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Abstract: During winter, habitat for waterbirds in California comprises primarily coastal estu-
aries, whose water resources are consistent, and inland wetlands and agricultural lands, both 
of which are highly dependent on or influenced by annual precipitation. At Bolinas Lagoon, a 
shallow central California estuary, we monitored the numbers of waterbirds in winter during 
two periods, 1972–1993 and 1998–2015, and used generalized linear models to investigate 
the relationship between levels of annual precipitation and patterns of abundance for 42 
taxa. The regional extent of rice fields flooded in the Central Valley in the late fall increased 
substantially in the 1990s. Anticipating that waterbird distributions might shift in response 
to this increase in habitat, we structured models to detect changes between the two census 
periods in trends at Bolinas Lagoon. We found a significant relationship between abundance 
and rainfall within the winter that abundance was measured for 19 taxa (14 negative, 5 
positive). Abundance was related to annual rainfall during the previous 1–4 years for 28 taxa 
(18 negative, 10 positive), and only 7 taxa showed no relationship between abundance and 
rainfall. We found a significant linear trend in the abundance of 39 of the 42 taxa during one 
(12 taxa, 29%) or both (27 taxa, 64%) census periods. Thus a positive or negative trajectory, 
adjusted for rainfall, was more frequent than a lack of trend. In 14 taxa the trend in the two 
survey periods differed; 12 of these increased from 1972 to 1993 but then decreased after 
1997, a pattern consistent with a distributional shift from the lagoon to newly created inland 
habitat. Among 22 taxa that regularly used rice fields flooded after harvest, the pattern of 12 
was consistent with a distributional shift away from Bolinas Lagoon, whereas that of only 6 
was inconsistent with such a shift. Almost twice as many species increased at Bolinas Lagoon 
from 1972 to 1993 than decreased, whereas the opposite was true from 1998 to 2015. In 
a comparison of species foraging intertidally versus subtidally, the proportion increasing or 
decreasing at Bolinas Lagoon did not differ significantly, despite pronounced changes in the 
lagoon’s bathymetry over the 43 years of study. In only 8 of the 26 taxa for which regional data 
were available was the regional trend consistent with the local trend at Bolinas Lagoon. Our 
study underscores the importance to monitoring and conservation programs of identifying key 
drivers of species’ abundance at individual sites and understanding how waterbirds respond to 
local and regional habitat changes.
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Local abundances are the basic components of 
regional and global population sizes. Although 

population trends must be measured at large 
geographic scales if changes in demography and 
in distribution are to be detected, long-term data 
from local sites can provide insight into processes 
at larger spatial scales. Changes in abundance and 
species composition at a local site can reflect a 
combination of factors influencing the constitu-
ent populations at local, regional, and global levels 

(Musil et al. 2011). Thus identifying the key fac-
tors that drive local abundance is important for 
guiding population monitoring and conservation 
at all spatial scales.

Estuaries along the central California coast 
provide important habitats for a wide variety 
of wintering waterbirds, the majority of which 
migrate from breeding ranges elsewhere in North 
America (Bollman et al. 1970, Shuford et al. 
1989, Colwell 1994, Kelly and Tappen 1998, 

Western Field Ornithologists
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Page et al. 1999). At one of these estuaries, 
Bolinas Lagoon, a shallow tidal embayment at 
the southern end of the Point Reyes Peninsula on 
the central California coast (Figure 1), waterbird 
populations have been monitored since the 1970s 
(Page et al. 1979, Shuford et al. 1989). The num-
ber of migratory birds wintering at a site such as 
Bolinas Lagoon is a function of the size of source 
populations and their distributions within their 
winter range. Size of the source population, the 
primary interest of many large-scale monitoring 
projects, is determined by the basic demographic 
parameters of fecundity and survival at each life 
stage. Distribution during the nonbreeding season 

is determined by a combination of factors, includ-
ing geographic range, the distribution of suitable 
habitat, and the extent and quality of habitat at 
the sites constituting the range. 

