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Abstract.-From 1989 to 1999,1 examined intra-seasonal and annual changes in the abundance and local dis­
tribution of two groups of wintering Dunlin (Calidris alpina) occupying different positions along hydrographic gra­
dients in the Tomales Bay estuary, California. Reciprocal translocation of color-banded Dunlin indicated a discrete 
separation of wintering Dunlin between the north and south of Tomales Bay. Local abundance in both groups was 
significantly associated with cumulative seasonal rainfall within and among years. Increased variation in annual and 
intra-seasonal abundance was related to reduced tidal circulation, greater freshwater stream flow, and increased sa­
linity variation. On average, winter Dunlin use peaked later but declined earlier in the southern part of the bay 
(near the head of the bay) than in the northern part of the bay (near the mouth of the bay), Shifts in distribution 
associated with changes in hydrographic conditions and weather revealed consistent intra-seasonal changes in hab­
itat preference on temporal scales other than tidal cycles. In the northern part of the bay, changes in habitat pref­
erence by Dunlin corresponded to thresholds of 20-25 cm cumulative rainfall and 0.5-1.0 m" sec" stream flow, 
whereas in the south bay changes were relatively continuous. Rainfall, wind velocity and direction, and temperature 
also influenced habitat preferences. Flocking beha\~or dominated over habitat choice at low levels of Dunlin abun­
dance, resulting in contrasting patterns of habitat use relative to overall trends. These patterns suggested the loss 
of habitat quality as the criterion for patch use. In general, this study indicates that winter shorebird use of temper­
ate estuaries can be predicted by differences in weather and hydrographic regimes, including rates and variances 
of freshwater inflow, estuarine circulation, and water residence times unique to each system. Received 4 February 

2001, accepted 15June 2001. 
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Ecosystems important to shorebirds win­
tering on the Pacific coast of North America 
include large bays, such as San Francisco 
Bay, and river estuaries, exemplified by the 
Columbia and Eel Rivers. Large bays exhibit 
relatively stable patterns of food availability 
and shorebird use that vary predominantly 
with tidal regime (Nichols 1977; Recher 
1966) and contrast with seasonally dynamic 
patterns in estuaries dominated by changes 
in river discharge (Colwell 1993). Between 
these extremes, estuarine systems vary widely, 
in terms of freshwater runoff, estuarine cir­
culation, water residence times, weather, and 
salinity patterns (Iqerfve 1989). Such varia­
tion is likely to influence patterns of shore­
bird use. In addition, abiotic influences vary 
according to annual, seasonal, intra-season­

aI, circadian, and tidal patterns. Therefore, 
temporal scales of variation in shorebird use 
of feeding areas may differ among estuarine 
systems. However, little attention has been 
given to the effects of hydrographic regimes 
in estuaries on local shorebird distribution. 

Habitat patch use by foraging shorebirds 
reflects spatial and temporal patterns of prey 
density (Goss-Custard et al. 1977; Puttick 
1984; Bryant 1979) or availability (Recher 
1966; Goss-Custard 1984), as well as density­
dependent processes such as competition, in­
terference, prey depletion, or predation 
pressure (Goss-Custard 1980; van der Have 
1984). When foraging profitability is substan­
tially altered by weather-related factors such 
as temperature, wind, or rain, or other abiot­
ic factors such as tides (Connors et at. 1981), 
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sediment runoff (Gerstenberg 1979), or sa­
linity (Wolff 1969; Velasaquez 1992), shore­
birds generally respond by changing their 
choice of habitat patches (Burger 1984). Abi­
otic conditions may. also affect shorebird be­
havior by influencing the amount of energy 
required for thermoregulation or foraging 
(Davidson 1981), or by serving as proximate 
cues related to changing intake needs (Kelly 
et al. 2001). Many density-dependent pro­
cesses operate within limits determined by 
abiotic factors, which set and reset levels of 
profitability or risk at various temporal scales. 
The particular expression of weather and hy­
drographic effects in temperate estuaries 
may therefore provide a framework by which 
patterns of shorebird use can be compared. 

Tomales Bay is one of the least disturbed 
estuaries in California, and has been recog­
nized by the Western Hemisphere Shorebird 
Reserve Network as important to Pacific coast 
shorebirds (Harrington and Perry 1995; Page 
et al. 1999). The bay is particularly well-suited 
for studies of physical processes that might af­
fect winter shorebird distribution and use, 
because it is geometrically and hydrographi­
cally simple, with an easily measured salinity 
gradient and slow exchange with nearshore 
coastal waters (Hollibaugh et at. 1988). 

