change
through sediment redistribution.
o Diurnal and nocturnal foraging activity and habitat availability:
 Evidence that birds feed at night (telemetry, videos documenting consumption rates
by measuring bird output- Kuwae), however it is poorly understood.
 Increased disturbance during the day can create unavailability
 Unavailability can cause birds to feed at night
 Different predators and levels of predation between day and night
 What happens if best low tide foraging shifts to night?
 Management timeframe:
o LCC time-scale has not been determined yet
o 30-year time scales are feasible and help to inform management decisions
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10) MODEL INTEGRATION
 Use linked computational models with a high level of communication across disciplines,
similar to integrating models in CASCaDE.
 Synthesize different modeling efforts according to interfaces with specific ecosystem
processes.
 Focus on systems with as much available data as possible
 Start with what needs to be predicted first. Model physical processes and then move up to
invertebrates and birds.
 Determine appropriate model domains, resolutions, and approaches
 Finalize inputs/outputs for each of the physical and biological models
 Integrate models by using the same spatial and temporal scale
 When working with different scales and subgrids, the process needs interlinking so it
behaves reasonably. Limited by understanding of process interactions and computer time.
 Identify models that allow for nested parameters.
 Develop profile models for both physical parameters and birds. Start with less complexity
by creating early bird products using 1D vertically-integrated models.
 Blend the physical and biotic models and run sensitivity analyses to narrow down the
important parameters.
 Parameterize energetic and carrying capacity models with additional habitat-based data
 Develop indicators at each of the modeling steps (hydrology to geomorphic to invertebrates
and birds)
o Critical to know threshold values at the beginning
o Determine when indicator is reached
o Do long-term monitoring of key parameters (e.g., days exceeding a temperature
threshold for watershed models)
 Due to a wide-range of uncertainty, scenario-based runs of potential inputs creating a range
of outputs would be more appropriate than direct predictions
 Conduct modeling often and put results out often, so a large group of people can regularly
test model reliability
 Address the issue of tidal datums in determining periods of exposure
 Identify all model constraints before integration

44

11) NEXT STEPS
 Develop targets on types of models to try initially
 Determine which models are separate and which will need to be integrated
 Determine grid size, time steps, and specific parameters needed from each party
 Fine-tune predictions of water depth in order to move forward with specifics of bird and
invertebrate response:
o Determine relative changes in water depth, with the interaction of sea level rise and
erosion vs. accretion in certain areas
o Determine area of water depths, extent of inundation, etc.
 Categorize dominant type localities of shoal/mudflat around the bay (vertical marsh faces,
sloping, terraced) and determine proximity to a certain type
 Feed profile models with time series of wave height, sediment concentration, water level,
flows, wave stirring, and then involve invertebrates so that the bird models could be more
accurate
 Model percentage of shoals that are available/accessible for specific periods of time
o Number of acres at certain elevation
o Movement of water line according to profile shape, slope, and tide
o Look at how channel widens/deepens and influences the shape and slope of the flat
 Create product based on phasing of tides and daylight, and determine how this intersects
with invertebrate activity and bird foraging behavior
 Conduct spatial analysis of proximity to roosting and nesting sites using GIS
o Cost of distance to roost area can be included in energetic models
o Incorporate into habitat-based model
 Evaluate how restoration projects are affecting the benthic invertebrate community
 Continue modeling work of determining salt pond value energetically, and evaluate the
feasibility of combining flats and salt ponds in an energetic model
 Involve fish biologists:
o How will fish communities be affected by climate change?
o How will that influence predator and competitor interactions?
 Involve managers to determine the range of potential management options to include in
models
 Identify data gaps that may be difficult to fill in
 Build on components of CASCaDE II
 Finalize modeling roles and responsibilities
 Hold a future modeling workshop:
o Include a field trip to the mudflats
o Iron out modeling specifics with a funded project
o Involve managers in identifying trigger points
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III, METHODOLOGY FOR QUANTIFYING KEY METRICS OF HABITAT CHANGE
An important step in assessing the likely
response of shoals habitats to sea level
rise and climate change is to develop a
methodology for quantifying key metrics
of habitat change from model results.
Here we focus on the physical metrics
which in turn, influence the ecology of
the habitat. We used the existing shoals
modeling grids of Ganju and
Schoellhamer (2010), which were
generously provided by Neil Ganju, as a
basis for the first step in developing such
a methodology. In addition, discussions
on modeling approaches and metrics of
habitat change at the October 26-27
workshop focused our approach.
Ganju and Schoellhamer (2010)
estimated geomorphic changes in
Suisun Bay, CA, by comparing a
simulation of present-day conditions
to three future scenarios using the
Regional Ocean Modeling System
(ROMS), a tidal-timescale
hydrodynamic/sediment transport
model. The three future scenarios were
(1) sea-level rise and freshwater flow
changes of 2030; (2) sea-level rise and
decreased watershed sediment supply of
2030; and (3) sea-level rise, freshwater
flow changes, and decreased watershed
sediment supply of 2030. Although the
results of the Ganju and Schoellhamer
study are both insightful and relevant to
potential shoals habitat change in the
future (see Figure 23 for example), the
specifics of the study are not pertinent
here. What was however, of great
benefit was using actual output from a
study that modeled long time scales to
develop realistic approaches for
identifying metrics as well as potential
challenges.

Figure 23. Anomalies of bathymetric change for three scenarios (top
panel: warming and sea level rise; middle panel: decreased sediment
supply and sea level rise; bottom panel: warming, decreased
sediment supply, and sea level rise) relative to a base case (Fig. 5
from Ganju and Schoellhamer, 2010). Note that the coarse grid size
was necessary for computational efficiency because of the long-term
simulations.
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We received the Ganju and Schoellhamer model output as MATLAB files. MATLAB is a common tool
that modelers use to analyze and display their results. The first obstacle we encountered was
transferring data from a curvilinear orthogonal grid (used by both the ROMS and DELFT3D models) to
ArcGIS. ArcGIS requires either uniform rectangular grids or point data. Although this transformation is
possible, care must be taken when choosing the ArcGIS grid size and conversion technique. The grid
size must be small enough to capture the spatial variability of the curvilinear grid while minimizing
potential interpolation error from restructuring curvilinear data (or grids) into rectangular coordinates
(used by ArcGIS). This is not an insurmountable obstacle, but again, care must be taken when
performing the transformation.
The second obstacle to characterizing metrics that either describe or influence habitat change is
selecting an optimal model resolution or grid size for the task at hand. The Ganju and Schoellhamer
grid cells are relatively coarse (Figure 24), ranging from 72 to 593 m on a side, because of limitations
in computer speed that make runs with small grid cells take days or weeks for modeling the long
(decadal) time scales that are of interest. There is trade-off between using an efficient coarser model
that runs faster and a fine-scale model that gives more detail on a metric’s spatial variation but runs
slowly. This competition is inherent in all computationally intensive models, not only the ROMS model
applied by Ganju and Schoellhamer (2010). It is possible, however, to make many runs at lower
resolution or using a 2D (either 2DH that depth averages or 2DV that contains depth variability along a
profile) to learn the response of the system being modeled and, once the model is well constrained,
perform the computationally intensive, longer 3D runs. Again, grid coarseness is an obstacle that can be
overcome.

Figure 24. Ganju and Schoellhamer (2010) model grid (Fig. 2 from Ganju and Schoellhamer, 2010).
Coarse grids derive from limitations in computer speed that make runs with small grid cells take
days or weeks for modeling the long (decadal) time scales that are of interest. Coarse grids are
typically used for modeling long time scales for large domains (e.g., Van der Wegen et al.,
accepted).
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Models that use unstructured grids can decrease computation time and allow variable scale grid
cells that can represent small scales where needed. Deltares and UNESCO-IHE, the Netherlands,
are developing an unstructured numerical model (Unstruc or D-Flow) that includes both the
Delta and the Bay and uses a finite volume approach. The unstructured grid is flexible allowing,
for example, complex marsh channels to be easily included (Figures 25 and 26). The model is
being applied to sea level and climate change scenarios in the USGS CaSCADE-II project
(http://cascade.wr.usgs.gov/). Presently, the hydrodynamic component of the model is
operational (http://cascade.wr.usgs.gov/reports/Mick_vanderWegen_101215.zip). An advantage
of the model is that, when fully developed, it will be a coupled hydrodynamic/sediment
transport/geomorphic model like its structured predecessor, DELFT3D
(http://www.netcoast.nl/tools/rikz/delft3d.htm and http://www.wldelft.nl/soft/d3d/intro/). This
coupling allows long-term simulations of shoals habitat change where morphology changes can
affect hydrodynamics, turbidity, salinity, etc.

Figure 25. The Unstruc grid in the Pacific, Bay, and Delta. For more accurate modeling of habitat change in the Bay,
refinement of the grid in shoals habitat is planned. A December 15, 2010 ppt presentation of the current state of
development of the unstructured model is at http://cascade.wr.usgs.gov/reports/Mick_vanderWegen_101215.zip
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Figure 26. Example of the Unstruc grid in the Delta. The irregular polygon shapes allow computationally efficient
modeling of complex geometries.
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Figures 27 and 28 summarize the steps in developing metrics from model output for scenarios runs.
These flowcharts emphasize the value of a combined approach of using tools that are readily
compatible with model output, such as MATLAB, and ones that are designed to exploit spatial
information, such as ArcGIS. These flowcharts are a snapshot of our current thinking on how best to
develop metrics of habitat change for scenarios such as sea level rise. Additional work is needed to
fully develop optimal methodologies. The trajectory of this work is clear, however, and eminently
doable.

Figure 27. Flowchart for developing change metric from model output for a given scenario.
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Figure 28. Flowchart for developing mud flat elevation and area change metric from model output from
scenario of sea level rise
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IV. BIBLIOGRAPHY ON AVIAN FORAGING ECOLOGY OF MUD FLATS AND SHOALS
A comprehensive overview of research on shoal habitats and foraging birds was conducted to help
guide future directions for modeling. Key information has been incorporated into a scientific review
paper. The review discusses abiotic influences on avian food supply and prey accessibility, bird
foraging responses to variability in prey resources, landscape influences on habitat suitability, effects of
carrying capacity and ecological cascades, threats to mud flat and shoal ecosystems (i.e. climate
change, contaminants, invasive species), the role of restoration and alternative habitats (i.e. salt ponds),
and priorities for research and management. Relevant published research from around the world has
been reviewed, however the general discussion relates to physical processes and habitat suitability
parameters for avian species of San Francisco Bay shoals.
The following bibliography is broken up into primary topic areas: prey availability and avian response;
shorebird foraging ecology; waterfowl ecology; general avian ecology; invertebrate dynamics;
phytoplankton and algal blooms; dynamics of biofilm/microphytobenthos; submerged aquatic
vegetation; top-down effects; nutrients and eutrophication; geomorphology and hydrology; landscape
influences on habitat suitability; salt ponds and anthropogenically-altered wetlands; avian responses to
habitat change, resource depletion, and carrying capacity; effects of global climate change; role of
contaminants; effects of invasive Spartina; and disturbance factors.
PREY AVAILABILITY AND AVIAN RESPONSE
Blackwell, P.R.Y., 1998. Prey availability and selective foraging in shorebirds. Animal Behaviour, 55, 1659-1667.
Botto, F., Iribarne, O.O. & Martinez, M.M., 2000. The effect of southwestern Atlantic burrowing crabs on habitat use and
foraging activity of migratory shorebirds. Estuaries and Coasts, 23(2), 208–215.
Bryant, D., 1979. Effects of prey density and site character on estuary usage by overwintering waders (Charadrii). Estuarine
and Coastal Marine Science, 9(4), 369-384.
Colwell, M.A. & Landrum, S.L., 1993. Nonrandom shorebird distribution and fine-scale variation in prey abundance.
Condor, 95(1), 94–103.
Evans, A., 1987. Relative availability of the prey of wading birds by day and night. Marine Ecology Progress Series, 37,
103-107.
Finn, P.G., Catterall, C.P. & Driscoll, P.V., 2008. Prey versus substrate as determinants of habitat choice in a feeding
shorebird. Estuarine, Coastal and Shelf Science, 80(3), 381–390.
Goss-Custard, J.D., 1970. The responses of Redshank (Tringa totanus (L.)) to spatial variations in the density of their prey.
The Journal of Animal Ecology, 91–113.
Goss-Custard, J.D., Kay, D.G. & Blindell, R.M., 1977. The density of migratory and overwintering Redshank, Tringa
totanus (L.) and Curlew, Numenius arquata (L.), in relation to the density of their prey in south-east England.
Estuarine and Coastal Marine Science, 5(4), 497–510.
Goss-Custard, J.D., Kay, D.G., Blindell, R.M., 1977. The density of migratory and overwintering Redshank, Tringa tetanus
(L.) and Curlew, Numenius arquata (L.), in relation to the density of their prey in south-east England. Estuarine and
Coastal Marine Science, 5, 497-510.
Goss-Custard, J.D. et al., 2006. Intake rates and the functional response in shorebirds (Charadriiformes) eating macroinvertebrates. Biological Reviews, 81(04), 501.
Kirk, M., Esler, D., Iverson, S.A. & Boyd, W.S., 2008. Movements of wintering surf scoters: predator responses to different
prey landscapes. Oecologia. 155, 859-867.
Kober, K. & Bairlein, F., 2009. Habitat choice and niche characteristics under poor food conditions. A study on migratory
nearctic shorebirds in the intertidal flats of Brazil. Ardea, 97(1), 31–42.
Lewis, T.L., Esler, D. & Boyd, W.S., 2008. Foraging behavior of surf scoters (Melanitta perspicillata) and white winged
scoters (M. fusca) in relation to clam density: inferring food availability and habitat quality. The Auk, 125(1), 149157.
Lovvorn, J.R., Gillingham, M.P., 1996. Food dispersion and foraging energetics: a mechanistic synthesis for field studies of
avian benthivores. Ecology, 77(2), 435-451.