In addition to changes in the size of the source 
population, factors both intrinsic and extrinsic to 
a site may influence the number of individuals 
using that site over time. For example, changes 
in habitat extent, available food, risk of preda-
tion (Page and Whitacre 1975, Kus et al. 1984, 
Cresswell and Whitfield 1994), or disturbance 
(Moore and Black 2006) may alter a site’s impor-
tance for a given species. Similarly, the quantity 
and quality of habitat in the site’s surrounding 

Figure 1. Central California, showing Bolinas Lagoon in relation to Point Reyes esteros, Tomales and San 
Francisco bays, and the northern and central portions of the Central Valley. Rice-growing areas in the Sacramento 
Valley are shown as dark shading.
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region may change. And, although winter site 
fidelity is common in waterbirds, many wetland 
species exhibit considerable vagility in response 
to changing conditions at both local and regional 
levels (Robertson and Cooke 1999, Fleskes et al. 
2002, Sanzenbacher and Haig 2002, Lank et al. 
2003). Such responses may result in temporary or 
permanent shifts in distribution (Warnock et al. 
1995, 1997; Austin and Rehfisch 2005; Fleskes 
et al. 2018). 

In this study, we analyzed the results of long-
term winter censuses of waterbirds at Bolinas 
Lagoon to better understand potential factors 
influencing the abundance and distribution of 
waterbirds wintering in central California. We 
chose to focus on the winter period because year-
round census data from the 1970s revealed that 
(1) the numbers of individuals and species of 
waterbirds in the lagoon were generally highest in 
winter (Page et al. 1979, Shuford et al. 1989), and 
(2) winter was the period of least migratory move-
ment by waterbirds at Bolinas Lagoon and nearby 
estuaries. The censuses initially summarized in 
those two papers commenced in winter 1972–73, 
continued until 1992–93, then resumed again 
from winter 1998–99 through 2014–15. It is 
these two series of data from Bolinas Lagoon that 
form the basis for our analyses here.

We were particularly interested in understand-
ing how local and regional factors, including 
climatic conditions and availability of important 
habitats, may have influenced annual variation in 
the abundance of waterbirds wintering at Bolinas 
Lagoon. At the local level, Shuford et al. (1989) 
had shown that the numbers of a few species using 
the lagoon in winter were higher during periods of 
drought, and they found that birds departed from 
the lagoon earlier during winters with extended 
periods of rainfall. Storms and rainfall can affect 
waterbird numbers at Bolinas Lagoon in sev-
eral ways. During major rainstorms, the increased 
ocean swell and runoff from the watershed cause 
water levels in the lagoon to rise and flood the 
entire intertidal zone to a level that prevents nor-
mal drainage at low tide. These storm-augmented 
tides prevent birds from feeding in the intertidal 
zone for more than a day (Shuford et al. 1989). 
Variation in the flow of fresh water into marine 
habitats near shore can also affect birds foraging 
subtidally, by reducing the abundance and avail-
ability of their prey (Nichols 1985, Drinkwater 
and Frank 1994, Moyle 1995, Attrill et al. 1996, 
Kimmerer 2002, Henkel 2006). The amount of 
rainfall alone can also affect the abundance and 
distribution of waterbirds. In a long-term study 

of estuarine wetlands in southwest India, Aarif et 
al. (2014) found that high rainfall in a given year 
and in the previous year resulted in lower counts 
of shorebirds at a given site, likely because of 
changes in food resources associated with altera-
tion of the habitats and changes in nutrients in 
the environment.

Besides drought and intertidal flooding related 
to precipitation, a third local factor potentially 
affecting waterbirds wintering in Bolinas Lagoon 
involves recent physiographic changes to the 
lagoon itself. Importantly, since the last major 
earthquake in the region in 1906, the lagoon 
has lost approximately a third of its tidal prism 
(the average volume of water exchanged on tidal 
cycles). The associated steady accretion of sedi-
ments has resulted in a gradual increase in salt 
marsh and high intertidal habitat and a loss of 
subtidal and low intertidal habitat (MCOSD 
2006). Other anthropogenic changes to habitats 
at and adjacent to Bolinas Lagoon, occurring 
primarily before the 1990s, may also have affected 
wintering birds (see Study Area for details). 

