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ABSTRACT: At Elkhorn Slough, an estuary on Monterey Bay, California, the
number of shorebirds using muted tidal wetlands at high and low tide differs signifi-
cantly. At all seasons, small sandpipers are significantly more abundant in muted tidal
wetlands at high tide. In contrast, numbers of the Black-necked Stilt (Himantopus
mexicanus) and American Avocet (Recurvirostra americana) do not differ significantly
by tide except in winter, when they are more abundant at high tide. Manipulation
of water level by adjustment of tide-gate settings enhances the suitability of muted
tidal wetlands for many species. These areas provide an additional habitat dimension
within the slough, enabling shorebirds to feed and roost at high tide when fully tidal
mudflats are unavailable.

Intertidal mudflats provide important feeding areas for coastal shorebirds
along the Pacific Flyway. The mixed semidiurnal tidal regime along the Pa-
cific coast (two high and two low tides of different elevations in 24 hours),
however, limits shorebirds’” access to their prey as the extent of exposed
mudflats varies (Recher 1966). Shorebirds exploit multiple strategies for
foraging, particularly when their demand for energy is high (Evans 1979,
Connors et al. 1981, Schneider and Harrington 1981). One important
strategy is to shift to alternative foraging areas when the intertidal zone is
flooded at high tide. Alternative foraging habitats include coastal beaches
(Burger et al. 1977, Connors et al. 1981), agricultural fields and pastures
(Colwell and Dodd 1995, Rottenborn 1996, Long and Ralph 2001), and
impoundments where the tides are muted, such as salt-evaporation ponds
(Masero and Perez-Hurtado 2001, Parsons 2002, Warnock et al. 2002,
Strong 1990).

Many coastal wetlands have areas where the tide is restricted, either
naturally or more often because of diking and restoration. The benefit of
these areas to shorebirds during migration and winter has been little studied.
In addition to offering alternative sites for foraging, muted tidal habitat can
provide greater protection from human disturbance and wind than other
high-tide roosts such as coastal beaches (Davidson and Evans 1986, Helmers
1993). For coastal wetlands to be managed successfully and maximize habitat
quality for birds, baseline information on seasonal and daily patterns of use
of various habitats within these wetlands is needed.

Elkhorn Slough supports one of the largest concentrations of shorebirds
in California’s coastal wetlands (Page et al. 1992). Elkhorn Slough’s wetland
complex includes both mudflats exposed to full tidal influence and impound-
ments where tidal flow is restricted. I evaluated shorebird use of muted
tidal habitat and tested the hypothesis that it supports a greater number of
shorebirds at high tide than at low tide.
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METHODS
Study Area

Elkhorn Slough’s wetlands comprise several mudflats to which the flow
of tidal water is restricted through culverts. I studied three of these areas:
North Marsh, the salt ponds, and Moro Cojo Slough (Figure 1). North
Marsh, bordering the main channel of Elkhorn Slough and within Elkhorn
Slough National Estuarine Research Reserve, covers 42.2 ha and contains
elevated areas of pickleweed marsh (Salicornia virginica) interspersed with

muted tidal wetlands
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Figure 1. Mud habitat within Elkhorn Slough’s wetlands on Monterey Bay, California,
in 1999 and 2000.
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bare mudflat (approximately 14 ha). This site receives water from Elkhorn
Slough through four culverts. Salinity readings taken throughout the year
ranged from 18 to 56 parts per thousand (ppt). This area was closed to the
public during my study.

The salt ponds, bordering the lower portion of Elkhorn Slough and en-
compassing approximately 49 ha, were used as evaporation ponds for salt
mining from 1916 until 1973 (Gordon 1996). During my study, this site was
an important nesting area for the Snowy Plover (Charadrius alexandrinus)
and was closed to the public to reduce disturbance to it and other nesting
birds. The salt ponds consist of four principal ponds, each with tide gates.
Manipulation of the water level during the breeding season (managed by
PRBO Conservation Science) provides exposed mud for foraging, roost-
ing, and nesting shorebirds. The ponds’ salinity, influenced by rainfall and
evaporation, ranges from brackish to hypersaline.

Moro Cojo Slough, less than 2 km to the south of Elkhorn Slough, is
exposed to minimal tidal influence at its connection with Moss Landing
Harbor, where the tide is restricted through culverts. This site covers ap-
proximately 5.4 ha of mudflats from the harbor to the railroad tracks 3.5
km to the east. The channel is bordered by salt marsh, agricultural land,
and rangeland actively grazed by cattle. Salinity readings ranged from 2 to
over 100 ppt throughout the year, influenced by distance from the harbor,
rainfall, and evaporation.