52

Masero, J.A., Perez-Gonzalez, M., Basadre, M. & Otero-Saavedra, M. 1999. Food supply for waders (Aves: Charadrii) in
an estuarine area in the Bay of Cádiz (SW Iberian Peninsula). Acta oecologica, 20(4), 429-434.
Mathot, K.J., Smith, B.D. & Elner, R.W., 2007. Latitudinal clines in food distribution correlate with differential migration in
the Western Sandpiper. Ecology, 88(3), 781-791.
Perry, M.C., Wells-Berlin, A.M., Kidwell, D.M. & Osenton, P.C., 2007. Temporal changes of populations and trophic
relationships of wintering diving ducks in Chesapeake Bay. Waterbirds 30 (Special publ. 1), 4-16.
Poulton, V.K., Lovvorn, J.R. & Takekawa J.Y., 2002. Clam density and scaup feeding behavior in San Pablo Bay,
California. The Condor. 104, 518-527.
Rands, M.R.W. & Barkham, J.P., 1981. Factors controlling within-flock feeding densities in three species of wading bird.
Ornis Scandinavica, 12(1), 28–36.
Richman, S.E. & Lovvorn, J.R., 2009. Predator size, prey size and threshold food densities of diving ducks: does a
common prey base support fewer large animals? Journal of Animal Ecology, 78, 1033-1042.
Santos, C.D., Saraiva, S., Palmeirim, J.M. & Granadeiro, J.P., 2009. How do waders perceive buried prey with
patchy distributions? The role of prey density and size of patch. Journal of Experimental Marine Biology and
Ecology, 372(1-2), 43–48.
Shepherd, P.C.F. & Boates, J.S., 1999. Effects of a commercial baitworm harvest on semipalmated sandpipers and
their prey in the Bay of Fundy hemispheric shorebird reserve. Conservation Biology, 13(2), 347-356.
Wanink, J.H. & Zwarts, L., 1993. Environmental effects of the growth rate of intertidal invertebrates and some
implications for foraging waders. Netherlands Journal of Sea Research, 31(4), 407–418.
Weber, L.M. & Susan, M.H., 1997. Shorebird-prey interactions in South Carolina coastal soft sediments. Canadian
Journal of Zoology, 75, 245-252.
Wilson Jr, W.H., 1990. Relationship between prey abundance and foraging site selection by semipalmated
sandpipers on a Bay of Fundy Mudflat. Journal of Field Ornithology, 61(1), 9–19.
Yates, M.G., Goss-Custard, J.D., McGrorty, S., Lakhani, K.H., Dit Durell, S.E.A.Le V., 1993. Sediment
characteristics, invertebrate densities and shorebird densities on the inner banks of the Wash. Journal of
Applied Ecology, 30(4), 599-614.
Zwarts, L. & Wanink, J.H., 1993. How the food supply harvestable by waders in the Wadden Sea depends on the
variation in energy density, body weight, biomass, burying depth and behaviour of tidal-flat invertebrates.
Netherlands Journal of Sea Research, 31(4), 441–476.
Zwarts, L., Blomert, A.M., Ens, B.J., Hupkes, R. & Van Spanje, T.M., 1990. Why do waders reach high feeding
densities on the intertidal flats of the Banc D’Arguin, Mauritania?. Ardea, 78, 39-52.
SHOREBIRD FORAGING ECOLOGY
Ashkenzie, S. & Safriel, U.N., 1979. Time energy budget of the Semipalmated Sandpiper Calidris pusulla at Barrow,
Alaska. Ecololgy, 60(4), 783-799.
Baker, M.C. & Baker, A.E., 1973. Niche relationships among six species of shorebirds on their wintering and breeding
ranges. Ecological monographs, 43(2), 193–212.
Baker, M.C., 1973. Stochastic properties of the foraging behavior of six species of migratory shorebirds. Behaviour,
45(3/4), 242-270.
Baker, A.J., Gonzalez, P.M., Piersma, T., Niles, L.J., do Nascimento, I. de L.S., Atkinson, P.W., Clark, N.A., Minton,
C.D.T., Peck, M.K. & Aarts, G., 2004. Rapid population decline in red knots: fitness consequences of decreased
refuelling rates and late arrival in Delaware Bay. Proceedings of the Royal Society B: Biological Sciences,
271(1541), 875-882.
Burger, J., 1980. Age differences in foraging Black-necked Stilts in Texas. The Auk, 97(3), 633–636.
Burger, J., Howe, M.A., Hahn, D.C. & Chase, J., 1977. Effects of tide cycles on habitat selection and habitat partitioning by
migrating shorebirds. The Auk, 94(4), 743–758.
Burton, N., Musgrove, A. & Rehfisch, M., 2004. Tidal variation in numbers of waterbirds: How frequently should birds be
counted to detect change and do low tide counts provide a realistic average?: Capsule Variation in numbers needs to
be assessed at both site- and species-specific levels, but low tide counts are representative of average usage in most
cases. Bird Study, 51(1), 48-57.
Collazo, J.A., O’Harra, D.A. & Kelly, C.A., 2002. Accessible habitat for shorebirds: factors influencing its availability and
conservation implications. Waterbirds, 25(2), 13-24.
Colwell, M.A., 1993. Shorebird community patterns in a seasonally dynamic estuary. Condor, 95(1), 104–114.
Connors, P.G., Myers, J.P., Connors, C.S.W.. & Pitelka, F.A., 1981. Interhabitat movements by Sanderlings in relation to
foraging profitability and the tidal cycle. The Auk, 98(1), 49–64.

53

Cullen, S.A., 1994. Black-necked stilt foraging site selection and behavior in Puerto Rico. The Wilson Bulletin,106(3), 508–
513.
Daan, S. & Koene, P., 1981. On the timing of foraging flights by oystercatchers, Haematopus ostralegus, on tidal mudflats.
Netherlands Journal of Sea Research, 15(1), 1–22.
Danufsky T. & Colwell, M.A., 2003. Winter shorebird communities and tidal flat characteristics at Humboldt Bay,
California. The Condor, 105(1), 117-129.
De Azuaje, L.M., Tai, S. & McNeil, R., 1993. Comparison of rod/cone ratio in three species of shorebirds having different
nocturnal foraging strategies. The Auk, 110(1), 141–145.
Dias, M., Granadeiro, J.P., Martins, R.C. & Palmeirim. J.M., 2006. Estimating the use of tidal flats by waders: inaccuracies
due to the response of birds to the tidal cycle: Capsule Low tide counts may give inaccurate estimates of habitat use;
combining low and mid-tide counts yields better estimates. Bird Study, 53(1), 32-38.
Dierschke, V., Kube, J., Probst, S. & Brenning, U., 1999. Feeding ecology of dunlins Calidris alpina staging in the southern
Baltic Sea, 1. Habitat use and food selection. Journal of Sea Research, 42(1), 49–64.
Dodd, S.L. & Colwell, M.A., 1996. Seasonal variation in diurnal and nocturnal distributions of nonbreeding shorebirds at
North Humboldt Bay, California. The Condor, 98(2), 196-207.
Dodd, S.L. & Colwell, M.A., 1998. Environmental correlates of diurnal and nocturnal foraging patterns of nonbreeding
shorebirds. The Wilson Bulletin, 110(2), 182–189.
Drake, K.R., Thompson, J.E. & Drake, K.L., 2001. Movements, habitat use, and survival of nonbreeding piping plovers.
Condor, 103(2), 259-267.
Duffy, D.C., Atkins, N. & Schneider, D.C., 1981. Do shorebirds compete on their wintering grounds? The Auk, 98(2), 215229.
Durell, S.E.A. Le V. Dit, 2000. Individual feeding specialisation in shorebirds: population consequences and conservation
implications. Biological Reviews, 75(04), 503–518.
Erwin, R.M., 1996. Dependence of waterbirds and shorebirds on shallow-water habitats in the mid-Atlantic coastal region:
an ecological profile and management recommendations. Estuaries and Coasts, 19(2), 213–219.
Evans, P.R., 1976. Energy balance and optimal foraging strategies in shorebirds: some implications for their distributions
and movements in the non-breeding season. Ardea, 64(117), 366.
Evans, P.R., Ward, R.M., Bone, M. & Leakey, M., 1999. Creation of temperate-climate intertidal mudflats: factors affecting
colonization and use by benthic invertebrates and their bird predators. Marine Pollution Bulletin, 37(8-12), 535–545.
Evans, T.J. & Harris, S.W., 1994. Status and habitat use by American Avocets wintering at Humboldt Bay, California. The
Condor, 96(1), 178-189.
Fernández, G. & Lank, D.B., 2006. Sex, age, and body size distributions of Western Sandpipers during the nonbreeding
season with respect to local habitat. The Condor, 108(3), 547–557.
Granadeiro, J., 2004. Modelling the distribution of shorebirds in estuarine areas using generalised additive models. Journal
of Sea Research, 52(3), 227-240.
Granadeiro, J.P., Dias, M.P., Martins, R.C. & Palmeirim, J.M., 2006. Variation in numbers and behaviour of waders during
the tidal cycle: implications for the use of estuarine sediment flats. Acta Oecologica, 29(3), 293-300.
Granadeiro, J.P., Santos, C.D., Dias, M.P. & Palmeirim, J.M., 2007. Environmental factors drive habitat partitioning in birds
feeding in intertidal flats: implications for conservation. Hydrobiologia, 587(1), 291-302.
Grant, J., 1984. Sediment microtopography and shorebird foraging. Marine Ecology Progress Series. 19, 293–296.
Groves, S., 1978. Age-related differences in Ruddy Turnstone foraging and aggressive behavior. The Auk, 95(1), 95–103.
Guy Morrison, R., Davidson, N.C. & Wilson, J.R., 2007. Survival of the fattest: body stores on migration and survival in red
knots Calidris canutus islandica. Journal of Avian Biology, 38(4), 479-487.
Hickey, C., Warnock, N., Takekawa, J.Y. & Athearn, N.D., 2007. Space use by black-necked stilts in the San Francisco Bay
estuary. Ardea 95: 275-288.
Hilton, G.M., Ruxton, G.D. & Cresswell, W., 1999. Choice of foraging area with respect to predation risk in redshanks: the
effects of weather and predator activity. Oikos, 87(2), 295–302.
Iwamatsu, S., Suzuki, A. & Sato, M., 2007. Nereidid polychaetes as the major diet of migratory shorebirds on the estuarine
tidal flats at Fujimae-Higata in Japan. Zoological Science, 24(7), 676–685.
Jing, K., Ma, Z., Li, B., Li, J., Chen, J., 2006. Foraging strategies involved in habitat use of shorebirds at the intertidal area
of Chongming Dongtan, China. Ecological Research, 22(4), 559-570.
Johnstone, I. & Norris, K., 2000. The influence of sediment type on the aggregative response of oystercatchers, Haematopus
ostralegus, searching for cockles, Cerastoderma edule. Oikos, 89(1), 146–154.
Kalejta, B., 1992. Time budgets and predatory impact of waders at the Berg River estuary, South Africa. Ardea, 80, 327–
342.