In addition to local factors, we were also inter-
ested in regional factors that may have influenced 
long-term changes in populations of waterbirds 
wintering at Bolinas Lagoon. At the regional level, 
changes to central California’s wetlands beginning 
in the 1990s and restoration of former tidal wet-
lands around San Francisco Bay and at Tomales 
Bay likely had the greatest influence on the local 
and regional distribution of waterbirds. In all 
areas, but mostly in the Central Valley, within 150 
km of Bolinas Lagoon, the amount of wetland 
or irrigated agricultural fields available to water-
birds increased dramatically. Most notably, in 
the Sacramento Valley, a transition from burning 
to flooding of rice fields after harvest resulted in 
more than 140,000 ha of shallowly flooded fields 
attractive to waterbirds (Elphick and Oring 1998, 
Fleskes et al. 2005, California Rice Commission 
2012, Strum et al. 2013). Since flooding of these 
fields is not dependent on winter rains, the fields 
were particularly attractive to waterbirds arriving 
in late fall and early winter. 

Beginning in the mid-1990s, tidal action has 
been restored to wetlands in San Francisco Bay 
that had been diked for over a century and used 
primarily as solar salt-evaporation ponds, second-
arily for agriculture (Williams and Faber 2001, 
Beth Huning it litt.). Salt ponds provided habitat 
value as proxy wetlands in San Francisco Bay, 
supporting many waterbird species, often in high 
numbers (Anderson 1970, Takekawa et al. 2001, 
Warnock et al. 2002). The restoration of former 
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salt ponds to tidal action frequently represented 
a conversion of one habitat type (e.g., nontidal 
saline ponds) to another (e.g., intertidal flats); 
subsequently, successional processes led to changes 
in the composition and abundance of waterbirds 
using the newly created habitats. These changes 
could have affected all species that currently for-
age on intertidal habitats in Bolinas Lagoon, as 
well as some that formerly foraged in salt ponds 
throughout the tidal cycle (Warnock et al. 2002, 
Athearn et al. 2009). More recently, 60-year-old 
diked pastures at Tomales Bay, only 22 km from 
Bolinas Lagoon, were restored to tidal action in 
2008 (Kelly and Condeso 2017).

Newly converted or restored tidal habitats in 
the San Francisco Bay estuary and in Tomales 
Bay cover approximately 20 times the area of 
Bolinas Lagoon. Since the restoration of a sub-
stantial portion of the tidal habitat restored in the 
region involved conversion of one wetland type to 
another, the potential effects on regional waterbird 
distribution were complex, and investigating them 
required information we did not have. Therefore, 
we acknowledge their possible effect on popula-
tion trends at Bolinas Lagoon but did not include 
them specifically in our analyses. Generally, how-
ever, the nature of central California’s regional 
wetland landscape has been greatly modified and, 
because of the change in the treatment of rice 
fields after harvest, the area changed was sub-
stantially more extensive during the later census 
period (1998–99 to 2014–15) than during the 
early census period (prior to 1993). Such changes 
could have enabled waterbirds to spread more 
widely across central California, reducing the 
abundance of some species at Bolinas Lagoon 
itself. Studies of marked birds have demonstrated 
that individuals can readily respond to changes 
in habitat conditions at this scale (Warnock et al. 
1995, Fleskes et al. 2002, Takekawa et al. 2002). 
For example, Warnock et al. (1995) found not 
only that 9 of 10 radio-tagged Dunlin moved back 
and forth between Bolinas Lagoon and central San 
Francisco Bay to forage during winter, but also 
that at least 4 of the 10 moved up to 140 km to 
the Sacramento–San Joaquin River Delta or the 
Sacramento Valley after heavy rainfall.

In this paper, we examine population trends 
of 42 taxa of waterbirds recorded during compre-
hensive winter censuses at Bolinas Lagoon during 
the periods 1972–1993 and 1998–2015 in the 
context of predictions about key factors operating 
at local and regional scales. First, we predicted 
that rainfall during a given winter and potentially 
in previous years should affect the numbers of 