Data Collection

From 1 March 1999 through 30 June 2000 I surveyed the three study
sites for shorebirds two to three times monthly within a 6-hour period around
low tide and a 6-hour period around high tide on the same day, using 8 x 40
binoculars and a spotting scope with a 20-60 zoom lens. I followed the same
routes consistently on foot at North Marsh and the salt ponds. I used a kayak
at Moro Cojo Slough when the water level permitted; otherwise, [ surveyed
this site on foot. The duration of surveys depended on the number of birds
in the area. All shorebirds on mudflats were counted and identified to species
when visibility permitted. The Dunlin (Calidris alpina), Western Sandpiper (C.
mauri), and Least Sandpiper (C. minutilla) were counted as “peeps” when
visibility was compromised. At high tide I recorded behavior, categorizing it
as feeding, roosting (including preening), or “other.” I placed water-depth
gauges, consisting of posts 2 inches in diameter with alternating black and
white bands 2 inches wide, at each study site to record the water’s depth on
each survey. I did not survey when high water made a study site unavailable
to small shorebirds; consequently, the number of surveys varied by site.

Data Analysis

[ categorized my results by season: winter (1 December to 28 February),
spring (1 March to 30 May), and fall (1 July to 30 November). I evaluated
statistically only species that made up 5% or more of the total counted in
a study area in all seasons combined. Red-necked Phalaropes (Phalaropus
lobatus) were relatively abundant for a brief period during fall only and so
were not evaluated statistically. Only counts that totaled at least 10% of each
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species’ peak count within a season were included in data analysis. Data
from the three sites were combined for statistical analysis. I used a paired ¢
test to compare abundances of shorebirds at high and low tides. When the
data were not normally distributed,  used the Wilcoxon signed-rank test. The
level of significance was defined as p < 0.05. [ evaluated abundances rather
than density because the change in the extent of mudflat between high and
low tide was minimal. In spring, to reduce disturbance to nesting Snowy
Plovers, I surveyed the salt ponds from their outer boundaries but did not
include these data in analyses because of compromised visibility.

RESULTS
Shorebird Abundance and Diversity

During high-tide surveys from 1 March 1999 to 1 July 2000 I recorded 25
species of shorebirds totaling 166,142 individuals. During low-tide surveys I
recorded 22 species (a subset of those recorded at high tide) totaling 21,939
individuals. Four species occurred year round: the American Avocet (Recur-
virostra americana), Black-necked Stilt (Himantopus mexicanus), Killdeer
(Charadrius vociferus), and Snowy Plover. All others were migrants. Small
sandpipers were the most abundant shorebirds, accounting for 77% of all birds
recorded (unidentified peeps 27%, Least Sandpiper 26%, Western Sandpiper
17%, Dunlin 6%). The greatest count of peeps during high tide at a site was
more than 12,000 individuals on 18 January 2000 at the salt ponds.

Species following peeps in order of abundance were dowitchers (Lim-
nodromus scolopaceus and L. griseus, not differentiated; 6%), American
Avocet (5%), Black-necked Stilt (3%), and Red-necked Phalarope (3%). All
three study sites were similar in the number of shorebird species recorded
(North Marsh and Moro Cojo Slough: 19; salt ponds: 20), though the com-
position of the assemblages differed subtly.

High Tide vs. Low Tide

Eighty-eight percent of all shorebirds recorded during the study were
observed at high tide. At all seasons the abundance of sandpipers of the
genus Calidris at high tide significantly exceeded numbers at low tide (Table
1, Figure 2). In winter the abundances of Black-necked Stilts and American
Avocets were significantly greater at high tide than at low tide, but in fall and
spring there was no significant difference (Table 1, Figure 2).

In contrast to the difference in shorebird abundance by tide phase, the
overall number of species recorded at each study site at high and low tide
did not differ markedly (Table 2).