54

Kalejta, B. & Hockey, P.A.R., 1994. Distribution of shorebirds at the Berg River estuary, South Africa, in relation to
foraging mode, food supply and environmental features. Ibis, 136(2), 233–239.
Kelly, J.P., Evens, J.G. & Stallcup, R.W., 1996. Effects of aquaculture on habitat use by wintering shorebirds in Tomales
Bay, California. California Fish and Game, 82(4):160-174.
Kelly, J.P., 2001. Hydrographic correlates of winter Dunlin abundance and distribution in a temperate estuary. Waterbirds,
24(3), 309–322.
Kelly, J.P. & Weathers, W.W., 2002. Effects of feeding time constraints on body mass regulation and energy expenditure in
wintering dunlin (Calidris alpina). Behavioral Ecology, 13(6), 766-775.
Kelly, J.P., Warnock, N., Page, G.W. & Weathers, W.W., 2002. Effects of weather on daily body mass regulation in
wintering dunlin. Journal of Experimental Biology, 205(1), 109–120.
Kelsey, M.G. & Hassall, M., 1989. Patch selection by Dunlin on a heterogeneous mudflat. Ornis Scandinavica, 20(4), 250–
254.
Kersten, M. & Visser, W., 1996. The rate of food processing in the oystercatcher: food intake and energy expenditure
constrained by a digestive bottleneck. Functional Ecology, 10(4), 440-448.
Kuwae, T., Beninger, P.G., Decottignies, P., Mathot, K.J., Lund, D.R. & Elner, R.W., 2008. Biofilm grazing in a higher
vertebrate: the Western Sandpiper, Calidris mauri. Ecology, 89(3), 599–606.
Kuwae, T., 2007. Diurnal and nocturnal feeding rate in Kentish plovers Charadrius alexandrinus on an intertidal flat as
recorded by telescopic video systems. Marine Biology, 151(2), 663-673.
Mouritsen, K.N., 1993. Diurnal and nocturnal prey detection by Dunlins Calidris alpina. Bird Study, 40(3), 212-215.
Moreira, F., 1995a. The winter feeding ecology of Avocets Recurvirostra avosetta on intertidal areas. I. feeding strategies.
Ibis, 137(1), 92–98.
Moreira, F., 1995b. The winter feeding ecology of Avocets Recurvirostra avosetta on intertidal areas. II. Diet and feeding
mechanisms. Ibis, 137(1), 99–108.
Mouritsen, K.N., 1994. Day and night feeding in Dunlins Calidris alpina: choice of habitat, foraging technique and prey.
Journal of avian biology, 25(1), 55–62.
Mouritsen, K.N. & Jensen, K.T., 1992. Choice of microhabitat in tactile foraging dunlins Calidris alpina: The importance of
sediment penetrability. Marine ecology progress series. Oldendorf, 85(1), 1–8.
Nebel, S., 2005. Latitudinal clines in bill length and sex ratio in a migratory shorebird: a case of resource partitioning? Acta
Oecologica, 28(1), 33–38.
Nehls, G. & Tiedemann, R., 1993. What determines the densities of feeding birds on tidal flats? A case study on Dunlin,
Calidris alpina, in the Wadden Sea. Netherlands Journal of Sea Research, 31(4), 375–384.
Powell, G.V., 1987. Habitat use by wading birds in a subtropical estuary: implications of hydrography. The Auk, 740–749.
Quammen, M.L., 1982. Influence of subtle substrate differences on feeding by shorebirds on intertidal mudflats. Marine
Biology, 71(3), 339–343.
Ramer, B.A., Page, G.W. & Yoklavich, M.M., 1991. Seasonal abundance, habitat use, and diet of shorebirds in Elkhorn
Slough, California. Western Birds, 22,157-174.
Rundle, W.D., 1982. A case for esophageal analysis in shorebird food studies. Journal of Field Ornithology, 53(3), 249–257.
Santos, T.M., Cabral, J.A., Lopes, R.J., Pardal, M., Marques, J.C. & Goss-Custard, J., 2005a. Competition for feeding in
waders: a case study in an estuary of south temperate Europe (Mondego, Portugal). Hydrobiologia, 544(1), 155-166.
Santos, C.D., Granadeiro, J.P. & Palmeirim, J.M., 2005b. Feeding ecology of dunlin Calidris alpina in a southern European
estuary. Ardeola, 52(2), 235–252.
Skagen, S.K.. & Oman, H.D., 1996. Dietary flexibility of shorebirds in the western hemisphere. Canadian Field Naturalist,
110, 419-443.
Skagen, S.K., 2006. Migration stopovers and the conservation of Arctic-breeding Calidridine sandpipers. The Auk,123(2),
313-322.
Stenzel, L.E., Hickey, C.M., Kjelmyr, J.E. & Page, G.W., 2002. Abundance and distribution of shorebirds in the San
Francisco Bay Area. Western Birds, 33(2), 69-98.
Stillman, R.A., West, A.D., Goss-Custard, J.D., McGrorty, S.M., Frost, N.J., Morrisey, D.J., Kenny, A.J. & Drewitt, A.L.,
2005. Predicting site quality for shorebird communities: a case study on the Humber estuary, UK. Marine Ecology
Progress Series, 305, 203–217.
Sutherland, T.F., Shepherd, P.C.F. & Elner, R.W., 2000. Predation on meiofaunal and macrofaunal invertebrates by western
sandpipers (Calidris mauri): evidence for dual foraging modes. Marine Biology, 137(5), 983–993.
Takekawa, J.Y., Lu, C.T. & Pratt, R.T., 2001. Avian communities in baylands and artificial salt evaporation ponds of the
San Francisco Bay estuary. Hydrobiologia, 466(1), 317–328.
Takekawa, J.Y., Warnock, N., Martinelli, G.M., Miles, A.K. & Tsao, D.C., 2002. Waterbird use of bayland wetlands in the
San Francisco Bay estuary: movements of long-billed dowitchers during the winter. Waterbirds, 25, 93–105.

55

Van Den Hout, P., Spaans, B. & Piersma T., 2008. Differential mortality of wintering shorebirds on the Banc d’Arguin,
Mauritania, due to predation by large falcons. Ibis, 150, 219–230.
Van Gils, J.A., Spaans, B., Dekinga, A. & Piersma, T., 2006. Foraging in a tidally structured environment by red knots
(Calidris Canutus): ideal, but not free. Ecology, 87(5), 1189-1202.
Velasquez, C.R. & Navarro, R.A., 1993. The influence of water depth and sediment type on the foraging behavior of
whimbrels. Journal of Field Ornithology, 64(2), 149-157.
Warnock, S.E. & Takekawa, J.Y., 1995. Habitat preferences of wintering shorebirds in a temporally changing environment:
western sandpipers in the San Francisco Bay estuary. The Auk, 112(4), 920-930.
Yasué, M., Quinn, J.L. & Cresswell, W., 2003. Multiple effects of weather on the starvation and predation risk trade-off in
choice of feeding location in Redshanks. Functional Ecology, 17(6), 727–736.
Zwarts, L., Blomert, A.M. & Hupkes, R., 1990. Increase of feeding time in waders preparing for spring migration from the
Banc D’Arguin, Mauritania. Ardea, 78, 237-256.
Zwarts, L. & Wanink, J.H., 1991. The macrobenthos fraction accessible to waders may represent marginal prey. Oecologia,
87(4), 581–587.
WATERFOWL ECOLOGY
Afton, A.D. & Anderson, M.G., 2001. Declining scaup populations: a retrospective analysis of long-term population and
harvest survey data. Journal of Wildlife Management, 65(4), 781-796.
Austin, J.E., Afton, A.D., Anderson, M.G., Clark, R.G., Custer, C.M., Lawrence, J.S., Pollard, J.B. & Ringelman, J.K. 2000.
Declining scaup populations: issues, hypotheses, and research needs. Wildlife Society Bulletin, 28(1), 254-263.
Baldwin, J.R. & Lovvorn, J.R., 1994. Habitats and tidal accessibility of the marine foods of dabbling ducks and brant in
Boundary Bay, British Columbia. Marine Biology, 120, 627-638.
Burger, J., 1983. Jamaica Bay Studies IV: factors affecting distribution of greater scaup Aythya marila in a coastal estuary
in New York, USA. Ornis Scandinavica, 14(4), 309-316.
Ebbinge, B.S. & Spaans, B., 1995. The importance of body reserves accumulated in spring staging areas in the temperate
zone for breeding in dark-bellied brent geese Branta b. bernicla in the high Arctic. Journal of Avian Biology, 26(2),
105–113.
Fox, A.D., 1996. Zostera exploitation by Brent Geese and Wigeon on the Exe Estuary, southern England. Bird Study, 43(3),
257-268.
Haramis, G.M., Nichols, J.D., Pollock, K.H. & Hines, J.E., 1986. The relationship between body mass and survival of
wintering canvasbacks. The Auk, 103(3), 506-514.
Hartman, F.E., 1963. Estuarine wintering habitat for black ducks. Journal of Wildlife Management, 27(3), 339-347.
Herring, G. & Collazo, J.A., 2004. Winter survival of lesser scaup in east-central Florida. Journal of Wildlife
Management,68(4), 1082-1087.
Lovvorn, J.R., 1994. Biomechanics and foraging profitability: an approach to assessing trophic needs and impacts of diving
ducks. Hydrobiologia, 279/280, 223-233.
Lovvorn, J.R. & Baldwin, J.R., 1996. Intertidal and farmland habitats of ducks in the Puget Sound region: a landscape
perspective. Biological Conservation, 77(1), 97–114.
Moore, J.E. & Black, J.M., 2006. Slave to the tides: spatiotemporal foraging dynamics of spring staging black brant. The
Condor, 108(3), 661–677.
Perry, M.C. & Deller, A.S., 1996. Review of factors affecting the distribution and abundance of waterfowl in shallow-water
habitats of Chesapeake Bay. Estuaries and Coasts, 19(2), 272–278.
Richman, S.E. & Lovvorn, J.R., 2004. Relative foraging value to lesser scaup ducks of native and exotic clams from San
Francisco Bay. Ecological Applications. 14(4), 1217-1231.
Rybicki, N.B. & Landwehr, J.M., 2007. Long-term changes in abundance and diversity of macrophyte and waterfowl
populations in an estuary with exotic macrophytes and improving water quality. Limnology and Oceanography,
52(3), 1195–1207.
Zydelis, R., Esler, D., Boyd, W.S., Lacroix, D.L. & Kirk, M., 2006. Habitat use by wintering surf and white-winged scoters:
effects of environmental attributes and shellfish aquaculture. Journal of Wildlife Management. 70(6), 1754-1762.

56

GENERAL AVIAN ECOLOGY
Bednekoff, P.A. & Houson, A.I., 1994. Avian daily foraging patterns: effects of digestive constraints and variability.
Evolutionary Ecology, 8, 36-52.
Castro, G., Stoyan, N. & Myers, J., 1989. Assimilation efficiency in birds: A function of taxon or food type? Comparative
Biochemistry and Physiology Part A: Physiology, 92(3), 271-278.
De Graaf, R.M., Tilghman, N.G. & Anderson, S.H., 1985. Foraging guilds of North American birds. Environmental
Management, 9(6), 493–536.
Erwin, R.M., 1996. Dependence of waterbirds and shorebirds on shallow-water habitats in the mid-Atlantic coastal region:
an ecological profile and management recommendations. Estuaries, 19(2A), 213-219.
Evans, A., 1987. Relative availability of the prey of wading birds by day and by night. Mar. Ecol. Prog. Ser, 37, 103–107.
Gill, J.A., Norris, K., Potts, P.M., Gunnarsson, T.G., Atkinson, P.W. & Sutherland, W.J., 2001. The buffer effect and largescale population regulation in migratory birds. Nature, 412(6845), 436–438.
Goss-Custard, J.D., Caldow, R.W.G., Clarke, R.T. & West, A.D., 1995. Deriving population parameters from individual
variations in foraging behaviour. II. Model tests and population parameters. Journal of Animal Ecology, 64(2), 277–
289.
Kvist, A. & Lindstr\öm, A., 2003. Gluttony in migratory waders–unprecedented energy assimilation rates in vertebrates.
Oikos, 103(2), 397–402.
Nagy, K.A., 1987. Field metabolic rate and food requirement scaling in mammals and birds. Ecological Monographs, 57(2),
111-128.
Ntiamoa-Baidu, Y., Piersma, T., Wiersma, P., Poot, M., Battley, P. & Gordon, C., 1998. Water depth selection, daily
feeding routines and diets of waterbirds in coastal lagoons in Ghana. Ibis, 140(1), 89–103.
Piersma, T., 2002. Energetic bottlenecks and other design constraints in avian annual cycles. From the Symposium Taking
Physiology to the Field: Advances in Investigating Physiological Function in Free-Living Vertebrates. Annual
Meeting of the Society for Integrative and Comparative Biology, 3-7 January 2001, Chicago, Illinois.
Wiersma, P. & Piersma, T., 1994. Effects of microhabitat, flocking, climate and migratory goal on energy expenditure in the
annual cycle of red knots. The Condor, 96(2), 257-279.
INVERTEBRATE DYNAMICS
Attrill, M., Rundle, S.D., Fraser, A. & Power, M., 2009. Oligochaetes as a possible entry route for terrigenous organic
carbon into estuarine benthic food webs. Marine Ecology Progress Series, 384, 147-157.
Beukema, J.J., Essink, K., Michaelis, H. & Zwarts, L., 1993. Year-to-year variability in the biomass of macrobenthic
animals on tidal flats of the Wadden Sea: how predictable is this food source for birds? Netherlands Journal of Sea
Research, 31(4), 319–330.
Beukema, J.J. & Dekker, R., 2005. Decline of recruitment success in cockles and other bivalves in the Wadden Sea: possible
role of climate change, predation on postlarvae and fisheries. Marine Ecology Progress Series, 287, 149–167.
Bolam, S.G., Whomersley, P. & Schratzberger, M., 2004. Macrofaunal recolonization on intertidal mudflats: effect of
sediment organic and sand content. Journal of Experimental Marine Biology and Ecology, 306(2), 157-180.
Bos, O.G., Philippart, C.J. & Van der Meer, J., 2007. Effects of temporary food limitation on development and mortality of
Macoma balthica larvae. Marine Ecology Progress Series, 330, 155.
Boyer, K.E. & Fong, P., 2005. Co-occurrence of habitat-modifying invertebrates: effects on structural and functional
properties of a created salt marsh. Oecologia, 143(4), 619-628.
Brey, T., Rumohr, H. & Ankar, S., 1988. Energy content of macrobenthic invertebrates: general conversion factors from
weight to energy. Journal of Experimental Marine Biology and Ecology, 117(3), 271–278.
Cabral, H.N. & Murta, A.G., 2004. Effect of sampling design on abundance estimates of benthic invertebrates in
environmental monitoring studies. Marine Ecology Progress Series, 276, 19–24.
Carlton, J.T., Thompson, J.K., Schemel, L.E. & Nichols, F.H., 1990. Remarkable invasion of San Francisco Bay (California,
USA) by the Asian clam Potamocorbula amurensis. I. Introduction and dispersal. Marine Ecology Progress Series,
66, 81-94.
Cloern, J.E. & Nichols, F.H., 1985. Time scales and mechanisms of estuarine variability, a synthesis from studies of San
Francisco Bay. Hydrobiologia, 129(1), 229–237.
Coco, G., Thrush, S.F., Green, M.O. & Hewitt, J.E., 2006. Feedbacks between bivalve density, flow, and suspended
sediment concentration on patch stable states. Ecology, 87(11), 2862–2870.
Desmond, J.S., Deutschman, D.H. & Zedler, J.B., 2002. Spatial and temporal variation in estuarine fish and invertebrate
assembles. Estuaries, 25(4A), 552-569.
Dittmann, S., 2000. Zonation of benthic communities in a tropical tidal flat of north-east Australia. Journal of Sea Research,
43, 33-51.