waterbirds using Bolinas Lagoon in that winter. 
On the basis of earlier studies at Bolinas Lagoon 
(Page et al. 1979, Shuford et al. 1989), we pre-
dicted that the abundance of species that forage 
on intertidal habitats should be reduced during 
winters with heavy rainfall. We hypothesized 
that prior years’ rainfall, particularly multi-year 
droughts, might also affect waterbird numbers at 
Bolinas Lagoon, but the direction of the possible 
effects was unclear. Second, we predicted that, 
because of the steady accretion of sediment within 
Bolinas Lagoon, the long-term trend should be 
more negative for species foraging primarily in 
subtidal habitats and more positive for species 
foraging primarily in intertidal habitats. Third, 
we predicted that some species, particularly those 
that use flooded rice fields, should have decreased 
at the lagoon after the mid-1990s, as birds exploit 
the substantial increase in the regional extent of 
such fields. To examine birds’ potential response 
to factors operating at different temporal and spa-
tial scales, we constructed models of abundance at 
Bolinas within a winter and in successive winters 
relative to that winter’s and previous years’ rain-
fall, and we distinguished trends for the 21-year 
period prior to winter 1993–94 from those for the 
17-year period after winter 1997–98. Finally, to 
understand potential influences of factors operat-
ing at larger spatial scales, we examined long-term 
population trends at Bolinas for concordance with 
regional trends reported by other sources.

Study AreA And MethodS
Bolinas Lagoon is a 445-ha seasonal estuary, 
comprising channels, shallow subtidal basins, 
intertidal flats, and salt marsh. Fresh water from 
surrounding creeks typically flows in between 
November and April. The estuary is bordered 
mostly by undeveloped grassland, coastal scrub, 
forest, agricultural land, and two small towns. 
The next nearest estuaries are the esteros of Point 
Reyes and Tomales Bay, approximately 22 km to 
the northwest and north-northwest, respectively, 
and the much larger San Francisco Bay estuary, of 
which the nearest point is approximately 17 km 
east of Bolinas Lagoon (Figure 1).

Human activities during the early phase of cen-
suses caused sometimes abrupt habitat change in 
the lagoon or at its periphery. For example, a plant 
treating the sewage of the town of Bolinas became 
operational in 1975, and the discharge of raw sew-
age into the mouth of the lagoon during outgoing 
tides was terminated. Toward the end of the 1980s, 
the grazing of livestock on salt and sedge marshes 
on the plain of Pine Gulch Creek, the lagoon’s 
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primary affluent, was discontinued. Subsequently, 
formerly grazed areas were replaced by ruderal 
fields, row crops, and, along Pine Gulch Creek, 
riparian forest. Also in the 1980s, commercial 
hydraulic harvesting of ghost shrimp (Neotrypaea 
californiensis) in the lagoon was discontinued; 
ghost shrimp are important prey for some of the 
lagoon’s shorebirds (Stenzel et al. 1976).

While isolated from other estuaries, Bolinas 
Lagoon is not a closed system, either spatially or 
temporally, for waterbirds in winter (Table 1). 
This is evident from their movement among cen-
tral California’s wetlands, previously referenced, 
and from local movements of waterbirds from the 
lagoon to nearby habitats. These habitats include 
the outer coast, nearshore waters, fields on which 
treated waste water is sprayed 1 km west of the 
lagoon, and grazed pastures 1–2 km west of it 
(Table 1; Page et al. 1979, Warnock et al. 1995). 
Because many birds move from the lagoon to 
outlying habitats in response to the rising tide 
(Page et al. 1979), we censused before tidally 
driven departures from the estuary. However, birds 
sometimes departed before the end of a census in 
response to factors that accelerated tidal inunda-
tion, such as low barometric pressure and rainfall 
(Kelly et al. 2002), to raptors, or to other distur-
bances. Also, some species arrived or departed for 
the season within our November–February survey 
period (Shuford et al. 1989, Point Blue unpubl. 
data). The lack of closure for the lagoon’s popula-
tions within a season complicated the analyses of 
abundance because absences introduced zeros to 
the data.

CenSuS MethodS
We defined the study year as 1 June to 31 May, 
using 3 November to 29 February as the winter 
census period, and surveyed no more than once 
per 15-day period within each winter. We con-
ducted all censuses on moderate rising tides (1.3–
1.7 m above mean lower low water), conditions 
under which many species move toward observers 
as mudflats are inundated. We scheduled cen-
suses for weekdays, on suitable tides, and generally 
before noon; these conditions occur for 1–2 days, 
twice each month. Because no more than one cen-
sus took place in any 15-day period, censuses were 
fairly evenly spread over each winter. We tried 
to census at least twice in November–December 
and twice in January–February, but usually did 
so three times in the earlier months. There were 
no censuses between the winters of 1993–94 and 
1997–98.