In this paper, I examine ten years of cen­
sus data for annual and intra-seasonal effects 
of weather, runoff, and salinity on the distri­
bution and abundance of Dunlin (Calidris 
alpina) in Tomales Bay (Fig. 1). I investigated 
these effects in two wintering groups of Dun­
lin occupying parts of the estuary that corre­
spond to different positions along a hydro­
graphic gradient. Variation in food supply 
was not measured directly. The study period 
encompassed a range of seasonal weather 
that included successive years of exceptional­
ly dry conditions followed by years of greater­
than-average rainfall. I focused on Dunlin 
because it is the most abundant species on 
Tomales Bay, reaching almost 13,000 birds in 
late autumn and averaging 53% of total 
shorebird abundance (Kelly 2001), and be­
cause this species exhibits local and regional 
midwinter movements related to changing 
foraging conditions (Page et at. 1979; Ruiz et 
at. 1989; Warnock et at. 1995). 
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Figure 1. Shorebird count areas on Tomales Bay, Cali­
fornia. North bay count areas: 1 = White Gulch, 2 = Law­
son's Meadow; 3 = Sand Point, 4 = Tom's Point, 5 = 
Walker Creek delta; south bay count areas: 6=North 
Marshall, 7 = South Marshall, 8 = Lagunitas Creek delta, 
9 = Giacomini Pasture, 10 = Inverness Shoreline. Stars 
indicate locations of salinity measurements (Smith et ai. 
1991). Arrows indicate the extent of shoreline within 
each count area. 

STUDY AREA 

Tomales Bay is long (20 km), narrow (1.4 km) and 
straight, formed by the intersection of the San Andreas 
Fault and the central California coastline, about 45 km 
northwest of San Francisco (Fig. 1; Galloway 1977). Ap­
proximately 18% of the bay is intertidal, with sand and 
mud flats concentrated primarily at the northern and 
southern ends and to a lesser exten t along the east 
shore. Large tidal deltas suitable for foraging shorebirds 
occur at two primary points of inflow, one at Walker 
Creek near the north end of the bay and the other at La­
gunitas Creek at the south end (Fig. I). Numerous oth­
er smaller perennial and ephemeral streams enter the 
bay along the east and west shores, each associated with 
smaller delta marshes and tide flats. Annual rainfall oc­
curs primarily (95%) from October through April, with 
55% occurring from December through February (Au­
dubon Canyon Ranch, unpublished data). 

Tidal circulation differs dramatically between the 
northern and southern parts of Tomales Bay. Water in 
the northern 6 km of the bay exchanges with nearshore 
coastal water on each tidal cycle, while water in the 
southern 14 km of the bay is resident for approximately 
120 days during periods of low runofl (Hollibaugh et al. 
1988). In winter, water residence time in the southern 
part of the bay is determined by the extent of freshwater 
inflow. Constrained tidal circulation and variably high 
rates of inflow at the south end of the bay interact to cre­
ate a dynamic salinity gradient along the 20-km axis of 
the bay. Thus, estuarine water circulation is driven pri­
marily by runoff and wind in the southern part of the 
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bay, and by tides in the northern part of the bay. Salini­
ties in the southern part of the bay range from nearly 
fresh in winter after periods of heavy freshwater inflow, 
to slightly hypersaline in late autumn after seasonally 
low inflows and periods of high evaporation (Smith and 
Hollibaugh 1997). Salinities in the northern third of the 
bay more consistently refiect those of the nearshore 
coas tal waters. 

Intertidal sediments grade from coarse and fine 
sands to clayey silts in the northern half of the bay, with 
clayey silts and silty clays predominating on tide flats fur­
ther south (Daetwyler 1966). Seasonal wetlands suitable 
for shorebirds are normally limited to about 15 ha of a 
200-ha diked pasture adjacent to the south end of the 
bay and approximately 20 ha of wet meadow in a wide 
dune slack at the north end of the bay. During periods 
of heavy flooding, shorebirds use seasonal wetlands in 
agricultural areas, 5-15 km northeast of the bay. The tid­
al range is slightly greater at the south end of the bay 
(mean = 1.13 m; max. = 2.65 m) than at the mouth 
(mean = 1.06 m; max. = 2.43 m; U. S. National Oceanic 
and Atmospheric Administration harmonics and correc­
tion tables, Tides and Currents, Nautical Software, Inc.). 

METHODS 

Bird Counts 

From 1989 to 1999, teams of observers counted Dun­
lin simultaneously in ten sub-areas of Tomales Bay, dur­
ing 60-90-minute census periods (Fig. 1). The count 
areas included adjacent seasonal wetlands and almost 
all of the intertidal flats in the bay, with the exception of 
a few small areas at creek mouths along the west shore. 
Observers conducted all counts during rising tides, at 
tide levels between 0.76 m and 1.22 m above mean lower 
low water at Blake's Landing, near Marshall. Usually, six 
counts were completed annually, three in each of two in­
tra-seasonal periods: early winter (1 November to 19 De­
cember) and late winter (15January-4 March). 