57

Eckman. J.E., 1983. Hydrodynamic processes affecting benthic recruitment, Liminol. Oceanography, 28(2), 241-257.
Evans, P.R., Ward, R.M., Bone, M. & Leaky, M., 1998. Creation of temperate-climate intertidal mudflats: factors affecting
colonization and use by benthic invertebrates and their bird predators. Marine Pollution Bulletin, 37(8-12), 535-545.
França, S., Vinagre, C., Pardal, M.A. & Henrique, N.C., 2009. Spatial and temporal patterns of benthic invertebrates in the
Tagus estuary, Portugal: comparison between subtidal and an intertidal mudflat. Scientia Marina, 73(2), 307-318.
Gore, J.A., 1982. Benthic invertebrate colonization: source distance effects on community composition. Hydrobiologia,
94(2), 183–193.
Hunt, H., Maltais, M.J., Fugate, D.C. & Chart, R.J., 2007. Spatial and temporal variability in juvenile bivalve dispersal:
effects of sediment transport and flow regime. Marine Ecology Progress Series, 352, 145-159.
Kang, C.K., Choy, E.J., Paik, S.K., Park, H.J., Lee, K.S. & An, S., 2007. Contributions of primary organic matter sources to
macroinvertebrate production in an intertidal salt marsh (Scirpus triqueter) ecosystem. Marine Ecology Progress
Series, 334, 131–143.
Kraan, C., van der Meer, J., Dekinga, A. & Piersma, T., 2009. Patchiness of macrobenthic invertebrates in homogenized
intertidal habitats: hidden spatial structure at a landscape scale. Marine Ecology Progress Series, 383, 211-224.
Kuwae, T. & Hosokawa, Y., 2000. Mesocosm experiments for the restoration and creation of intertidal flat ecosystems.
Environmental Sciences, 7, 129–137.
Mattila, J., Chaplin, G., Eilers, M.R., Heck, K.L.Jr., O’Neal, J.P. & Valentine, J.F., 1999. Spatial and diurnal distribution of
invertebrate and fish fauna of a Zostera marina bed and nearby unvegetated sediments in Damariscotta River, Maine
(USA). Journal of Sea Research, 41, 321-332.
Miller, A.W., Ruiz, G.M., Minton, M.S. & Ambrose, R.F., 2007. Differentiating successful and failed molluscan invaders in
estuarine ecosystems. Marine Ecology Progress Series, 332, 41–51.
Neira, C., Levin, L.A. & Grosholz, E.D., 2005. Benthic macrofaunal communities of three sites in San Francisco Bay
invaded by hybrid Spartina, with comparison to uninvaded habitats. Marine Ecology-Progress Series. 292, 111-126.
Nichols, F.H., 1985. Abundance fluctuations among benthic invertebrates in two Pacific estuaries. Estuaries and Coasts,
8(2), 136–144.
Nichols, F.H., 1979. Natural and anthropogenic influences on benthic community structure in San Francisco Bay. San
Francisco Estuary and Watershed Archive, 21, 409-426.
Nichols, F.H. & Thompson, J.K., 1985. Persistence of an introduced mudflat community in South San Francisco Bay,
California. Mar. Ecol. Prog. Ser, 24, 83–97.
Nichols, F.H. & Thompson, J.K., 1982. Seasonal growth in the bivalve Macoma balthica near the southern limit of its range.
Estuaries and Coasts, 5(2), 110–120.
Nichols, F.H. & Thompson, J.K., 1985. Time scales of change in the San Francisco Bay benthos. Hydrobiologia, 129(1),
121–138.
Nichols, F.H. & Pamatmat, M.M., 1988. The ecology of the soft-bottom benthos of San Francisco Bay: a community
profile. U.S. Fish and Wildlife Service Biological Report, 85(7.19), 73pp.
Nichols, F.H., Thompson, J.K., Schemel, L.E., 1990. Remarkable invasion of San Francisco Bay (California, USA) by the
Asian clam Potamocorbula amurensis. II. Displacement of a former community. Marine Ecology Progress Series.
66, 95-101.
Norling, K., Rosenberg, R., Hulth, S., Gremare, A. & Bonsdorff, E., 2007. Importance of functional biodiversity and
species-specific traits of benthic fauna for ecosystem functions in marine sediment. Marine Ecology Progress Series.
Obrebski, S., 1979. Larval colonizing strategies in marine benthic invertebrates. Mar. Ecol. Prog. Ser, 1, 293–300.
Parchaso, F. & Thompson, J.K., 2002. Influence of hydrologic processes on reproduction of the introduced bivalve
Potamocorbula amurensis in Northern San Francisco Bay, California. Pacific Science. 56(3), 329-345.
Peterson, H.A. & Vayssieres, M., 2010. Benthic assemblage variability in the upper San Francisco Estuary: a 27 year
retrospective. San Francisco Estuary and Watershed Science, 8(1).
Philippart, C.J., van Aken, H.M., Beukema, J.J., Bos, O.G., Cadee, G.C. & Dekker, R., 2003. Climate-related changes in
recruitment of the bivalve Macoma balthica. Limnology and Oceanography, 48(6), 2171–2185.
Pienkowski, M.W., 1983. Surface activity of some intertidal invertebrates in relation to temperature and the foraging
behavior of their shorebird predators.
Pomeroy, A.C. & Butler, R.W., 2005. Color infrared photography is not a good predictor of macro invertebrate abundance
on mudflats used by shorebirds. Waterbirds, 28(1), 1–7.
Poulton, V.K., Lovvorn, J.R. & Takekawa, J.Y., 2004. Spatial and overwinter changes in clam populations of San Pablo
Bay, a semiarid estuary with highly variable freshwater inflow. Estuarine Coastal and Shelf Science, 59, 459-473.
Powers, S.P., Bishop, M.A., Grabowski, J.H. & Peterson, C.H., 2002. Intertidal benthic resources of the Copper River Delta,
Alaska, USA. Journal of Sea Research, 47(1), 13–23.

58

Purwoko, A. & Wolff, W.J., 2008. Low biomass of macrobenthic fauna at a tropical mudflat: An effect of latitude?
Estuarine, Coastal and Shelf Science, 76(4), 869–875.
Ramsay, P.M., Rundle, S.D., Arrill, M.J., Uttley, M.G., Williams, P.R., Elsmere, P.S. & Abada, A., 1997. A rapid method
for estimating biomass size spectra of benthic metazoan communities.
Rolston, A. & Dittman, S., 2009. The Distribution and Abundance of Macrobenthic Invertebrates in the Murray Mouth and
Coorong Lagoons 2006 to 2008. CSIRO: Water for a Healthy Country National Research Flagship.
Seitz, R.D. Lipcius, R.N., Olmstead, N.H., Seebo, M.S. & Lambert, D.M., 2006. Influence of shallow-water habitats and
shoreline development on abundance, biomass, and diversity of benthic prey and predators in Chesapeake Bay.
Marine Ecology Progress Series, 326, 11–27.
Sirota, L. & Hovel, K.A., 2006. Simulated eelgrass Zostera marina structural complexity: effects of shoot length, shoot
density, and surface area on the epifaunal community of San Diego Bay, California, USA. Marine Ecology Progress
Series, 326, 115–131.
Strayer, D.L., 2007. Submersed vegetation as habitat for invertebrates in the Hudson River estuary. Estuaries and Coasts,
30(2), 253–264.
Terlizzi, A., Anderson, M.J., Fraschetti, S. & Benedetti-Cecchi, L., 2007. Scales of spatial variation in Mediterranean
subtidal sessile assemblages at different depths. Marine Ecology Progress Series, 332, 25-39
Thompson, J.K. & Nichols, F.H., 1988. Food availability controls seasonal cycle of growth in Macoma balthica (L.) in San
Francisco Bay, California. Journal of Experimental Marine Biology and Ecology, 116(1), 43–61.
Twichell, S., Sheldon, S., Deegan, L. & Garritt, R., 2002. Nutrient and freshwater inputs from sewage effluent discharge
alter benthic algal and infaunal communities in a tidal salt marsh creek. The Biological Bulletin, 203(2), 256.
Van Colen, C., Montserrat, F., Vincx, M., Herman, P.M.J., Ysebaert, T. & Degraer, S., 2010. Macrobenthos recruitment
success in a tidal flat: Feeding trait dependent effects of disturbance history. Journal of Experimental Marine Biology
and Ecology, 385(1-2), 79-84.
Wolff, W.J. & De Wolf, L., 1977. Biomass and production of zoobenthos in the Grevelingen estuary, the Netherlands* 1.
Estuarine and Coastal Marine Science, 5(1), 1–24.
Wilson, W.H., 1990. Competition and predation in marine soft-sediment communities. Annual Review of Ecology and
Systematics, 21, 221-241.
Wanink, J.H. & Zwarts, L., 1993. Environmental effects of the growth rate of intertidal invertebrates and some implications
for foraging waders. Netherlands Journal of Sea Research, 31(4), 407–418.
PHYTOPLANKTON AND ALGAL BLOOMS
Alpine, A.E. & Cloern, J.E., 1992. Trophic interactions and direct physical effects control phytoplankton biomass and
production in an estuary. Limnology and Oceanography, 37(5), 946–955.
Cabral, J.A., Pardal, M.A., Lopes, R.J., Murias, T. & Marques, J.C., 1999. The impact of macroalgal blooms on the use of
the intertidal area and feeding behaviour of waders (Charadrii) in the Mondego estuary (west Portugal). Acta
Oecologica, 20(4), 417–427.
Cloern, J.E., 1982. Does the benthos control phytoplankton biomass in south San Francisco Bay. Marine Ecology Progress
Series. Oldendorf, 9(2), 191–202.
Cloern, J.E. & Dufford, R., 2005. Phytoplankton community ecology: principles applied in San Francisco Bay. Marine
Ecology Progress Series, 285, 11–28.
Cloern, J.E., Jassby, A.D., Thompson, J.K. & Hieb, K.A., 2007. A cold phase of the East Pacific triggers new phytoplankton
blooms in San Francisco Bay. PNAS, 104(47), 18561-18565.
Cloern, J.E. & Jassby, A.D., 2009. Patterns and scales of phytoplankton variability in estuarine–coastal ecosystems.
Estuaries and Coasts, 33(2), 230-241.
Fawcett, A., Bernard, S., Pitcher, G.C., Probyn, T.A. & du Randt, A., 2006. Real-time monitoring of harmful algal blooms
in the southern Benguela. African Journal of Marine Science, 28(2), 257–260.
Fulford, R.S., Breitburg, D.L., Newell, R.I.E., Kemp, W.M. & Luckenbach, M., 2007. Effects of oyster population
restoration strategies on phytoplankton biomass in Chesapeake Bay: a flexible modeling approach. Marine Ecology
Progress Series, 336, 43–61.
Kuwae, T., Beninger, P.G., Decottignies, P., Mathot, K.J., Lund, D.R. & Elner, R.W., 2008. Biofilm grazing in a higher
vertebrate: the Western Sandpiper, Calidris mauri. Ecology, 89(3), 599–606.
Lehman, P.W., Boyer, G., Hall, C., Waller, S. & Gehrts, K., 2005. Distribution and toxicity of a new colonial Microcystis
aeruginosa bloom in the San Francisco Bay Estuary, California. Hydrobiologia, 541(1), 87-99.
Lewis, L.J. & Kelly, T.C., 2001. A short-term study of the effects of algal mats on the distribution and behavioural ecology
of estuarine birds. Bird Study, 48(3), 354-360.