Our censuses encompassed all bird families 

commonly associated with marine, estuarine, or 
other wetland habitats and concentrated on those 
species that forage for a significant proportion of 
the time that they use Bolinas Lagoon. Because of 
the estuary’s size, we divided it into subsections 
covered by teams of one or more persons, at least 
one of which was experienced with species iden-
tification and counting techniques and equipped 
with binoculars and a spotting scope. Counters 
moved around the high-tide line at the margin of 
their subsections so that they were opposite each 
other at boundaries whenever possible. The initial 
division of the lagoon into three survey areas was 
based on the lagoon’s bathymetric configuration, 
the distribution of birds, and suitable observation 
locations so that counts in the three subsections 
could be completed in 2 to 2.5 hours. As the 
bathymetry of the tidal flat changed over the 
course of the study, shifting the positions and size 
of mudflats and channels, it became necessary to 
cover one of the subsections with two teams in 
later years. Teams tried to avoid double-counting 
by conferring after counts on flock movements, 
particularly for smaller shorebirds and dabbling 
ducks; in later years, counters in different subareas 
conferred in real time by cell phones or two-way 
radios. In addition to covering the lagoon’s tidal 
areas, we also walked the outer beach of the sand-
spit separating the lagoon from the ocean to count 
(only) Snowy Plovers, since most of those using 
the lagoon spent much of their time (under survey 
conditions) roosting in flocks on the beach. 

dAtA AnAlySeS
We included a species in our analyses if it met the 
criterion of >20 individuals on at least one census, 
with the following exceptions. We excluded gulls, 
which largely roosted in the lagoon and foraged 
in the nearby ocean, because we sometimes could 
not identify all individuals to species while also 
surveying other waterbirds, and because we did 
not count gulls at all for several years. We excluded 
the Brown Pelican (Pelecanus occidentalis), which 
arrives on the lagoon after breeding and stays vari-
ably through late fall into winter, because it posed 
particular problems for modeling, problems due 
to a predominance of large outliers in the winter 
survey totals. We also excluded rails, bitterns, the 
Green Heron (Butorides virescens), and Wilson’s 
Snipe (Gallinago delicata), as our field methods 
were more appropriate for birds using open 
habitats. Forty-two taxa, including three species 
pairs (scaup spp., large grebe spp., and dowitcher 
spp.) met our criteria for trend analysis. Scientific 
names of treated species are in Table 1.
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tAble 1. Focal species for analysis of trends in abundance during winter at Bolinas Lagoon, California, during two 
periods, 1972–1993 and 1998–2015, categorized by primary feeding habitat at the lagoon, use of other habitats 
near the lagoon, and late fall and winter occurrence in Central Valley (CV) rice fields. Species categorized as foraging 
primarily in intertidal habitat take their prey from the surface or below the surface of mud or sand within the 
intertidal zone; species categorized as foraging primarily in subtidal habitat take their prey from the water column, 
including the surface of the substrate in subtidal habitat. Taxa temporarily leaving Bolinas Lagoon for habitats 
nearby include those for which departures include all (A) or part of (P) the individuals on the lagoon, as observed 
by local experts. Grazed pastures and ponds on which treated waste water was sprayed are located 1–2 km west of 
the lagoon; outer coast includes ocean-facing beach and shoreline of soft shale reef; near shore includes ocean waters. 

Nearby habitats used

Use of CV 
rice fieldsaSpecies

Foraging
habitat

Grazed 
pastures

Sewage 
ponds

Outer 
coast

Near 
shore

Canada Goose Branta canadensis intertidal P A P A R
Gadwall Anas strepera intertidal P R
Eurasian Wigeon A. penelope intertidal P P R
American Wigeon A. americana intertidal P P R
Mallard A. platyrhynchos intertidal R
Northern Shoveler A. clypeata intertidal P R
Northern Pintail A. acuta intertidal R
Green-winged Teal A. crecca intertidal P R
Canvasback Aythya valisineria subtidal r
Scaup spp. A. marila and A. affinis subtidal
Surf Scoter Melanitta perspicillata subtidal P
White-winged Scoter M. fusca subtidal
Bufflehead Bucephala albeola subtidal P r
Common Goldeneye B. clangula subtidal P
Red-breasted Merganser Mergus serrator subtidal P
Ruddy Duck Oxyura jamaicensis subtidal r
Pied-billed Grebe Podilymbus podiceps subtidal R
Horned Grebe Podiceps auritus subtidal
Eared Grebe P. nigricollis subtidal r
Large grebe spp. Aechmophorus occidentalis and A. clarkii subtidal r
Double-crested Cormorant Phalacrocorax auritus subtidal P P r
Great Blue Heron Ardea herodias subtidal R
Great Egret A. alba subtidal R
Snowy Egret Egretta thula subtidal R
Black-crowned Night-Heron Nycticorax nycticorax subtidal P Rb