Reciprocal Translocation 

Field observations of flock movements between 
feeding areas and high-tide roosting areas suggested 
that shorebirds frequently moved among habitat areas 
within the northern or southern subregions of Tomales 
Bay, but that movements were markedly restricted in ei­
ther direction between areas 6 and 7 (Fig. 1). There­
fore, to examine the possibility that different groups of 
wintering Dunlin use the northern and southern por­
tions of the bay, I conducted a reciprocal translocation 
of color-banded birds. During November, December, 
and January, I translocated 21 of 44 Dunlin banded at 
Walker Creek delta to Lagunitas Creek delta, and 11 of 
18 banded at Lagunitas Creek delta to Walker Creek 
delta. Birds were transported in well-ventilated holding 
boxes and released at'night in'groups of six or more in­
dividuals, 1-3 hours after capture. Uniquely marked in­
dividuals were subsequently resighted over the next 
twelve weeks, during ten low-tide feeding periods at' 
Walker and Lagunitas Creek deltas. The results indicat­
ed that Dunlin moved frequently among habitat areas 
within the northern or southern subregions of Tomales 
Bay, but that little movement occurred between the two 
ends of the bay (see Results). Therefore, 1 analyzed re­
sults separately for subregions north (hereafter, "north 
bay") and south (hereafter "south bay") of Cypress 

Point, Marshall (areas 1-6 and 7-10, Fig. I). An addition­
al 37 wintering Dunlin, captured before or after the 
translocation experiment, were included in testing dif­
ferences in proportions of adults and juveniles in the 
north and south bay subregions. 

Weather and Hydrography 

To evaluate weather effects on Dunlin abundance, 1 
used daily rainfall records at Cypress Point halfway 
along the east shore of Tomales Bay (Audubon Canyon 
Ranch, unpublished data) and additional weather data 
from the University of California Bodega Marine Re­
serve, 12 km northwest of Tomales Bay. Weather vari­
ables used in the analyses were daily rainfall (cm); 
cumulative rainfall in previous 3 days (cm); cumulative 
seasonal rainfall since 1 September (cm); daily baromet­
ric slope (mb hr"); minimum, maximum and average 
daily wind velocity (m sec"); minimum, maximum and 
average daily temperature (OC); and mean daily wind 
direction (coded 1 for northwest-to-northeast, 270°-45°, 
-1 for southwest-southeast, 90°-225°, and 0 for other 
directions). Salinity data (1989 to 1995) were obtained 
for two sites from the Tomales Bay LMER/BRIE 
Research Program, University of Hawaii (Stephen V. 
Smith, unpublished; Fig. 1). Stream flow data were 
obtained from U.S. Geological Survey gauges in the low­
er reaches of Walker and Lagunitas creeks (1989-1998, 
USGS Stations 11460750 and 11460600), and the flow 
rates'were multiplied by 1.29 and 1.40, respectively, to 
adjust for ungauged portions within each watershed. 

Statistical Analyses 

To facilitate comparisons of Dunlin use of feeding 
areas of varying size, the abundance data were trans­
formed into densities based on the extent of exposed 
mud flat in each count area estimated at mean low water 
with a planimeter from a bathymetric chart (U.S. Na­
tional Oceanic and Atmospheric Administration -Chart 
18643, 16th Ed., Dec. 1995). Foraging Dunlin usually 
concentrated along the tide line, but also selected de­
pressions in exposed tidal flats (Mouritsen and Jensen 
1992). Therefore, estimates of habitat preference based 
on differences in density may be sensitive to the areal 
measurement used to assess babitat availability (War­
nock and Takekawa 1995). However, the topography 
was similar among suitable habitats in Tomales Bay, and 
areas available for foraging along the tide line repre­
sented similar proportions of tidal exposure among 
count areas. 

To examine effects of count area location, intra-sea­
sonal period, and year on Dunlin abundance and densi­
ty, mixed-model analysis of covariance was used, 
controlling for days since the beginning of each intra­
seasonal period (early or late winter) and treating year 
as a random effect. Abundances and densities were log­
transformed to improve normality and stabilize the vari­
ance of residuals. Significant count area effects within 
the northern and southern subregions of the bay were 
followed by multiple pairwise comparisons within each 
intra-seasonal period, using experimentwise error rates 
to evaluate significance. 

Thresholds and nonlinear trends in shorebird abun­
dance associated with intra-seasonal timing (days since 
1 November), subregional abundance, cumulative sea­
sonal rainfall, stream flow and salinity were looked for 
by inspecting bivariate scatterplots using Cleveland's ro­
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bust locally weighted regression smoothing algorithm 
(LOWESS; Cleveland 1979; Chambers et at. 1983). This 
method was selected because it uses locally weighted 
least squares and a robust fitting procedure to define 
smoothed points that are relatively insensitive to outly­
ing values, and allows a flexible degree of smoothing by 
adjusting the proportion: of data used to calculate each 
fitted value. 

To distinguish the effects of cumulative seasonal 
rainfall and weather on local distribution, stepwise mul­
tiple regression was used with cumulative rainfall and 
weather variables as predictors of proportional use in 
each count area. Proportional abundances were log- or 
arcsine-transformed to improve the normality and sta­
bility of residuals. Independent variables were used in 
regressions only if product-moment correlations with 
other variables in the models were less than 0.4. Local 
distributions were examined for evidence of density-de­
pendence by testing residual associations (partial corre­
lations) between the resulting models and local Dunlin 
abundance. Trends in annual abundance were estimat­
ed from linear regression coefficients. After removing 
the linear effecl~ of cumulative seasonal rainfall in the 
current and previous year, underlying trends in mean 
numbers of wintering Dunlin were looked for by exam­
ining partial correlations and bivariate plots of residual 
abundance on year. In analyses of trends in maximum 
annual abundance, cumulative rainfall in the current 
year was based on November only. Yate's correction for 
continuity was used in chi-square analyses with one 
degree of freedom. All analyses were conducted using 
SYSTAT (Version 8.0, SPSS, Inc. Chicago, IL). 