59

Lopes, R.J., Pardal, M.A., Murias, T., Cabral, J.A. & Marques, J.C., 2006. Influence of macroalgal mats on abundance and
distribution of dunlin Calidris alpina in estuaries: a long-term approach. Marine Ecology Progress Series, 323, 11–
20.
Lucas, L.V., Koseff, J.R., Monismith, S.G. & Thompson, J.K., 2009. Shallow water processes govern system-wide
phytoplankton bloom dynamics: A modeling study. Journal of Marine Systems, 75(1-2), 70–86.
Thompson, J.K., Koseff, J.R., Monismith, S.G. & Lucas, L.V., 2008. Shallow water processes govern system-wide
phytoplankton bloom dynamics: A field study. Journal of Marine Systems, 74(1-2), 153–166.
Shumway, S.E., Allen, S.M. & Boersma, P.D., 2003. Marine birds and harmful algal blooms: sporadic victims or underreported events. Harmful Algae, 2, 1-17.
DYANMICS OF BIOFILM/ MICROPHYTOBENTHOS
Combe, J.P., Launeau, P., Carrere, V., Despan, D., Meleder, V., Barille, L. & Sotin, C., 2005. Mapping microphytobenthos
biomass by non-linear inversion of visible-infrared hyperspectral images. Remote Sensing of Environment, 98(4),
371–387.
De Jonge, V.N., 1995. Wind-and tide-induced resuspension of sediment and microphytobenthos from tidal flats in the Ems
Estuary. Limnology and Oceanography, 40(4), 766-778.
Guarini, J.M., Cloern, J.E., Edmunds, J. & Gros, P., 2002. Microphytobenthic potential productivity estimated in three tidal
embayments of the San Francisco Bay: a comparative study. Estuaries and Coasts, 25(3), 409-417.
Herlory, O., Blanchard, G.F., Planche, S., Huet, V. & Richard, P., 2005. Does the size of the microphytobenthic biofilm on
intertidal muflats depend on the available photosynthetic biomass? Marine Ecology Progress Series, 298, 95–100.
Herlory, O., Guarini, J.M., Richard, P. & Blanchard, G.F., 2004. Microstructure of microphytobenthic biofilm and its spatiotemporal dynamics in an intertidal mudflat (Aiguillon Bay, France). Marine Ecology Progress Series, 282, 33–44.
Janousek, C.N., Currin, C.A. & Levin, L.A., 2007. Succession of microphytobenthos in a restored coastal wetland. Estuaries
and Coasts, 30(2), 265–276.
Jordan, L., McMinn, A. & Wotherspoon, S., 2008. Diurnal and monthly vertical profiles of benthic microalgae within
intertidal sediments from two temperate localities. Marine and Freshwater Research, 59(10), 931-939.
Kuwae, T. & Hosokawa, Y., 2000. Mesocosm experiments for the restoration and creation of intertidal flat ecosystems.
Environmental Sciences, 7, 129–137.
MacIntyre, H.L., Geider, R.J. & Miller, D.C., 1996. Microphytobenthos: The ecological role of the ―secret garden‖ of
unvegetated, shallow-water marine habitats. I. Distribution, abundance and primary production. Estuaries and Coasts,
19(2), 186–201.
Miller, D.C., Geider, R.J. & MacIntyre, H.L., 1996. Microphytobenthos: the ecological role of the ―secret garden‖ of
unvegetated, shallow-water marine habitats. II. Role in sediment stability and shallow-water food webs. Estuaries and
Coasts, 19(2), 202–212.
Sahan, E., Sabbe, K., Creach, V., Hernandez-Raquet, G., Vyverman, W., Stal, L.J. & Muyzer, G., 2007. Community
structure and seasonal dynamics of diatom biofilms and associated grazers in intertidal mudflats. Aquatic Microbial
Ecology.
Stal, L. & Défarge, C., 2005. Structure and dynamics of exopolymers in an intertidal diatom biofilm. Geomicrobiology
Journal, 22(7-8), 341-352.
SUBMERGED AQUATIC VEGETATION
Busch, K.E., Golden, R.R., Parham, T.A., Karrh, L.P., Lewandowski, J. & Naylor, M.D., 2008. Large-Scale Zostera marina
(eelgrass) restoration in Chesapeake Bay, Maryland, USA. Part I: A comparison of techniques and associated costs.
Restoration Ecology, 18(4), 490-500.
Duarte, C.M., Marba, N., Krause-Jensen, D. & Sanchez-Camacho, M., 2007. Testing the predictive power of seagrass depth
limit models. Estuaries and Coasts, 30(4), 652–656.
Golden, R.R., Busch, K.E., Karrh, L.P., Parham, T.A., Lewandowski, M.J. & Naylor, M.D., 2010. Large-Scale Zostera
marina (eelgrass) restoration in Chesapeake Bay, Maryland, USA. Part II: A comparison of restoration methods in
the Patuxent and Potomac Rivers. Restoration Ecology, 18(4), 501-513.
Hengst, A., Melton, J. & Murray, L., 2010. Estuarine restoration of submersed aquatic vegetation: the nursery bed effect.
Restoration Ecology, 18(4), 605-614.
Kemp, W.M. et al., 2004. Habitat requirements for submerged aquatic vegetation in Chesapeake Bay: water quality, light
regime, and physical-chemical factors. Estuaries, 27(3), 363–377.
Leschen, A.S., Ford, K.H. & Evans, N.T., 2010. Successful eelgrass (Zostera marina) restoration in a formerly eutrophic
estuary (Boston Harbor) supports the use of a multifaceted watershed approach to mitigating eelgrass loss. Estuaries
and Coasts, 33(6), 1340-1354.

60

Marion, S.R. & Orth, R.J., 2009. Factors influencing seedling establishment rates in Zostera marina and their implications
for seagrass restoration. Restoration Ecology, 18(4), 549-559.
Marion, S.R. & Orth, R.J., 2008. Innovative Techniques for Large-scale Seagrass Restoration Using Zostera marina
(eelgrass) Seeds. Restoration Ecology, 18(4), 514-526.
Moore, K.A., Shields, E.C. & Jarvis, J.C., 2008. The role of habitat and herbivory on the restoration of tidal freshwater
submerged aquatic vegetation populations. Restoration Ecology, 18(4), 596-604.
Nienhuis, P.H. & Van Ierland, E.T., 1978. Consumption of eelgrass, Zostera marina, by birds and invertebrates during the
growing season in lake grevelingen (SW Netherlands)* 1. Netherlands Journal of Sea Research, 12(2), 180–194.
Orth, R.J., Carruthers, T.J.B., Dennison, W.C., Duarte, C.M., Fourqurean, J.W., Heck Jr., K.L., Hughes, A.R., Kendrck,
G.A., Kenworthy, W.J., Olyarnik, S., Short, F.T., Waycott, M. & Williams, S.L., 2006. A global crisis for seagrass
ecosystems. Bioscience, 56(12), 987-996.
Orth, R.J., Marion, S.R., Moore, K.A. & Wilcox, D.J., Eelgrass (Zostera marina L.) in the Chesapeake Bay region of midAtlantic coast of the USA: challenges in conservation and restoration. Estuaries and Coasts, 33(1), 139-150.
Reed, B.J. & Hovel, K.A., 2006. Seagrass habitat disturbance: how loss and fragmentation of eelgrass Zostera marina
influences epifaunal abundance and diversity. Marine Ecology Progress Series, 326, 133–143.
Rumrill, S.S. & Sowers, D.C., 2009. Concurrent assessment of eelgrass beds (Zostera marina) and salt marsh communities
along the estuarine gradient of the South Slough, Oregon.
Rybicki, N.B. & Landwehr, J.M., 2007. Long-term changes in abundance and diversity of macrophyte and waterfowl
populations in an estuary with exotic macrophytes and improving water quality. Limnology and Oceanography,
52(3), 1195–1207.
Sirota, L. & Hovel, K.A., 2006. Simulated eelgrass Zostera marina structural complexity: effects of shoot length, shoot
density, and surface area on the epifaunal community of San Diego Bay, California, USA. Marine Ecology Progress
Series, 326, 115–131.
Tanner, C., Hunter, S., Reel, J., Parham, T., Naylor, M., Karrh, L., Busch, K., Golden, R.R., Lewandowski, M., Rybicki, N.
& Schenk, E., 2008. Evaluating a large-scale eelgrass restoration project in the Chesapeake Bay. Restoration
Ecology, 18(4), 538-548.
Tanner, C.E. & Parham, T., 2010. Growing Zostera marina (eelgrass) from Seeds in Land-Based Culture Systems for Use in
Restoration Projects. Restoration Ecology, 18(4), 527-537.
NUTRIENTS AND EUTROPHICATION
Apple, J.K., Smith, E.M. & Boyd, T.J., 2008. Temperature, salinity, nutrients, and the covariation of bacterial production
and chlorophyll-a in estuarine ecosystems.
Beukema, J.J., 1991. Changes in composition of bottom fauna of a tidal-flat area during a tidal-flat area during a period of
eutrophication. Marine Biology, 111, 293-301.
Cardoso, P.G., Pardal, M.A., Lillebo, A.I., Ferreira, S.M., Raffaelli, D. & Marques, J.C., 2004. Dynamic changes in seagrass
assemblages under eutrophication and implications for recovery. Journal of Experimental Marine Biology and
Ecology, 302(2), 233–248.
Cook, P.L., Butler, E.C. & Eyre, B.D., 2004. Carbon and nitrogen cycling on intertidal mudflats of a temperate Australian
estuary. I. Benthic metabolism. Marine Ecology Progress Series, 280, 25–38.
Cook, P.L., Revill, A.T., Butler, E.C. et al., 2004. Carbon and nitrogen cycling on intertidal mudflats of a temperate
Australian estuary. II. Nitrogen cycling. Marine Ecology Progress Series, 280, 39–54.
Cook, P.L., Revill, A.T., Clementson, L.A. et al., 2004. Carbon and nitrogen cycling on intertidal mudflats of a temperate
Australian estuary. III. Sources of organic matter. Marine Ecology Progress Series, 280, 55–72.
Deborde, J., Abril, G., Mouret, A., Jezequel, D., Thouzeau, G., Clavier, J., Bachelet, G. & Anschutz, P., 2008. Effects of
seasonal dynamics in a Zostera noltii meadow on phosphorus and iron cycles in a tidal mudflat (Arcachon Bay,
France). Marine Ecology Progress Series, 355, 59-71.
Dolbeth, M., Pardal, M.A., Lillebo, A.I., Azeiteiro, U. & Marques, J.C., 2003. Short- and long-term effects of eutrophication
on the secondary production of an intertidal macrobenthic community. Marine Biology, 143(6), 1229-1238.
Heck Jr., K.L. & Valentine, J.F., 2007. The primacy of top-down effects in shallow benthic ecosystems. Estuaries and
Coasts, 30(3), 371-381.
Howarth, R.W., Swaney, D.P., Butler, T.J. & Marino, R., 2000. Rapid communication: climatic control on eutrophication of
the Hudson River estuary. Ecosystems, 3(2), 210-215.
Kuwae, T., 2002. Factors affecting nutrient cycling in intertidal sandflats. Report of Port and Airport Research Institute,
41(1).
Kuwae, T., Kibe, E. & Nakamura, Y., 2003. Effect of emersion and immersion on the porewater nutrient dynamics of an
intertidal sandflat in Tokyo Bay. Estuarine, Coastal and Shelf Science, 57(5-6), 929–940.