Behavior

The principal behaviors of shorebirds during high tide at all seasons were
feeding and roosting (Figure 3). During fall and winter most of the small sand-
pipers were roosting (73% and 66% respectively). In contrast, during spring
(pre-migration) 60% were feeding. Of the larger shorebirds, most avocets,
stilts, and dowitchers were feeding at high tide in all seasons (Figure 3).
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Table 1 Results of Statistical Tests Comparing Shorebird
Abundance at High and Low Tide in Muted Tidal Habitat at
Elkhorn Slough, California, 1999-2000

Ne t z P
Fall
Black-necked Stilt 26 — 0.7113 >0.05
American Avocet 16 — 1.4230 >0.05
Dowitchers 20 — 0.2407 >0.05
Dunlin 8 2.4813 — <0.05
Western Sandpiper 22 — 3.1039 <0.01
Least Sandpiper 22 4.4782 — <0.001
All peeps combined 22 — 4.0007 <0.0001
Winter

Black-necked Stilt 11

— 2.7603 <0.01
American Avocet 11 2.7323 —

<0.05
Dowitchers 8 4.0678 — <0.01
Dunlin 11 — 2.8896 <0.01
Western Sandpiper 11 — 2.8480 <0.01
Least Sandpiper 11 5.7701 — <0.001
All peeps combined 11 4.4019 — <0.01

Spring

Black-necked Stilt 15 — 0.2558 >0.05
American Avocet 14 — 0.0314 >0.05
Dowitchers 11 2.3884 — <0.05
Western Sandpiper 11 1.8593 — >0.05
Least Sandpiper 11 — 1.4240 >0.05
All peeps combined 11 2.3922 — <0.05

aNumber of surveys included in the analysis.
bResults of paired t tests.
Results of Wilcoxon signed-rank tests.

DISCUSSION
Habitat Use at Different Tides

This study emphasizes the value of muted tidal habitat in coastal wetlands
for shorebirds as foraging and roosting grounds during migration and winter,
particularly at high tide when intertidal mudflats are unavailable. Over 75% of
all shorebirds using this habitat were small sandpipers, a proportion similar to
that in the larger Elkhorn Slough wetland complex during winter (68%), spring
(65%), and fall (77%) of 1999 (Connors 2003). Earlier surveys at Elkhorn
Slough also found small sandpipers to be the most abundant species, account-
ing for over 80% of all shorebirds at all seasons (Ramer et al. 1991).

The importance of muted tidal habitat for shorebirds may depend largely
on its proximity to intertidal feeding grounds. Muted tidal areas at Elkhorn
Slough are less than 2 km from the principal feeding area along the main
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Figure 2. Mean number of shorebirds recorded during surveys at consecutive high
and low tides (+ standard error) at muted tidal wetlands at Elkhorn Slough from March
1999 through June 2000. F, fall; W, winter; S, spring. Black bar, high tide; gray bar,
low tide; see Table 1 for values of N.

channel of the slough. Over 80% of all shorebirds recorded during this study
were observed at North Marsh or the salt ponds, both sites immediately ad-
jacent to the main channel. Connors (2003) found the abundance of small
sandpipers decreasing dramatically in February 2000, possibly because of
the flooding of most muted tidal areas after substantial rainfall in January.
Commuting to more distant high-tide roosts may have been too costly, result-
ing in the birds’ relocating to another complex of wetlands. The less time
spent in transit between intertidal foraging areas at low tide and foraging or
roosting sites at high tide, the less energy is expended in transportation costs
and time that could be spent feeding or resting. Farmer and Parent (1997)
determined that the more disconnected a wetland complex, the less likely
are Pectoral Sandpipers to move among foraging and roosting sites. They
concluded that, with increasing distance between sites in a wetland system,
the less energetically beneficial is the complex for shorebirds and the shorter
the period that migrating birds will reside in the area.
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Table 2 Proportions of Shorebirds by Tide at Sites with Muted Tides at
Elkhorn Slough, California, 1 March 1999-1 July 2000a

High tide Low tide

North Marsh (N = 23)
Unidentified peeps 0.42 American Avocet 0.27
Least Sandpiper 0.17 Dowitchers 0.21
Western Sandpiper 0.16 Least Sandpiper 0.12
Dowitchers 0.07 Black-necked Stilt 0.12
Dunlin 0.06 Red-necked Phalarope 0.12
American Avocet 0.05 Western Sandpiper 0.07
Marbled Godwit 0.02 Marbled Godwit 0.04
Black-necked Stilt 0.02 Dunlin 0.02
Red-necked Phalarope 0.02 Willet 0.01
Total number of shorebirds 88,655 Semipalmated Plover 0.01
Moro Cojo Slough (N = 21) Total number of shorebirds 13,005
Least Sandpiper 0.49 Western Sandpiper 0.24
Unidentified peeps 0.12 Red-necked Phalarope 0.21
Western Sandpiper 0.09 Black-necked Stilt 0.20
Dowitchers 0.08 Dowitchers 0.11
Black-necked Stilt 0.06 American Avocet 0.10
Red-necked Phalarope 0.06 Least Sandpiper 0.08
Dunlin 0.05 Killdeer 0.03
American Avocet 0.03 Dunlin 0.01
Killdeer 0.01 Greater Yellowlegs 0.01
Total number of shorebirds 23,899 Total number of shorebirds 7505