RESULTS 

Reciprocal Translocation 

I resighted 48 of62 color-banded Dunlin. 
Nearly all translocated individuals (24 of 25) 
returned to their original banding sites, of­
ten within 1-2 days of release, and were sub­
sequently resighted only in those locations 
during an ll-week period after release. All 
non-translocated individuals (23 of 23) were 
resighted only in the vicinity of their band­
ing sites. These differences indicated signifi­
cant separation of northern and southern 
wintering groups, whether tested against ex­
pected locations of non-translocated of birds 
(X 2

1 = 44.1, P < 0.0001) or against an even 
chance (50%) of resighting translocated 
birds at either end of the bay (X2

1 = 17.7, P < 
0.001). 

These results corroborated field observa­
tions of separate routine, and tide induced 
flock movements in the northern or south­
ern subregions of Tomales Bay, and a lack of 
movement in the middle section of the bay 
between areas 6 and 7 (Fig. 1). 

Local Abundance 

Annual abundance of Dunlin declined 
dramatically over the ten years of this study 
(Fig. 2, Table 1). Maximum annual Dunlin 
abundance was more variable in southern 
(CV = 68%) than in northern Tomales Bay 
(CV = 45%). Average early-winter numbers of 
Dunlin in the north bay and south bay were 
similar (Table 2), but declined more steeply 
in the south bay (b = -756 birds yr'l) than in 
the north bay (b = -478 birds y(l; Table 1). 
These declines were significantly associated 
with cumulative seasonal rainfall in the cur­
rent year and total seasonal rainfall in the 
previous year (rainfall effects between years 
were independent of each other, rg < 0.12; 
Table 1). Decreasing abundance was more 
strongly related to rainfall in the previous 
year in the south bay than in the north bay 
(Table 1). Mter removing the linear effects of 
seasonal rainfall in the current and previous 
years, changes in numbers over the ten years 
of study were not significant (partial cor­
relations with year, Table 1), and residuals 
showed no evidence of nonlinear trends. 

Intra-seasonally, Dunlin abundance was 
significantly more dynamic in the south bay 
(mean CV = 103%) than in the north bay 
(mean CV = 79%, FI,g = 12.6, P < 0.01; Table 
2). Although north bay and south bay num­
bers covaried significantly within years (par­
tial r46 = 0.76, P < 0.001), the proportion in 
the north bay relative to the south bay in­
creased with seasonal date (partial r46 = 0.62, 
P < 0.001). Salinity was also more variable in 

Abundance
 

15,000
 

Figure 2. Annual and intra-seasonal baywide abundance 
of Dunlin in Tomales Bay, California. 
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Table 1. Multiple linear regressions of mean and maximum annual (autumn) Dunlin abundance, on mean cumula­
tive seasonal rainfall on count days in the current year and total seasonal rainfall (through 30 June) in the previous 
year; partial correlations between residuals and year; standard and simple regression coefficients for annual trend 
in northern and southern Tomales Bay, California, 1989-90 to 1998-99 (N =10). Variables for wind velocity and tem­
perature did not enter the regressions. 

Mean abundance Maximum abundance 

Independent variable North Bay South Bay North Bay South Bay 

Mean cumulative seasonal rainfall, current year 
Standard partial coefficient 

Total seasonal rainfall, previous year 
Standard partial coefficient 
R2 

Year 
Partial correia tion 
Standard coefficient 
Simple coefficient (birds per year) 

-0.71** 

-0.48* 
0.85** 

0.07 
-0.76** 
-304** 

-0.75** 

-0.61** 
0.91 ** 

-0.06 
-0.89*** 
-390*** 

-0.87***' -0.79** 

-0.69** -0.82** 
0.86** 0.88** 

-0.35 -0.18 
-0.79** -0.91 *** 
-478** -756*** 

*p < 0.05, **p < 0.01, ***p < 0.001. 

southern (CY = 18%) than in northern 
Tomales Bay (CV = 9%; F29.29 = 3.84, P <0.001). 
The relative stability of north bay salinity was 
reflected in a significantly greater probabili­
ty (0.33) of an increase in salinity the day 
after a decrease than in the south bay (0.12; 
X2

1 = 15.7, P < 0.001), presumably because of 
greater tidal circulation. Freshwater inflow 
was substantially greater from Lagunitas 
Creek (2.33 m3 sec·l 

) than from Walker 
Creek (0.68 m3 sec·l 

; = 15.1, P < 0.001).t49 

Variation in stream flow was substantial in 
both Lagunitas Creek (CY = 236%) and 
Walker Creek (CY = 271 %), but did not dif­
fer significantly between the two watersheds. 