American Coot Fulica americana intertidal R
American Avocet Recurvirostra americana intertidal R
Black-bellied Plover Pluvialis squatarola intertidal P A P R
Snowy Plover Charadrius nivosus intertidal P A
Killdeer C. vociferus intertidal P P R
Whimbrel Numenius phaeopus intertidal P
Long-billed Curlew N. americanus intertidal P R
Marbled Godwit Limosa fedoa intertidal P P
Black Turnstone Arenaria melanocephala intertidal P A
Sanderling Calidris alba intertidal P A
Dunlin C. alpina intertidal P A P A P A R
Least Sandpiper C. minutilla intertidal P A P P R
Western Sandpiper C. mauri intertidal P P r
Dowitcher spp. Limnodromus griseus and L. scolopaceus intertidal P P P R
Greater Yellowlegs Tringa melanoleuca subtidalc P R
Willet T. semipalmata intertidal
Forster’s Tern Sterna forsteri subtidal P A
aRegular (R) or uncommon/irregular (r) winter use of rice fields flooded after harvest based on Table 1 in Elphick and Oring (1998). 
bUse of rice fields by night-herons likely understated, as primarily nocturnal.
cCategorized as foraging subtidally because of its prevailing habit of feeding from the water column and its prominent use of the edge 
of water bodies, even when tidal flat is scarce or absent.
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We obtained rainfall data from Point Blue’s 
Palomarin Field Station, approximately 3.5 km 
west of the lagoon. To test the hypothesis that 
rainfall, as it accumulates through the late fall and 
winter, affects the number of waterbirds on the 
lagoon, we calculated the cumulative rainfall from 
1 October to each survey date. We also compared 
values for cumulative precipitation within each 
15-day period of each winter to ascertain that 
there was sufficient variability among periods that 
cumulative rainfall was not simply acting as a 
proxy for time within winter. 

For estimating the effect of prior years’ annual 
rainfall, we did not know, a priori, what the appro-
priate number of prior years might be for each 
species, but suspected that multi-year extremes 
in rainfall were more likely to have a measurable 
effect on waterbird distribution and abundance 
than single years of the same conditions. Since 
multi-year droughts were typically of 3–4 years 
duration, we compiled indices of rain (Rj) for each 
of the previous 1–4 years of annual rainfall. We 
gave greater weight to the most recent years’ rain-
fall, such that the annual rainfall index for j years 
prior to the current year was Rj = ∑ rj/j, j = 1, …, 
4, where rj is the total rainfall for j years prior to 
the current year. Although the California water 
year starts on 1 October (www.cnrfc.noaa.gov/
rainfall_data.php, accessed 29 August 2015), we 
calculated annual rainfall for our study year (June–
May) to correspond to the annual cycle most com-
mon for waterbirds on the lagoon. To test whether 
trends in a waterbird’s population were indepen-
dent of trends in rainfall, we used linear regression 
in program R (version 3.2.1, R Core Team 2014) 
to test for trends in annual rainfall across the entire 
study period (1972–2015) and during each of the 
two subintervals (1972–1993, 1998–2015). 

We then used the R package “glm.nb” to test 
a candidate set of generalized linear models with 
a negative binomial error structure for trends in 
waterbird numbers relative to amounts of seasonal 
and past annual rainfall. The negative binomial 
error distribution is useful for modeling count 
data in which the variance is greater than the 
mean. True zero counts (i.e., the species is not 
present in the study area at the time of a survey, 
as opposed to present and not detected) can occur 
when a study site is not closed to movement in 
or out of the area on a survey date or within the 
November–February season of sampling. Because 
we were interested in the abundance of each 
species when it was present on the lagoon, but 
were not modeling the probability of occurrence 
(for which either a hurdle or zero-inflated model 

structure would be more appropriate), we con-
ditioned our data on the presence of the species 
(zero-truncated data) and fit the models to the 
data so limited (Zuur et al. 2009:261–293).