61

McLeod, R.J. & Wing, S.R., 2009. Strong pathways for incorporation of terrestrially derived organic matter into benthic
communities. Estuarine, Coastal and Shelf Science, 82(4), 645–653.
Morris, L. & Keough, M.J., Testing the effects of nutrient additions on mudflat macroinfaunal assemblages in the presence
and absence of shorebird predators. Marine and Freshwater Research, 54, 859-874.
TOP-DOWN EFFECTS
Allin, C.C., 2003. Mute Swan (Cygnus olor) impact on submerged aquatic vegetation and macroinvertebrates in a Rhode
Island coastal pond. Northeastern Naturalist, 10(3), 305-318.
Ambrose, W.G., 1986. Estimate of removal rate of Nereis virens (Polychaeta: Nereidae) from an intertidal mudflat by gulls
(Larus spp.). Marine Biology, 90(2), 243–247.
Botto, F., Iribarne, O.O., Martinez, M.M., 1998. The effect of migratory shorebirds on the benthic species of three
southwestern Atlantic Argentinean estuaries. Estuaries and Coasts, 21(4), 700–709.
Heck Jr., K.L. & Valentine, J.F., 2007. The primacy of top-down effects in shallow benthic ecosystems. Estuaries and
Coasts, 30(3), 371-381.
Hiddink, J.G., Marijnissen, S.A.E., Troost, K. & Wolff, W.J., 2002. Predation on 0-group and older year classes of the
bivalve Macoma balthica: interaction of size selection and intertidal distribution of epibenthic predators. Journal of
Experimental Marine Biology and Ecology, 269, 223-248.
Kalejta, B., 1992. Time budgets and predatory impact of waders at the Berg River estuary, South Africa. Ardea, 80, 327–
342.
Kraan, C., van Gils, J.A., Spaans, B., Dekinga, A., Bijleveld, A.I., van Roomen, M., Kleefstra, R. & Piersma, T., 2009.
Landscape-scale experiment demonstrates that Wadden Sea intertidal flats are used to capacity by molluscivore
migrant shorebirds. Journal of Animal Ecology, 78(6), 1259–1268.
Kushner, R.B. & Hovel, K.A., 2006. Effects of native predators and eelgrass habitat structure on the introduced Asian
mussel Musculista senhousia (Benson in Cantor) in southern California. Journal of Experimental Marine Biology and
Ecology, 332(2), 166–177.
Meire, P.M., Schekkerman, H. & Meininger, P.L., 1994. Consumption of benthic invertebrates by waterbirds in the
Oosterschelde estuary, SW Netherlands. Hydrobiologia, 282(1), 525–546.
Mendonça, V.M., Raffaelli, D.G. & Boyle, P.R., 2007. Interactions between shorebirds and benthic invertebrates at Culbin
Sands lagoon, NE Scotland: Effects of avian predation on their prey community density and structure. Scientia
Marina (Barcelona).
Morris, L. & Keough, M.J., Testing the effects of nutrient additions on mudflat macroinfaunal assemblages in the presence
and absence of shorebird predators. Marine and Freshwater Research, 54, 859-874.
Orsi, J.L., 1999. Report on the 1980-1995 Fish, Shrimp, and Crab Sampling in the San Francisco Estuary, California.
http://www.estuaryarchive.org/archive/orsi_1999.
Piersma, T., 1987. Production by intertidal benthic animals and limits to their predation by shorebirds: a heuristic model.
Marine Ecology Progress Series, 38, 187-196.
Quammen, M.L., 1984. Predation by shorebirds, fish, and crabs on invertebrates in intertidal mudflats: an experimental test.
Ecology, 65(2), 529–537.
Raffaelli, D. & Milne, H., 1987. An experimental investigation of the effects of shorebird and flatfish predation on estuarine
invertebrates. Estuarine, Coastal, and Shelf Science, 24, 1-13.
Seitz, R.D., Lipcius, R.N., Olmstead, N.H., Seebo, M.S. & Lambert, D.M., 2006. Influence of shallow-water habitats and
shoreline development on abundance, biomass, and diversity of benthic prey and predators in Chesapeake Bay.
Marine Ecology Progress Series, 326, 11–27.
Thompson, J.K., Koseff, J.R., Monismith, S.G. & Lucas, L.V., 2008. Shallow water processes govern system-wide
phytoplankton bloom dynamics: A field study. Journal of Marine Systems, 74(1-2), 153–166.Weber, L.M. & Susan,
M.H., 1997. Shorebird-prey interactions in South Carolina coastal soft sediments. Canadian Journal of Zoology, 75,
245-252.
Wilson, W.H., 1990. Competition and predation in marine soft-sediment communities. Annual Review of Ecology and
Systematics, 21, 221-241.
Zwarts, L., Blomert, A.M., Ens, B.J., Hupkes, R. & Van Spanje, T.M., 1990. Why do waders reach high feeding densities on
the intertidal flats of the Banc D’Arguin, Mauritania. Ardea, 78, 39-52.

62

GEOMORPHOLOGY AND HYDROLOGY
Amelia, M., Araújo, M.A.V.C., Teixeira, J.C.F. & Teixeira, S.F.C.F., 2010. Physical characterization of estuarine sediments
in the northern coast of Portugal. Journal of Coastal Research, 262, 301-311.
Andersen, T.J., Lanuru, M., van Bernem, C., Pejrup, M. & Riethmueller, R. 2010. Erodibility of a mixed mudflat dominated
by microphytobenthos and Cerastoderma edule, East Frisian Wadden Sea, Germany. Estuarine, Coastal and Shelf
Science, 87(2), 197–206.
Atwater, B.F., 1979. Ancient processes at the site of southern San Francisco Bay: movement of the crust and changes in sea
level. San Francisco Estuary and Watershed Archive, 5.
Barnard, P. & Kvitek, R., 2010. Anthropogenic influence on recent bathymetric change in west-central San Francisco Bay.
San Francisco Estuary and Watershed Science, 8(3).
Bearman, J.A., Friedrichs, C.T., Jaffe, B.E. & Foxgrover, A.C., 2010. Spatial trends in tidal flat shape and associated
environmental parameters in south San Francisco Bay. Journal of Coastal Research, 262, 342-349.
Bouma, T.J., De Vries, M.B., Low, E., Kusters, L., Herman, P.M.J., Tanczos, I.C., Temmerman, S., Hesselink, A., Meire, P.
& van Regenmortel, S., 2005. Flow hydrodynamics on a mudflat and in salt marsh vegetation: identifying general
relationships for habitat characterisations. Hydrobiologia, 540(1-3), 259-274.
Capiella, K., Malzone, C., Smith, R. & Jaffe, B., 1999. Sedimentation and bathymetry changes in Suisun Bay: 1867-1990:
U.S. Geological Survey Open File Report 99-563. [online] URL: http://geopubs.wr.usgs.gov/open-file/of99-563/
Chen, S.N., Sanford, L.P., Koch, E.W., Shi, F. & North, E.W., 2007. A nearshore model to investigate the effects of
seagrass bed geometry on wave attenuation and suspended sediment transport. Estuaries and Coasts, 30(2), 296–310.
Cloern, J.E. & Nichols, F.H., 1985. Time scales and mechanisms of estuarine variability, a synthesis from studies of San
Francisco Bay. Hydrobiologia, 129(1), 229–237.
Daborn, G.R., Amos, C.L., Brylinsky, M., Christian, H., Drapeau, G., Faas, R.W., Grant, J., Long, B., Paterson, D.M.,
Perillo, G.M.E., Piccolo, M.C., 1993. An ecological cascade effect: migratory birds affect stability of intertidal
sediments. Limnology and Oceanography, 38(1), 225–231.
De Jonge, V.N., 1995. Wind-and tide-induced resuspension of sediment and microphytobenthos from tidal flats in the Ems
Estuary. Limnology and Oceanography, 40(4), 766-778.
Foxgrover, A.C., Higgins, S.A., Ingraca, M.K., Jaffe, B.E. & Smith R.E., 2004. Deposition, Erosion, and Bathymetric
Change in South San Francisco Bay: 1858-1983: U.S. Geological Survey Open-File Report 2004-1192.
Ganju, N. & Schoellhamer, D., 2009. Calibration of an estuarine sediment transport model to sediment fluxes as an
intermediate step for simulation of geomorphic evolution. Continental Shelf Research, 29(1), 148-158.
Ganju, N.K. & Schoellhamer, D.H., 2010. Decadal-timescale estuarine geomorphic change under future scenarios of climate
and sediment supply. Estuaries and Coasts, 33(1), 15-29.
Ganju, N.K., Schoellhamer, D.H. & Jaffe, B.E., 2009. Hindcasting of decadal-timescale estuarine bathymetric change with a
tidal-timescale model. Journal of Geophysical Research, 114(F04019), 1-15.
Ganju, N.K., Knowles, N. & Schoellhamer, D.H., 2008. Temporal downscaling of decadal sediment load estimates to a
daily interval for use in hindcasting simulations. Journal of Hydrology, 349, 512-523.
Grant, J., 1984. Sediment microtopography and shorebird foraging. Marine Ecology Progress Series, 19, 293-296.
Houser, C. & Hill, P., 2010. Wave attenuation across an intertidal sand flat: implications for mudflat development. Journal
of Coastal Research, 263, 403-411.
Jaffe, B.E., Smith, R.E. & Torresan, L.Z., 1998. Sedimentation and bathymetric change in San Pablo Bay: 1856-1983. U.S.
Geological Survey. Poster.
Jaffe, B.E., Smith, R.E. & Foxgrover, A.C., 2007. Anthropogenic influence on sedimentation and intertidal mudflat change
in San Pablo Bay, California: 1856-1983. Estuarine, Coastal and Shelf Science, 73(1-2), 175–187.
Knowles, N., 2002. Natural and management influences on freshwater inflows and salinity in the San Francisco Estuary at
monthly to interannual scales. Water Resources Research, 38(12), 1289.
Lawler, D.M., 2005. The importance of high-resolution monitoring in erosion and deposition dynamics studies: examples
from estuarine and fluvial systems. Geomorphology, 64(1-2), 1–23.
Lesser, G. R., Roelvink, J. A., van Kester, J.A.T.M. & Stelling, G.S., 2004. Development and validation of a threedimensional morphological model, Coastal Eng., 51, 883 – 915, doi:10.1016/j.coastaleng.2004.07.014.
McDermott, J.P. & Sherman, D.J., 2009. Using photo-electronic erosion pins for measuring bed elevation changes in the
swash zone. Journal of Coastal Research, 253, 788-792.
McKee, L., Ganju, N. & Schoellhamer, D., 2006. Estimates of suspended sediment entering San Francisco Bay from the
Sacramento and San Joaquin Delta, San Francisco Bay, California. Journal of Hydrology, 323(1-4), 335-352.
Merwade, V.M., Maidment, D.R. & Goff, J.A., 2006. Anisotropic considerations while interpolating river channel
bathymetry. Journal of Hydrology, 331(3-4), 731–741.

63

Monismith, S.G., Kimmerer, W., Burau, J.R. & Stacey, M.T., 2002. Structure and flow-induced variability of the subtidal
salinity field in northern San Francisco Bay. Journal of Physical Oceanography, 32(11), 3003–3019.
Paarlberg, A.J., Knaapen, M.A.F., de Vries, M.B., Hulscher, S.J.M.H. & Wang, Z.B., 2005. Biological influences on
morphology and bed composition of an intertidal flat. Estuarine, Coastal and Shelf Science, 64(4), 577-590.
Roelvink, J.A., Jeuken, M.C.J.L., van Holland, G., Aarninkhof, S.G.L. & Stam, J.M.T., 2001. Long-term, process based
modelling of complex areas. Proceedings 4th Coastal Dynamics Conference, Lund, Sweden, pp 383-392.
Stacey, M.T., Monismith, S.G. & Burau, J.R., 2010. Observations of turbulence in a partially stratified estuary. Journal of
Physical Oceanography, 29, 1950-1970.
van der Wegen, M., Jaffe, B.E., and Roelvink, D., accepted, Process-based, morphodynamic hindcast of decadal deposition
patterns in San Pablo Bay, California, 1856-1887, Journal of Geophysical Research-Earth Surface.
van der Wegen, M., Roelvink, D., Jaffe, B.E., Ganju, N., Schoellhamer, D., 2008. CASCaDE research on hindcasting
bathymetric change in San Pablo Bay, 1856-1983: A step towards assessing likely geomorphic change in response to
climate change (abs.) Fifth Biennial CALFED Science Conference, p. 207. 567: 307-327.
Widdows, J., Brown, S., Brinsley, M.D., Salkeld, P.N. & Elliott M., 2000. Temporal changes in intertidal sediment
erodability: influence of biological and climatic factors. Continental Shelf Research, 20, 1275-1289.
Wiltshire, K.H., Blackburn, J. & Paterson, D.M., 1997. The Cryolander; a new method for fine-scale in situ sampling of
intertidal surface sediments. Journal of Sedimentary Research, 67(5), 977.
Winterwerp, J.C., 2001. Stratification effects by cohesive and non-cohesive sediment. Journal of Geophysical Res., 106
(C10), 22,559-22,574.
Wright, S.A. & Schoellhamer, D.H., 2004. Trends in the sediment yield of the Sacramento River, California, 1957-2001.
San Francisco Estuary and Watershed Science, 2(2), May 2004, [online] URL:
http://repositories.cdlib.org/jmie/sfews/vol2/iss2/art2
Wright, S.A. & Schoellhamer, D.H., 2005. Estimating sediment budgets at the interface between rivers and estuaries with
application to the Sacramento-San Joaquin River Delta. Water Resources Research, 41(W09428).
LANDSCAPE INFLUENCES ON HABITAT SUITABILITY
Dias, M.P., Granadeiro, J.P., Lecoq, M., Santos, C.D. & Palmeirim, M., 2006. Distance to high-tide roosts constrains the use
of foraging areas by dunlins: implications for the management of estuarine wetlands. Biological Conservation,
131(3), 446–452.
Haig, S.M., Mehlman, D.W. & Oring, L.W., 1998. Avian movements and wetland connectivity in landscape conservation.
Conservation Biology, 12(4), 749-758.
Kraan, C., van der Meer, J., Dekinga, A. & Piersma, T., 2009. Patchiness of macrobenthic invertebrates in homogenized
intertidal habitats: hidden spatial structure at a landscape scale. Marine Ecology Progress Series, 383, 211-224.
Lourenço, P.M., Granadeiro, J.P. & Palmeirim, J.M., 2005. Importance of drainage channels for waders foraging on tidal
flats: relevance for the management of estuarine wetlands. Journal of Applied Ecology, 42(3), 477-486.
Lovvorn, J.R. & Baldwin, J.R., 1996. Intertidal and farmland habitats of ducks in the Puget Sound region: a landscape
perspective. Biological Conservation, 77(1), 97–114.
Mathot, K.J., Smith, B.D. & Elner, R.W., 2007. Latitudinal clines in food distribution correlate with differential migration in
the western sandpiper. Ecology, 88(3), 781–791.
McKinney, R.A., McWilliams, S.R. & Charpentier, M.A., 2006. Waterfowl-habitat associations during winter in an urban
North Atlantic estuary. Biological Conservation, 132(2), 239–249.
Piersma, T., 2007. Using the power of comparison to explain habitat use and migration strategies of shorebirds worldwide.
Journal of Ornithology, 148(S1), 45-59.
Pomeroy, A.C., Acevedo Seaman, D.A., Butler, R.W., Elner, R.W., Williams, T.D. & Ydenberg, R.C., 2008. Feeding–
Danger Trade-Offs Underlie Stopover Site Selection by Migrants. Avian Conservation and Ecology- Écologie et
conservation des oiseaux, 3(1), 7. [online] URL: http://www.ace-eco.org/vol3/iss1/art7/
Rogers, D.I., 2003. High-tide roost choice by coastal waders. Wader Study Group Bulletin. 100: 73-79.
Rogers, D., Piersma, T. & Hassell, C., 2006. Roost availability may constrain shorebird distribution: Exploring the energetic
costs of roosting and disturbance around a tropical bay. Biological Conservation, 133(2), 225-235.
Smart, J. & Gill, J.A., 2003. Non-intertidal habitat use by shorebirds: a reflection of inadequate intertidal resources?
Biological Conservation, 111(3), 359–369.
Sutherland, W.J., The effect of local change in habitat quality on populations of migratory species. Journal of Applied
Ecology, 35, 418-421.