Arriving Dunlin reached maximum an­
nual abundance, on average, twelve days lat­
er in the south bay than in the north bay, 
suggesting that arriving individuals may have 
filled the north bay before birds settled in 
the south bay. This difference was not signif­
icant based on the sample of ten years 
(paired tg = 1.40, n.s.), but was highly signifi­
cant based on a bootstrap estimate of vari­
ability (paired t499 = 33.5, P < 0.0001). Dunlin 
abundance in winter declined significantly 
earlier in the south bay than in the north bay, 
with the decline beginning on average on 24 
November ± 4.9 days (SE) in the south bay 
and 8January ± 2.4 days in the north bay. 

Proportional declines in winter abun­
dance were significantly associated (P < 

0.001) with greater cumulative winter rain­
fall (roo = -0.62 in north bay and r55 = -0.75 in 
south bay), greater stream flow (r4H = -0.61, 
-0.64), and lower salinity (r2H = 0.48, 0.62). 
Hydrographic conditions produced more 
stable salinity in northern than in southern 
Tomales Bay (Fig. 3), which was associated 
with greater persistence of Dunlin in late 
winter (Table 2). 

Feeding Distribution 

Local shifts in the distribution of Dunlin 
among feeding areas were associated with 
weather and hydrographic conditions. At 
primary feeding sites on the deltas of Walker 
and Lagunitas Creeks, proportional use in­
creased with subregional abundance of Dun­
lin, while at other sites such as Sand Point 
and South Marshall, proportional use de­
clined (Fig. 4). In contrast, proportional use 
at Walker and Lagunitas Creek deltas de­
clined with increasing cumulative seasonal 
rainfall and stream flow, and decreasing 
salinity, but increased at other sites such as 
Sand Point and South Marshall (Fig. 5). 

At low numbers of Dunlin, trends in pro­
portional abundance in south bay feeding 
areas were confounded by the flocking be­
havior. When south bay abundance dropped 
below 2,000 birds, individuals often concen­
trated into a single flock and occurred only 
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Table 2. Analysis of covariance' (ANCOVA) of abundance (In) and density (In) of Dunlin on Tomales Bay in relation to count area or north bay vs. south bay subregion (A), intra­
seasonal period (S), and year (Y), and their interactions (AS, AY, SY). Multiple comparisons among transformed count area or subregional means are indicated columnwise by 
letters after untransformed means and standard errors: areas or subregions with the same letter within early or late winter period are not significantly different (Bonferroni ad­
justment for experimentwise error P > 0.05). Significant differences between early and late winter means are indicated by *p < 0.05, **p < 0.01, ***p < 0.001. See Fig. I for count 
area locations. ' 

Winter abundance Winter density (birds·km·2
) 

Early Late Early Late 
Count area 
or subregion Area (ha) x SE x SE x SE x SE 

North bay ANCOVA (N = 330)": A**, Y**, AS**, AY** ANCOVA (N = 330)': A**, S, Y**, AS**, AY** 
1 8.7 2" 0.9 2° 1.0 0.20" 0.10 0.22" 0.11 
2 8.7 WAR" 9,6 13A8"0 8.2 1.16"8" 1.10 1.47A8" 0.94 ~ 
3 35.4 1308 41.0 1708 51.9 3.678 1.16 4.81 B 1.46 tTl 

4 26.7 1788 39.8 79***" 25,2 6.66B 1.49 2.97***8 0,94 1;; 
5 110.3 2968A 336.9 868***A 177.2 26.90A 3.05 7.87***" 0.94 § 
6 31.9 23" 11.3 17° 6.7 0.72" 0.35 0.53" 0.25 '" 

South bay ANCOVA (N = 202)': A**, Y**, AS*, AY**, SY**, ASY** ANCOVA (N = 202)": A**, Y**, AS**, AY**, SY**, SY** 
7 55.7 60 10.7 20**8 6.7 1.08B 0.19 0.36**8 0.12
 
8 215.4 2939 419.9 622***A 148,9 13.64A 1.95 2.89***" 0.69
 
9 10.0 5 3.9 0"8 0.0 0.52"8" 0.39 O.OOAB 0.00
 

10 37.2 1 1.0 1B 0.7 0.04" 0.03 0.028 0.02
 

Tomales Bay ANCOVA (N = 113)': S*, Y**, AY**, SY** ANCOVA (N = 113)': A**, S*, Y**, AY**, AS, SY** 
North bay 221.8 3309 353.5 1149***A 196.7 39.31A 4.07 17.87***A 2.68 
South bay 318.3 3005 419.6 642***8 152.6 15.288 1.94 3.26***B 0.76 

'Mixed-model analysis of covariance; covariate = days since beginning of early winter (November-December) or late winter Qanuary-February); letter indicates effect with F­
ratio signifICant at P < 0.05, *p < 0.01, **p < 0.001. 
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Figure 3. Relationships between cumulative seasonal 
rainfall, salinity and stream flow in Tomales Bay, Cali· 
fornia. Trend lines represent LOWESS smoothing (f = 
0.5). Closed circles and solid line represent northern 
Tomales Bay; open circles and dashed line represent 
southern Tomales Bay. 

on the largest habitat patch-in spite of a 
contrasting shift toward other areas as subre­
gional abundance declined (Figs. 4 and 5). 