The most general model took the form 

ln(Ni) ~ αi + β1iT + β2iT|P + β3iC + β4iRj ,
where for each survey, Ni was the total individuals 
counted for species i, T was year, C was the cur-
rent winter’s rainfall from 1 October to the date of 
the survey, Rj was a lagged index for the previous j 
years’ total rainfall, as described previously, and P 
= 1 for year > 1997, 0 otherwise; T, C, and Rj were 
scaled to facilitate model convergence. To account 
for an effect of the regional increase in habitat 
availability since the 1990s on species’ abun-
dances, the third term, an interaction between 
T and P, accommodated a change in trend from 
the 1972–1993 to the 1998–2015 period. We fit 
the most general model by using each of the four 
lagged rainfall indices (Rj) and used the models’ 
deviances to find the most appropriate lag period 
for each taxon, then compared the null (intercept-
only) model to the most general model with the 
best-fitting Rj with a likelihood ratio test. If that 
test’s result suggested little support for the null 
model, we continued using likelihood ratio tests 
to eliminate nonsignificant terms from the general 
model for each taxon. Where T|P but not T was a 
significant term in the model we retained T; this 
artifact of parameterization occurred when there 
was no trend prior to the 1990s but either a posi-
tive or negative trend afterward.

We modified the model for a few species. 
We did not include rainfall terms for the Black 
Turnstone because, in our study area, when not on 
the lagoon it is restricted mostly to the rocky outer 
coast. Similarly, because the scoters do not typical-
ly occur inland in winter, we did not include the 
prior years’ rainfall terms for them, though we did 
retain the current winter’s rainfall, as storms and 
associated turbidity could affect their distribution 
by reducing the availability of their prey. Because 
the Canvasback was almost completely absent 
from the lagoon from 1998 to 2015, we modeled 
it only for the 1972–1993 period.

The fit and residual plots of the most gen-
eral (full) models for 39 of the 42 taxa were 
reasonable, but for three species, the Double-
crested Cormorant, American Coot, and Western 
Sandpiper, the fits of the models were too poor 
to justify selection of a model. To understand the 
patterns of these three species, we modeled each of 
the periods separately, thus improving the models’ 
fits and allowing us to proceed.
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We considered the pattern of a species’ abun-
dance to be consistent if its trends were positive in 
both periods, negative in both, or flat in both. We 
considered a pattern to be monotonic if the trends 
were consistent or if there was a trend in one 
period and numeric stability in the other. Because 
of the slowly changing bathymetry of the lagoon, 
reducing habitat for species that forage primarily 
in the subtidal zone and increasing habitat for spe-
cies that forage on emerged intertidal, we divided 
the species into two groups based on their primary 
foraging habitat: (1) subtidal benthic or water 
column, or (2) emergent or shallowly flooded 
intertidal flat (Table 1). We hypothesized that, 
if the microhabitats available in the lagoon were 
determining the species’ abundances, the former 
species should decline consistently or monotoni-
cally and the latter species increase consistently 
or monotonically over the period of study. From 
the results of the models, we compared the trend 
trajectories of the species in the two groups.

reSultS

rAinFAll PAtternS
The study encompassed several years of both 
extraordinarily high and low rainfall and at least 
three periods of multi-year drought (Figure 2A). 
We found no linear trend in annual rainfall over 
the entire 43-year study (F1,41 = 0.23, p = 0.63), 
over the first 21 years (F1,19 = 0.65, p = 0.43) or 
over the final 17 years (F1,15 = 0.07, p = 0.80) and 
so found no systematic relationship between year 
and rainfall that might confound examination of 
these variables. Rainfall during the 15-day periods 
overlapped broadly (Figure 2B), verifying that 
cumulative rainfall did not closely mirror time 
within the winter survey period.

SPeCieS SuMMAry
The median number of focal taxa per census was 
40 (range 29–42). Among the 42 focal taxa using 
the lagoon, 26 (62%) have been seen during 
winter moving in flocks to other nearby habitats, 
including the outer coast (12 taxa), sewage ponds 
(13 taxa), nearshore waters (6 taxa), and grazed 
pastures (9 taxa, Table 1). Species varied in the 
degree to which they moved to other habitats. For 
8 species, sometimes all of the individuals on the 
lagoon were observed leaving to use adjacent habi-
tats. For many species, movements between the 
lagoon and nearby habitats were regular and asso-
ciated with tidal fluctuation. At least 29 of the 42 
taxa occur regularly in flooded rice fields (Elphick 
and Oring 1998, Eadie et al. 2008, Strum et al. 