Salt Ponds (N = 8)

Least Sandpiper 0.35 Black-necked Stilt 0.26
Western Sandpiper 0.25 American Avocet 0.19
Unidentified peeps 0.20 Least Sandpiper 0.14
Dunlin 0.10 Red-necked Phalarope 0.09
Marbled Godwit 0.03 Snowy Plover 0.07
Willet 0.01 Willet 0.06
American Avocet 0.01 Long-billed Curlew 0.06
Black-bellied Plover 0.01 Greater Yellowlegs 0.04
Black-necked Stilt 0.01 Black-bellied Plover 0.02
Semipalmated Plover 0.01 Killdeer 0.02
Snowy Plover 0.01 Dowitchers 0.01
. Sanderling 0.01
Total number of shorebirds 53,588 Semipalmated Plover 001
Unidentified peeps 0.01
Total number of shorebirds 1429

aSpecies with proportions <0.01 are not shown; N, number of surveys conducted. Species
whose scientific names are not in the text: Black-bellied Plover (Pluvialis squatarola), Semi-
palmated Plover (Charadrius semipalmatus), Willet (Tringa semipalmata), Greater Yellowlegs
(Tringa melanoleuca), Long-billed Curlew (Numenius americanus), Marbled Godwit (Limosa

fedoa), Sanderling (Calidris alba).
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Figure 3. Proportion of total number of shorebirds recorded during high-tide surveys
that were feeding (black bar) and roosting (gray bar) at muted tidal wetlands at Elkhorn
Slough from March 1999 through June 2000. F, fall; W, winter; S, spring; see Table
1 for values of N.

At all seasons I found shorebird use of muted tidal areas to be most pro-
nounced during high tide. The reduced tidal amplitude at these sites provides
birds a place to feed and rest at high tide. Strong (1990) observed a similar
pattern at Elkhorn Slough’s salt ponds in the late 1980s. Davidson and
Evans (1986) reported comparable results at man-made peripheral wetlands
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in England, with most shorebird species present in far greater numbers at
high tide than at low tide.

Species diversity at muted tidal sites at Elkhorn Slough does not differ
markedly by tidal phase; species composition, however, does. Small Calidris
sandpipers dominate the shorebird assemblage on high tides, then relocate
to the intertidal zone as the tide recedes. Warnock et al. (2002) observed
a similar pattern of shorebird species composition on salt ponds in San
Francisco Bay, where Calidris sandpipers dominate at high tide (constitut-
ing 46% and 55% of all birds in two consecutive years) but account for less
than 5% of all birds at low tide.

Some shorebirds at Elkhorn Slough, primarily residents, use muted tidal
areas throughout the tide cycle, implying that this habitat meets their daily
requirements for feeding and roosting. Stilts and avocets use muted tidal
wetlands surrounding Elkhorn Slough throughout the tide cycle during fall
and spring and nest in this habitat. Similarly, Velasquez and Hockey (1992)
found little difference in the abundance of resident waterbirds on saltpans
between high and low tide but migrants to be markedly more abundant at
high tide than at low tide.