In the north bay, thresholds for shifts in 
relative use of feeding areas corresponded to 
a subregional abundance of 1,200-2,000 
Dunlin (areas 3 and 5, Fig. 4), cumulative 
seasonal rainfall of 20-25 em, and stream 
flow of about 0.5-1.0 m~ sec- l (areas 3 and 5, 
Fig. 5). In the south bay, relative use of feed­
ing areas also changed with subregional 
abundance, cumulative seasonal rainfall, 
and stream flow, but no thresholds were ap­
parent (Figs. 4 and 5). When cumulative sea­
sonal rainfall reached 25-30 em, stream flow 

Area 5: Walker Creek delta Area 8: Lagunitas Creek delta 
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Figure 4. Proportional use of key feeding areas in Toma­
les Bay by Dunlin, plotted against subregional Dunlin 
abundance in northern or southern Tomales Bay. Trend 
lines represent LOWESS smoothing (f = 0.5). Linear 
components of slope are significant in all plots (P< 0.01). 
Trends in proportional use of areas (7 and 8) do not in­
clude counts in which all south bay Dunlin occurred in a 
single flock at Lagunitas Creek delta (open circles, see 
text). Areas 5 and 8: Y = sin-1(x), in radians; areas 3 and 7: 
Y = In (x + 0.001). See Fig. 1 for area locations. 

increased and salinity began to drop steeply 
at both ends of the bay, but more rapidly in 
south bay (Fig. 3). Dunlin distribution at 
both ends of the bay was associated with 
changes in salinity near the mouths of Walk­
er and Lagunitas Creeks, with thresholds at 
about 33%0 in the north bay and 31 %0 in the 
south bay (Fig. 5). 

Regression analyses suggested a relation­
ship between foraging density and Dunlin 
distribution (Fig. 4), but cumulative seasonal 
rainfall and weather accounted for these pat­
terns (Table 3). Proportional use bf several 
feeding areas declined with greater cumula­
tive seasonal rainfall and post-storm condi­
tions, including increasing barometric 
pressure, more northerly winds, and stron­
ger winds (Table 3). In contrast, proportion­
al use of Lawson's Meadow, Sand Point, and 
South Marshall (areas 2, 3, and 7) increased 
in response to such conditions (Table 3). 
Cumulative rainfall during three days prior 
to shorebird counts did not enter any mod­
els of weather effects because of a correIa­

0 
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tion (r54 = 0.31) with cumulative seasonal 
rainfall, which was a more powerful predic­
tor. Rainfall on count days entered as a sig­
nificant term in two of the models (Table 3). 

Feeding area preferences varied signifi­
cantly between early and late winter and 
among years in both northern and southern 
Tomales Bay (Table 2). In most of the models 
(Table 3), weather variation accounted ade­
quately for this variation. Exceptions were at 
White Gulch, Tom's Point, and North Mar­
shall (areas 1, 4, and 6), where Dunlin use 
(independent of weather effects) varied sig­
nificantly among years (P < 0.05). In all other 
models, intra-seasonal and annual effects of 
weather on Dunlin distribution were similar 
(modeling intra-seasonal effects indepen­
dently, with year as random dummy variables, 
did not alter patterns of significant effects). 

DISCUSSION 

The general decline over years in num­
ber of wintering Dunlin observed in this 
study was correlated with a trend of increas­
ing rainfall and storm activity. Consecutive 
years of heavy freshwater runoff can strongly 
reduce recruitment and abundance of estua­
rine bivalves, polychaetes, and amphipods 
(Boesch et al. 1975; Holland 1985), which 
predominate in the winter diets of Dunlin 
(Stenzel et al. 1983; Warnock and Gill 1996). 
Individual-based models of Oystercatcher 
(Haematopus ostralegus) abundance suggest 
that recurring winter food scarcity may re­
duce shorebird abundance by limiting re­
cruitment of juveniles to the wintering area 
(Goss-Custard and West 1997). Alternatively, 
annual variation in winter Dunlin abun­
dance might reflect the influences of other 
processes or seasons. Changes in Dunlin 
abundance on Tomales Bay are consistent 
with the hypothesis that numbers of winter­
ing birds in more dynamic habitats are less 
stable across years. This suggests that winter 
shorebird use may be sensitive to changes in 
patterns of freshwater inflow into estuaries. 

Warnock et at. (1995) provided evidence 
that intra-seasonal decreases in winter Dun­
lin abundance were associated with regional 
movements to inland habitats. It has been 

unclear whether such movements are driven 
by declining habitat suitability along the 
coast, by opportunities to exploit seasonally 
available wetlands in the interior, or by an 
interaction between these factors (Warnock 
et at. 1995). In Tomales Bay, the initiation of 
midwinter declines did not coincide in the 
two wintering groups of Dunlin, suggesting 
differential responses to local conditions. 