64

SALT PONDS AND ANTHROPOGENICALLY ALTERED WETLANDS
Davidson, N.C. & Evans, P.R., 1986. The role and potential of man-made and man-modified wetlands in the enhancement
of the survival of overwintering shorebirds. Colonial Waterbirds, 9(2), 176–188.
Estrella, S.M. & Masero, J.A., 2010. Prey and prey size selection by the near-threatened black-tailed godwits foraging in
non-tidal areas during migration.
Masero, J.A., Perez-Hurtado, A., Castro M., Arroyo G.M, 2000. Complementary use of intertidal mudflats and adjacent
salinas by foraging waders. Ardea, 88(2), 177–191.
Masero, J.A., Perez-Hurtado, A., 2001. Importance of the supratidal habitats for maintaining overwintering shorebird
populations: how redshanks use tidal mudflats and adjacent saltworks in southern Europe. The Condor, 103(1), 2130.
Masero, J.A., 2003. Assessing alternative anthropogenic habitats for conserving waterbirds: salinas as buffer areas against
the impact of natural habitat loss for shorebirds. Biodiversity and Conservation, 12(6), 1157–1173.
Ritter, A.F., Wasson, K., Lonhart, S.I., Preisler, R.K., Woolfolk, A., Griffith, K.A., Connors, S. & Heiman, K.W., 2008.
Ecological signatures of anthropogenically altered tidal exchange in estuarine ecosystems. Estuaries and Coasts,
31(3), 554-571.
Rowan, A. 2010. Effects of the South Bay Salt Pond Restoration Project on mud flats and their carrying capacity for small
shorebirds. Unpubl. Rep., Quarterly Update, RLF contract #2009-0210. Sacramento, CA.
Stanczak, M. & Keiper, J.B., 2004. Benthic invertebrates in adjacent created and natural wetlands in northeastern Ohio,
USA. Wetlands, 24(1), 212–218.
Stewart, T.W. & Downing, J.A., 2008. Macroinvertebrate communities and environmental conditions in recently
constructed wetlands. Wetlands, 28(1), 141–150.
Takekawa, J.Y., Lu, C.T. & Pratt, R.T., 2001. Avian communities in baylands and artificial salt evaporation ponds of the
San Francisco Bay estuary. Hydrobiologia, 466(1), 317–328.
Takekawa, J.Y., Miles, A.K., Schoellhamer, D.H., Athern, N.D., Saiki, M.K., Duffy, W.D., Kleinschmidt, S., Shellenbarger,
G.G. & Jannusch, C.A., 2006. Trophic structure and avian communities across a salinity gradient in evaporation
ponds of the San Francisco Bay estuary. Hydrobiologia, 567(1), 307-327.
Takekawa, J.Y., Miles, A.K., Tsao-Melcer, D.C., Schoellhamer, D.H., Fregien, S. & Athearn, N.D., 2009. Dietary
flexibility in three representative waterbirds across salinity and depth gradients in salt ponds of San Francisco Bay.
Hydrobiologia, 626(1), 155-168.
Takekawa, J.Y., Woo, I., Athearn, N.D., Demers, S., Gardiner, R.J., Perry, W.M., Ganju, N.K., Shellenbarger, G.G. &
Schoellhamer, D.H., 2010. Measuring sediment accretion in early tidal marsh restoration. Wetlands Ecology and
Management, DOI 10.1007/s11273-009-9170-6.
Velasquez, C.R., 1992. Managing artificial saltpans as a waterbird habitat: species' responses to water level manipulation.
Colonial Waterbirds, 15(1), 43–55.
Verberk, W.C.E.P., Leuven, R.S.E.W., van Duinen, G.A. & Esselink, H., 2010. Loss of environmental heterogeneity and
aquatic macroinvertebrate diversity following large-scale restoration management. Basic and Applied Ecology, 11(5),
440-449.
Warnock, N., Page, G.W., Ruhlen, T.D., Nur, N., Takekawa, J.Y. & Hanson, J.T., 2002. Management and conservation of
San Francisco Bay salt ponds: effects of pond salinity, area, tide, and season on Pacific Flyway waterbirds.
Waterbirds, 25, 79–92.
AVIAN RESPONSES TO HABITAT CHANGE, RESOURCE DEPLETION, AND CARRYING CAPACITY
Colwell, M.A. & Mathis, R.L., 2001. Seasonal variation in territory occupancy of non-breeding long-billed curlews in
intertidal habitats. Waterbirds, 24(2), 208–216.
Camphuysen, C.J., Ens, B.J., Heg, D., Hulscher, J.B., Van Der Meer, J. & Smit, C.J., 1996. Oystercatcher Haematopus
ostralegus winter mortality in The Netherlands: the effect of severe weather and food supply. Ardea, 84A. 469-492.
Courchamp, F., Clutton-Brock, T. & Grenfell, B., Inverse density dependence and the Allee effect. Trends in Ecology and
Evolution, 14, 405-410.
Durell, S.E.A. Le V. Dit, Goss-Custard, J.D. & Clark, R.T., 1997. Differential response of migratory subpopulations
to winter habitat loss. Journal of Applied Ecology, 34(5), 1155-1164.
Durell, S.E.A. Le V. Dit, Stillman, R.A., Caldow, R.W.G., McGrorty, S., West, A.D. & Humphreys, J., 2006. Modelling
the effect of environmental change on shorebirds: A case study on Poole Harbour, UK. Biological Conservation,
131(3), 459-473.
Goss-Custard, J.D., 1977. The ecology of the Wash. III. Density-related behaviour and the possible effects of a loss of
feeding grounds on wading birds (Charadrii). Journal of Applied Ecology, 14(3), 721-739.

65

Goss-Custard, J.D., 1985. Foraging behavior of waders and the carrying capacity of estuaries. In: Sibly, R.H. (Eds.),
Behavioral Ecology: Ecological Consequences of Adaptive Behaviour. Blackwells, Oxford. pp. 169-188.
Goss-Custard, J.D., Stillman, R.A., West, A.D., Caldow, R.W.G. & McGrorty, S., 2002. Carrying capacity in overwintering
migratory birds. Biological Conservation, 105(1), 27–41.
GossCustard, J.D., 2006. Test of a behavior-based individual-based model: response of shorebird mortality to habitat loss.
Ecological Applications, 16(6), 2215-2222.
Kraan, C., van Gils, J.A., Spaans, B., Dekinga, A., Bijleveld, A.I., van Roomen, M., Kleefstra, R. & Piersma, T., 2009.
Landscape-scale experiment demonstrates that Wadden Sea intertidal flats are used to capacity by molluscivore
migrant shorebirds. Journal of Animal Ecology, 78(6), 1259–1268. Nichols, F.H., Cloern, J.E., Luoma, S.N. &
Peterson, D.H., 1986. The modification of an estuary. Science, 231(4738), 567–567.
Lovvorn, J.R., 2010. Modeling habitat dependencies of diving ducks in San Francisco Bay. Unpubl. Final Report to
Oikonos. Santa Cruz, CA.
Percival, S.M., Sutherland, W.J., and Evans, P.R., 1998. Intertidal habitat loss and wildfowl numbers: applications of a
spatial depletion model. Journal of Applied Ecology, 35, 57-63.
Rowan, A. 2010. Effects of the South Bay Salt Pond Restoration Project on mud flats and their carrying capacity for small
shorebirds. Unpubl. Rep., Quarterly Update, RLF contract #2009-0210. Sacramento, CA.
Schneider, D.C. & Harrington, B.A., 1981. Timing of shorebird migration in relation to prey depletion. The Auk, 98(4),
801–811.
Stillman, R.A. & Goss-Custard, J.D., 2006. Using behavior to predict the effects of environmental change on shorebirds
during the non-breeding season. Acta Zoologica Sinica, 52(supplement), 536-540.
Stillman, R.A., 2008. MORPH—An individual-based model to predict the effect of environmental change on foraging
animal populations. Ecological Modelling, 216(3-4), 265-276.
Van Gils, J.A., Edelaar, P., Escudero, G. & Piersma, T., 2004. Carrying capacity models should not use fixed prey density
thresholds: a plea for using more tools of behavioural ecology. Oikos, 104(1), 197–204.
West, A.D. & Caldow, R.W., 2006. The development and use of individuals-based models to predict the effects of habitat
loss and disturbance on waders and waterfowl. Ibis, 148, 158–168.
EFFECTS OF GLOBAL CLIMATE CHANGE
Austin, G.E. & Rehfisch, M.M., 2005. Shifting nonbreeding distributions of migratory fauna in relation to climatic change.
Global Change Biology, 11(1), 31–38.
Best, A.S., Johst, K., Munkemuller, T. & Travis, J.M.J., 2007. Which species will succesfully track climate change? The
influence of intraspecific competition and density dependent dispersal on range shifting dynamics. Oikos, 116(9),
1531–1539.
Cayan, D., Luers, A., Franco, G., Hanemann, B., Croes, B. & Vine, E., 2008. Overview of the California climate change
scenarios project. Climate Change 87: 1-6.
Cayan, D., Maurer, E., Dettinger, M., Tyree, M., & Hayhoe, K., 2008. Climate change scenarios for the California region.
Climate Change 87: 21-42.
Cayan, D., Bromirski, P., Hayhoe, K., Tyree, M., Dettinger, M., & Flick, R., 2008. Climate change projections of sea level
extremes along the California coast. Climate Change 87: 57-73.
Cayan, D., Tyree, M., Dettinger, M., Hidalgo, H., Das, T., Maurer, E., Bromirski, P., Graham, N., Flick, R., 2009. Climate
change scenarios and sea level rise estimates for the California 2009 climate change scenarios assessment. California
Water Plan Update 2009 (4). California Climate Change Center.
Dettinger, M.D. & Culberson, S., 2008. Internalizing climate change—scientific resource management and the climate
change challenges. San Francisco Estuary and Watershed Science, 6(2).
Erwin, R.M., Sanders, G.M., Prosser, D.J. & Cahoon D.R., 2006. High tides and rising seas: potential effects on estuarine
waterbirds. Studies in Avian Biology, 32, 214.
Galbraith, H., Jones, R., Park, R., Clough, J., Herrod-Julius, S., Harrington, B., and Page, G.., 2002. Global climate change
and sea level rise: potential losses of intertidal habitat for shorebirds. Waterbirds, 25(2), 173–183.
Ganju, N.K. & Schoellhamer, D.H., 2010. Decadal-timescale estuarine geomorphic change under future scenarios of climate
and sediment supply. Estuaries and Coasts, 33(1), 15-29.
Gordo, O., 2007. Why are bird migration dates shifting? A review of weather and climate effects on avian migratory
phenology. Climate Research, 35, 37-58.
[IPCC] Intergovernmental Panel on Climate Change, 2007. Climate Change 2007, the fourth assessment report (AR4) of the
United Nations Intergovernmental Panel on Climate Change. [online] URL:
http://www.ipcc.ch/publications_and_data/publications_and_data_reports.htm