Muted tidal wetlands offer two principal benefits to migratory shorebirds:
providing an alternative place to feed when intertidal mudflats are inacces-
sible and a place to rest during interludes between foraging at low tide. The
behavior of the most abundant shorebirds using muted tidal wetlands, the
small sandpipers, was not consistent throughout the year. In fall and winter
(July through February), the majority of Calidris sandpipers roosted at high
tide. During spring (March through May), however, they spent most of their
time feeding. Potential causes of this pattern during spring are shortage
of available food at low tide in the intertidal zone, time constraints during
feeding on intertidal mudflats, seasonal increases in energy demands, and
seasonal variations in availability of prey in muted tidal habitat (Evans 1976,
Evans and Dugan 1984, Schneider and Harrington 1981, Velasquez and
Hockey 1992). Masero and Perez-Hurtado (2001) documented a greater
proportion of Redshanks (Tringa totanus) foraging in peripheral wetlands
before migration than in winter, coinciding with a decrease in the biomass of
prey in adjacent intertidal habitat. Shorebirds’ demand for energy increases
during migration. Birds that arrive at their breeding grounds in optimal condi-
tion can use surplus fat and protein to accelerate egg production (Davidson
and Evans 1988). If a bird cannot meet its caloric needs during the diurnal
low tide cycle, it may enhance its intake by foraging at night or in habitats
exposed at high tide. A study of the composition and seasonal availability of
prey in muted tidal wetlands at Elkhorn Slough may elucidate corresponding
patterns of shorebird behavior.

Management Considerations

Water depth at muted tidal sites is influenced by rainfall, evaporation,
and extent of tidal exchange and can be manipulated to provide habitat for
various species of birds. Awareness of shorebirds’ migratory schedule, which
varies considerably by species, is needed to manage water levels successfully
and enhance habitat for shorebirds.

Management of water level may also be influenced by other variables
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unique to a site. For example, during late spring, summer, and early fall, a
thick layer of algae (Ulva sp. and Enteromorpha sp.) formed on the water
surface in North Marsh, providing an alternative feeding and roosting sub-
strate for small shorebirds. Deeper water was maintained when algae were
present, providing habitat for other birds such as ducks and herons while still
supporting short-legged species such as the Western and Least Sandpipers.
The presence of algal mats on the water surface may have increased foraging
success for some shorebirds. Allen (1992) found more amphipod crustaceans
within algal mats overlying mudflats than on mudflats without algae.

Various studies have examined the site fidelity of migrating and breeding
shorebirds (Gratto et al. 1985, Warnock and Takekawa 1996, Takekawa et
al. 2002). Although many shorebirds maintain some degree of site fidelity
during migration and winter (Kelly and Cogswell 1979, Smith and Houghton
1984), they also use suitable habitat opportunistically as soon as it becomes
available (Rundle and Fredrickson 1981, Skagen and Knopf 1994). Minor
adjustments in water depth at muted tidal sites can make a tremendous dif-
ference in habitat availability to small shorebirds (Helmers 1992, Safran et
al. 1997, Collazo et al. 2002, pers. obs.) and can attract migrants quickly.

Boettcher et al. (1994) found that variation in bottom topography and
gradual flow of water into an impoundment create a variety of microhabitats.
At North Marsh, a given water level provides a diversity of water depths suit-
ing a broad assemblage of species. Whereas small sandpipers use mudflats
covered by up to 5 cm of water, some larger shorebirds such as avocets
and stilts feed in water as deep as 17 cm (Helmers 1992, Boettcher et al.
1995, Isola et al. 2000).

Water-level adjustments have longer-lasting benefits if they are made in
small increments. Small shorebirds tend to feed along the receding water’s
edge; thus, a gradual drawdown provides suitable feeding habitat for a lon-
ger period of time (Rundle and Fredrickson 1981, Fredrickson and Taylor
1982). Velasquez (1992) found that if water level is decreased gradually, both
shorebird abundance and diversity increase. Alternatively, managing for a
relatively constant water level reduces the risk of flooding nests and may
serve other purposes as well, including reduction of mosquito populations
(P. Ghormley, N. Salinas Valley Mosquito Abatement District, pers. comm.).
By June at Elkhorn Slough, migrant shorebirds have vacated the region, and
resident species have established nests. Gradual drawdowns, which benefit
small migratory shorebirds, are not critical at this time. Rather, managing
for stable water levels would be a strategy appropriate to preclude flooding
of resident birds’ nests. As migrants begin to return to the slough in July,
drawdowns can commence in anticipation of the arrival of large numbers
of small sandpipers.

The conservation and management of muted tidal wetlands can enhance
a coastal wetland system by providing an additional habitat dimension for
migrating and wintering birds. Mudflats with restricted tidal flow are an
important component of Elkhorn Slough’s wetlands for most shorebirds.
Use of these sites at high tide underscores their value for shorebirds. With
knowledge of patterns of shorebirds’ habitat use, seasonal requirements, and
regional habitat limitations, mudflats with muted tidal flow can be managed
effectively to optimize habitat quality for shorebirds.
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