Dunlin exhibited storm-related shifts in 
habitat preference away from sources of 
freshwater runoff and areas of wind expo­
sure, to areas that offer relative protection 
from wind or more stable salinities. In the 
north bay, shifts in habitat preference coin­
cided with thresholds of increasing stream 
flow and declining salinity. These thresholds 
occurred at 20-25 cm of cumulative seasonal 
rainfall, which is close to the point at which 
watershed soils become saturated by winter 
rains. Beyond this point, freshwater inflow 
responded quickly to rainfall events and re­
mained elevated for about a week (Smith et 
al. 1991). Flooding events limited shorebird 
use by reducing tidal exposure of feeding 
areas, especially in the south bay where tidal 
drainage was restricted. Such events impose 
unpredictable limits on habitat use, indicat­
ed by consistent intra-seasonal shifts among 
habitat patches at temporal scales that con­
trast with the highly predictable cycles of 
tides (Connors et al. 1981; Barbosa 1997). 

Because Dunlin and other shorebirds 
generally concentrate where the availability 
of their prey is greatest (Goss-Custard et al. 
1977; Bryant 1979; Evans and Dugan 1984; 
Kelsey and Hassall 1989), the effects of salin­
ity depression on the density and availability 
of benthic prey is a likely mechanism for 
midwinter changes in foraging distribution. 
Salinity depression in estuaries strongly re­
duces densities of benthic invertebrates, par­
ticularly during periods of heavy freshwater 
inflow or when salinities drop below 30%0 
(Wolff 1983; Nordby and Zedler 1991). Dif­
ferences in salinity tolerance, which are 
known to structure small-scale aggregated 
distributions and gradients in composition, 
richness, and seasonal abundance ofinverte­
brates in estuaries (McLusky 1981; Wolff 
1983), were suggested by changes in Dunlin 
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Figure 5. Proportional use of key feeding areas in Tomales Bay by Dunlin, plotted against cumulative seasonal rain­
fall, stream flow, and salinity. Salinities for areas 3 and 5 were measured near area 5; salinities for areas 7 and 8 were 
measure near area 8. Trend lines represent LOWESS smoothing. Linear trends are significant in all plots (P<O.OI). 
Thresholds of abundance, suggested by consistent changes in slope across several scales of smoothing, are high­
lighted by the degree of smoothing (f) indicated in each plot. Trends in proportional use of south bay areas (7 and 
8) do not include counts in which all south bay Dunlin occurred in a single flock at Lagunitas Creek delta (open 
circles, see text). Areas 3 and 7: Y =In (x + 0.001); areas 5 and 8: Y =sin·1(x) , in radians. See Fig. I for area locations. 
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Table 3. Stepwise multiple regression of proportional Dunlin abundance by count area on daily weather variables (standard partial coefficients), partial correlations between 
residuals and subregional (north or south bay) abundance, and simple linear regression of proportional abundance on subregional abundance (standard coefficients), in Tomales 
Bay, California, 1989 to 1999 (N = 57). See Fig. 1 for area locations. 

North bay count area South bay count area 

Independent variable I 2 3 4 5 6 7 8 10 

.,Cumulative seasonal rainfall -0.30* 0.57*** -0.59*** -0.60*** -0.31* 0.48** -0.28 -0.49*** 
Rainfall IU,I*** - - - - - -0.18 ­ ~ 
Barometric slope - - - -0.35*** - - - - t"'1 

~ Wind velocity, maximum - 0.37*** 0.21 - -0.31 ** - ­
Wind velocity, average - - - - - -0.30* - 0.32* §
 

(FJ 

Wind direction, average - - - - - - -0.18 
Telnperature, average - - - -0.36*** -0.25** - -0.27* 
Temperature, maximum -0.54*** - 0.40*** - - -0.32* 

Multiple regression R'd/ 0.28*** 0.66*** 0.42*** 0.50*** 0.64*** 0.17*** 0.08* 0.25** 0.34*** 
Subregional abundance (partial correlation) -0.02 -0.19 -0.16 0.23 0.13 -0.22 0.01 0.01 0.01 
Subregional abundance (standard coefficient) 0.20 -0.29* -0.41 *** 0.48*** 0.71 *** 0.13 -0.28* 0.29* 0.30* 

'Dash indicates that variable did not enter the regression (P> 0.15); *p > 0.05, **p < 0.01, ***p > 0.001. 



319 DUNLIN WINTER DISTRIBUTION 

habitat preference in Tomales Bay, which oc­
curred at lower salinities in the south bay 
than in the north bay. Changes in Dunlin use 
may have been associated with lower salinity 
thresholds than indicated by the available 
data, because salinities were measured at 
mid-bay locations subject to greater mixing 
and unlikely to reflect direct effects of inflow 
from streams (Smith et at. 1991). In addition, 
salinities as low as 16%0 in the north bay and 
0%0 in the south bay occurred between suc­
cessive shorebird count days (Tomales Bay 
LMER/BRIE Research Program, Stephen V. 
Smith, unpublished). 