66

Knowles, N., 2010. Potential inundation due to rising sea levels in the San Francisco Bay region. San Francisco Estuary and
Watershed Science, 8(1).
Knowles, N. & Cayan, D.R., 2004. Elevational dependence of projected hydrologic changes in the San Francisco Estuary
and watershed. Climatic Change, 62(1), 319–336.
Knowles, N. & Cayan, D.R., 2002. Potential effects of global warming on the Sacramento/San Joaquin watershed and the
San Francisco estuary. Geophysical Research Letters, 29(18), 1891.
Lawrence. A.J. & J.M. Soame, 2004. The effects of climate change on the reproduction of coastal invertebrates. Ibis, 146(1),
29–39.
Mustin, K., Sutherland, W. & Gill, J., 2007. The complexity of predicting climate-induced ecological impacts. Climate
Research, 35, 165-175.
Piersma, T. & Lindström, 2004. Migrating shorebirds as integrative sentinels of global environmental change. Ibis, 146, 61–
69.
Rehfisch, M.M., Austin, G.E., Freeman, S.N., Armitage, M.J.S. & Burton, N.H.K., 2004. The possible impact of climate
change on the future distributions and numbers of waders on Britain's non-estuarine coast. Ibis, 146, 70–81.
Scavia, D., Field, J.C., Boesch, D.F., Buddemeier, R.W., Burkett, V., Cayan, D., Fogarty, M., Harwell, M.A., Howarth,
R.W., Mason, C., Reed, J., Royer, T.C., Sallenger, A.H. & Titus, J.G., 2002. Climate change impacts on US coastal
and marine ecosystems. Estuaries and Coasts, 25(2), 149–164.
USGS. 2007. CASCaDE: Computational Assessments of Scenarios of Change for the Delta Ecosystem. URL:
http://sfbay.wr.usgs.gov/cascade/
Watkinson, A.R., Gill, J.A. & Hulme, M., 2004. Flying in the face of climate change: a review of climate change, past,
present and future. Ibis, 146, 4–10.
ROLE OF CONTAMINANTS
Ackerman, J.T., Eagles-Smith, C.A., Takekawa, J.Y., Demers, S.A., Adelsbach, T.L., Bluso, J.D., Miles, A.K., Warnock,
N., Suchanek, T.H. & Schwarzbach, S.E., 2007. Mercury concentrations and space use of pre-breeding American
avocets and black-necked stilts in San Francisco Bay. Science of the Total Environment, 384(1-3), 452–466.
Bryan, G., 1992. Bioavailability, accumulation and effects of heavy metals in sediments with special reference to United
Kingdom estuaries: a review. Environmental Pollution, 76(2), 89-131.
Conaway, C.H., Squire, S., Mason, R.P. & Flegal, A.R., 2003. Mercury speciation in the San Francisco Bay estuary. Marine
Chemistry, 80(2-3), 199-225.
Hothem, R.L., S.E., Roster, D.L., King, K.A., Keldsen.T.J., Marois, K.C., Wainwright, S.E., 1995. Spatial and temporal
trends of contaminants in eggs of wading birds from San Francisco Bay, California. Environmental Toxicology and
Chemistry, 14(8), 1319-1331.
MacCarone, A.D. & Brzorad, J.N., 1998. The use of foraging habitats by wading birds seven years after the occurrence of
major oil spills. Colonial Waterbirds, 21(3), 367–374.
Meire, P.M. & Dereu, J., 1990. Use of abundance/biomass comparison method for detecting environmental stress: some
considerations based on intertidal macrozoobenthos and bird communities. Journal of Applied Ecology, 27(1), 210223.
Ohlendorf, H.M. & Fleming, W.J., 1988. Birds and environmental contaminants in San Francisco and Chesapeake Bays.
Marine Pollution Bulletin, 19(9), 487-495.
Ohlendorf, H.M., Lowe, R.W., Kelly, P.R. & Harvey, T.E., 1986. Selenium and heavy metals in San Francisco Bay diving
ducks. The Journal of Wildlife Management, 50(1), 64-70.
Oros, D.R., Ross, J.R.M., Spies, R.B. & Mumley, T., 2007. Polycyclic aromatic hydrocarbon (PAH) contamination in San
Francisco Bay: A 10-year retrospective of monitoring in an urbanized estuary. Environmental Research, 105(1), 101–
118.
Pereira, W.E., Hostettler, F.D. & Rapp, J.B., 1996. Distributions and fate of chlorinated pesticides, biomarkers and
polycyclic aromatic hydrocarbons in sediments along a contamination gradient from a point-source in San Francisco
Bay, California. Marine Environmental Research, 41(3), 299–314.
Schoellhamer, D., Mumley, T. & Leatherbarrow, J., 2007. Suspended sediment and sediment-associated contaminants in
San Francisco Bay. Environmental Research, 105(1), 119-131.
Takekawa, J.Y., Wainwright-De La Cruz, S.E., 2002. Relating body condition to inorganic contaminant concentrations of
diving ducks wintering in coastal California. Archives of Environmental Contamination and Toxicology, 42(1), 6070.

67

EFFECTS OF INVASIVE SPARTINA
Ayres, D.R., Zaremba, K., Sloop, C.M. & Strong, D.R., 2008. Sexual reproduction of cordgrass hybrids (Spartina foliosa x
alterniflora) invading tidal marshes in San Francisco Bay. Diversity and Distributions, 14(2), 187–195.
Brusati, E.D. & Grosholz, E.D., 2008. Does invasion of hybrid cordgrass change estuarine food webs? Biological Invasions,
11(4), 917-926.
Chen, H., Li, B., Hu, J., Chen, J. & Wu, J., 2007. Effects of Spartina alterniflora invasion on benthic nematode
communities in the Yangtze Estuary. Marine Ecology Progress Series, 336, 99–110.
Evans, P.R., 1986. Use of the herbicide 'Dalapon' for control of Spartina encroaching on intertidal mudflats: beneficial
effects on shorebirds. Colonial Waterbirds, 9(2), 171–175.
Frid, C.L.J., Chandrasekara, W.U. & Davey, P., 1999. The restoration of mud flats invaded by common cord-grass (Spartina
anglica, CE Hubbard) using mechanical disturbance and its effects on the macrobenthic fauna. Aquatic Conservation:
Marine and Freshwater Ecosystems, 9(1), 47–61.
Goss-Custard, J.D. & Moser, M.E., 1988. Rates of change in the numbers of dunlin, Calidris alpina, wintering in British
estuaries in relation to the spread of Spartina anglica. Journal of Applied Ecology, 25(1), 95-109.
Levin, L.A., Neira, C. & Grosholz, E.D., 2006. Invasive cordgrass modifies wetland trophic function. Ecology, 87(2), 419–
432.
Neira, C., Grosholz, E.D., Levin, L.A. & Blake, R., 2006. Mechanisms generating modification of benthos following tidal
flat invasion by a Spartina hybrid. Ecological Applications, 16(4), 1391–1404.
Parks, J.R., 2006. Shorebird use of smooth cordgrass (Spartina alterniflora) meadows in Willapa Bay, Washington. The
Evergreen State College.
Stralberg, D., V. Toniolo, G.W. Page, & L.E. Stenzel. 2004. Potential Impacts of Non-Native Spartina Spread on Shorebird
Populations in South San Francisco Bay. PRBO Report to California Coastal Conservancy (contract #02-212). PRBO
Conservation Science, Stinson Beach, CA.
DISTURBANCE FACTORS
Burger, J., 1991. Foraging behavior and the effect of human disturbance on the piping plover (Charadrius melodus). Journal
of Coastal Research, 39–52.
Burger, J., 1994. The effect of human disturbance on foraging behavior and habitat use in piping plover (Charadrius
melodus). Estuaries and Coasts, 17(3), 695–701.
Foster, C.R., Amos, A.F. & Fuiman, L.A., 2009. Trends in abundance of coastal birds and human activity on a Texas barrier
island over three decades. Estuaries and Coasts, 32(6), 1079-1089.
Gill, J.A., Norris, K. & Sutherland, W.J., 2001. The effects of disturbance on habitat use by Black-tailed Godwits Limosa
limosa. Journal of Applied Ecology, 38(4), 846-856.
Trulio, L.A. & Sokale, J., 2008. Foraging shorebird response to trail use around San Francisco Bay. Journal of Wildlife
Management, 72(8), 1775-1780.
Stillman, R.A., West, A.D., Caldow, R.W.G. & Durell, S.E.A. Le V. Dit, 2007. Predicting the effect of disturbance on
coastal birds. Ibis, 149, 73–81.

68

V. APPENDICES
A) WORKSHOP AGENDA
Tuesday, October 26, 2010 (Day 1)
9:00am – 9:30am:
Welcome / Workshop Goals and Logistics:
Bruce Jaffe (USGS Pacific Coastal and Marine Science Center)
John Takekawa (USGS Western Ecological Research Center)
Introduction of Attendees
9:30am – 11:00am:
PRESENTATIONS
 Noah Knowles (USGS Menlo Park Center)—CASCaDE and Modeling Sea Level Rise in San
Francisco Bay
 Neil Ganju (USGS Woods Hole Center)-- Geomorphic Change in Suisun Bay Under Future
Climate Change and Sea Level Rise Scenarios
 Susan De La Cruz (USGS Western Ecological Research Center)—Carrying Capacity Modeling
of Diving Benthivores on San Pablo Bay Shoals
11:00am – 11:15am:
Break
11:15am – 4:15pm:
DISCUSSIONS
11:15am – 12:15pm: State of the Art of Geomorphic Change Modeling
12:15pm – 1:15pm:
Lunch
1:15pm – 2:00pm:
State of the Art of Avian Ecology Modeling
2:00pm – 2:30pm:
Biophysical Interface between Physical and Ecological Models
2:30pm – 3:00pm:
Key Model Parameters
3:00pm – 3:15pm:
Break
3:15pm – 4:15pm: Spatial and Temporal Scales of Geomorphic and Ecologic Shoal Systems
4:15pm – 4:30pm: Impromptu Presentations by Attendees
4:30pm – 5:00pm:
Summarize Accomplishments of Day 1 and Priorities for Day 2
Wednesday, October 27, 2010 (Day 2)
9:00am – 10:00am:
Summary of Day 1 and Workshop Progress/Goals:
10:00am – 11:30am:
PRESENTATIONS
• Dano Roelvink (UNESCO-IHE, Deltares)—Delft3D Modeling in San Francisco Bay
• Isa Woo (USGS Western Ecological Research Center)— Temporal and Spatial Patterns in
Benthic Invertebrates in the San Francisco Bay
• Aariel Rowan (San Francisco State University)— South Bay Mudflats and Their Carrying
Capacity for Shorebirds
11:30am – 5:00pm:
DISCUSSIONS
11:30am – 12:30pm: Extreme Events
12:30pm – 1:30pm:
Lunch
1:30pm – 2:00pm:
The Shoal to Marsh Continuum
2:00pm – 3:00pm:
Issues for Model Integration
3:00pm – 3:20pm:
Break
3:20pm – 4:00pm:
Next Steps
4:00pm – 5:00pm: Model Development and Proposal Directions
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B) WORKSHOP PARTICIPANTS
L. Arriana Brand
USGS- Western Ecological Research Center
Wildlife Biologist
arriana_brand@usgs.gov

Marilyn Latta
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San Francisco Bay Subtidal Habitat Goals Project
Project Manager
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Wildlife Biologist
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Post-doctoral Researcher
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Geographer
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Rebecca Fris
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Science Coordinator
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Neil Ganju
USGS- Woods Hole Coastal & Marine Science Center
Research Oceanographer
nganju@usgs.gov

Dano Roelvink
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Professor of Coastal Engineering and Port Development
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Senior Specialist Coastal Morphology
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Aariel Rowan
San Francisco State University
Graduate Student
aro@sfsu.edu
Laura Shaskey
USGS- Western Ecological Research Center
Wildlife Biologist
lshaskey@usgs.gov

Matt Gerhart
California State Coastal Conservancy
San Francisco Bay Program
Deputy Program Manager
mgerhart@scc.ca.gov
Brenda Goeden
San Francisco Bay Conservation & Development Comm.
Dredging Program Manager
brendag@bcdc.ca.gov
Wendy Goodfriend
San Francisco Bay Conservation & Development Comm.
Senior Planner
wendyg@bcdc.ca.gov
Bruce Jaffe
USGS- Pacific Coastal & Marine Science Center
Research Oceanographer
bjaffe@usgs.gov

Christina Sloop
San Francisco Bay Joint Venture
Science Coordinator
csloop@sfbayjv.org
John Takekawa
USGS- Western Ecological Research Center
Research Wildlife Biologist
john_takekawa@usgs.gov
Janet Thompson
USGSAquatic Ecologist
jthompso@usgs.gov
Sam Veloz
PRBO Conservation Science
Spatial Ecologist
sveloz@prbo.org

Noah Knowles
USGS- Menlo Park Center
Research Hydrologist
nknowles@usgs.gov

Isa Woo
USGS - Western Ecological Research Center
Biologist
iwoo@usgs.gov
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