In the north bay, the effects of runoff 
from Walker Creek on salinity tended to be 
smaller, more localized, and episodic, with 
lower inflow rates than at Lagunitas Creek in 
the south bay (Smi th et at. 1971). Prey avail­
ability may decline as organisms recede 
deeper into substrates to avoid low salinities, 
and recover if runoff subsides and tidal cir­
culation restores higher salinities (McLusky 
1981). Heavy or persistent runoff, however, 
may severely reduce prey densities and pre­
vent intra-seasonal recovery of suitable forag­
ing conditions (Nordby and Zedler 1991). 
Consistent with these processes, Dunlin in 
the north bay exhibited relatively stable pat­
terns of patch use until thresholds of cumu­
lative seasonal rainfall, runoff, or salinity 
were reached. In the south bay, where water 
exchange depended primarily on runoffvol­
ume and wind-induced mixing rather than 
tides (Smith et at. 1971), salinity depression 
was greater, more extensive, and more per­
sistent, corresponding to slower movement 
of freshwater through the system which can 
uncouple runoff patterns from immediate 
effects on tidal exposure and salinity. Under 
these conditions, patch use by Dunlin changed 
more continuously with stream flow and 
cumulative seasonal rainfall. 

Rainfall, wind velocity and direction, and 
temperature were significantly associated 
with Dunlin distributions in Tomales Bay. 
Rainfall might affect patch use by reducing 
invertebrate activity and feeding rates of 
shorebirds (Pienkowski 1981; Goss-Custard 
1984), or by forcing invertebrate prey to 
recede deeper into the substrate to avoid 

reduced salinities. High winds have been 
shown to affect winter Dunlin distribution by 
propagating waves that mobilize fine sedi­
ments that, in turn, reduce invertebrate 
availability (Ferns 1983), and can result in 
higher tides that restrict access to feeding ar­
eas. Differences in wind exposure among 
patches can affect the thermal energy costs 
of foragers, the conspicuousness of prey, and 
selection of feeding areas (Evans 1976; Dug­
an et at. 1981; Davidson 1981). Although win­
ter air temperatures on Tomales Bay were 
generally mild, with mean temperature on 
count days averaging 10.7 ± 2.4°C (SD; N = 
57), wind reduces the operative tempera­
tures experienced by birds (Bakken 1990), 
and thermoregulatory costs in Dunlin 
change with wind-corrected (standard) op­
erative temperatures below 19.8°C (Kelly 
2000). Temperature-related shifts in habitat 
use were related to movements away from 
sources of freshwater inflow during warmer 
conditions associated with winter rainfall. 

Dunlin may be able to respond to sedi­
ment cues rather than directly assessing dif­
ferences in foraging success (Mouritsen and 
Jensen 1992). Deposition of flood-born sedi­
ment alters substrate texture and prey avail­
ability (Nordby and Zedler 1991), reducing 
use by foraging shorebirds (Gerstenberg 
1979). In addition, high levels of turbidity 
trapped by slow exchange between the south 
bay and coastal waters may reduce or limit 
the abundance of benthic suspension feed­
ers (Wolff 1983) consumed by shorebirds. 

The relative abundance of a species be­
. tween two habitat patches might be a poor 

indicator of habitat quality if patch use is in­
fluenced by Allee's principle (Fretwell 1972; 
Rangeley and Kramer 1998; Stephens and 
Southerland 1999), which states that per 
capita survival may decline at low population 
densities (Allee et at. 1949). Thus, at low 
abundance levels, individuals might settle 

. preferentially in an occupied patch, irre­
spective of alternative foraging opportuni­
ties, if other advantages, such as the anti­
predation benefits of flocking (Page and 
Whitacre 1975; Kus 1985), outweigh differ­
ences in profitability among foraging sites. 
Results from southern Tomales Bay provide 
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evidence of this effect, where habitat use at 
low densities was determined by the location 
of a single flock, and was inconsistent with 
overall trends in proportional use. The ap­
parent loss of foraging habitat quality as a 
criterion in habitat choice suggests reduced 
fitness in terms of winter survival. 

Differences in Dunlin use of north and 
south Tomales Bay suggest that the strength 
and persistence of weather effects on local 
Dunlin distributions may depend on hydro­
graphic parameters unique to each winter­
ing area. These parameters include stream 
flow rates and variances, tidal prism (volume 
of tidal water exchange), water residence 
time, and circulation, and may be associated 
with topography, watershed soils and vegeta­
tion, land use, and climate (KjerfVe 1989). 

Patterns of Dunlin abundance in Tomales 
Bay allow predictions about the dynamics of 
shorebird use in temperate estuaries. In areas 
where winter freshwater runoffvaries substan­
tially and tidal mixing is predominant, fast re­
covery times may result in relatively stable 
patterns of use by foraging shorebirds, inter­
rupted by episodic shifts in habitat prefer­
ence. In estuaries where pulses of winter 
freshwater runoff are slower or more continu­
ous, or where water residence times are long­
er, recovery of suitable foraging conditions 
may be delayed and changes in habitat use 
may occur more continuously over longer in­
tra-seasonal periods. In locations where win­
ter flooding is intensive and persistent, as in 
river estuaries, shifts in habitat use may be lim­
ited to distinct seasonal reductions in foraging 
or overall use (Colwell 1993). Thus, the range 
of dynamic effects on winter shorebird abun­
dance and distribution may extend from river 
estuaries to other intra-seasonally dynamic es­
tualles. The protection of coastal habitats for 
shorebirds can benefit from an understand­
ing of how such processes influence habitat 
values within and among estuarine systems. 
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