2013), and all taxa analyzed for Bolinas Lagoon 
regularly use habitats found on the San Francisco 
Bay estuary (Bollman et al. 1970, Stenzel et al. 
2002).

eFFeCtS oF PreCiPitAtion
We detected a relationship between precipitation 
in either the current winter or the previous 1–4 
winters and the abundance of 33 taxa, includ-
ing the 3 species that we modeled separately for 
the two periods. Among these 3 we found an 
effect for both periods in 1 and only for the later 
period in the other 2. The current year’s rainfall 
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Figure 2. (A). Annual rainfall (1 June–31 May) at 
the Palomarin field station, Bolinas, California, from 
1972–73 to 2014–15. Horizontal line is mean rainfall 
for the 43-year period. Black bars, birds surveyed that 
year; white bars, no surveys. The specified year refers 
to the first half of the annual period (e.g., 1972-73 is 
labeled 1972). (B). Box plots of cumulative rainfall 
from 1 October through dates of Bolinas Lagoon sur-
veys between 17 November and 2 March, 1972–2015. 
Boxes encompass the interquartile range (25th to 75th 
percentiles of data), and the horizontal line denotes 
the median. Vertical whiskers include data within 1.5 
times the interquartile range, and outliers are indicated 
by dots.
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was associated with increased or decreased abun-
dance of 19 taxa, including the Double-crested 
Cormorant in the later period only (Table 2). 
Abundances were associated with the amount of 
total precipitation during one or more previous 
years for 28 taxa, including the Western Sandpiper 
in the later period only (Table 2). We detected 
no effect of either the current or previous years’ 
precipitation effect on 7 of the 41 species whose 
model included rainfall (Table 2).

In 14 of 19 taxa, we detected a negative rela-
tionship between the species’ abundance and the 
current year’s precipitation. The effects were simi-
lar for the two foraging groups: a negative effect 
of current year precipitation for 8 intertidal and 
6 subtidal taxa and a positive effect for 2 inter-
tidal and 3 subtidal taxa (Table 2). Abundance 
was reduced in years of higher rainfall for the 
American Wigeon, Northern Shoveler, Northern 
Pintail, Green-winged Teal, White-winged Scoter, 
Bufflehead, Common Goldeneye, Red-breasted 
Merganser, Pied-billed Grebe, Killdeer, Dunlin, 
Least Sandpiper, dowitcher spp., and, in the 
later period only, Double-crested Cormorant. 
Abundance was consistently elevated in years of 
higher rainfall for the Gadwall, scaup spp., Ruddy 
Duck, large grebes, and American Avocet (Table 2).

A negative association between prior years’ 
rainfall and a species’ abundance also was more 
frequent than a positive one (18 of 28 taxa). 
This negative association was more common 
among subtidal foragers (Canvasback, scaup spp., 
Bufflehead, Common Goldeneye, Red-breasted 
Merganser, Ruddy Duck, Horned Grebe, large 
grebes, Great Blue Heron, Great and Snowy 
egrets, Greater Yellowlegs, and Forster’s Tern) 
than among intertidal foragers (Canada Goose, 
Gadwall, Eurasian Wigeon, Green-winged Teal, 
and American Avocet; Table 2). A positive asso-
ciation between prior years’ rainfall and a species’ 
abundance was more common among intertidal 
foragers (American Wigeon, Mallard, Northern 
Shoveler, Northern Pintail, American Coot, 
Killdeer, Willet, Western Sandpiper [1998–2015 
only], and dowitcher spp.) than among subtidal 
foragers (only Black-crowned Night-Heron). The 
effect of prior years’ rainfall extended back to 4 
years for 12 species, 3 years for 6 species, and 1 
and 2 years for 5 species each.

trendS
Trends in the 38 taxa for which both periods 
could be modeled together followed five gen-
eral patterns. The trend was a monotonic increase 
over the entire 43 years of study for 13 taxa 

(34%), including 8 taxa for which the increase 
was consistent during both periods. Nine taxa 
(24%) decreased monotonically, including 8 that 
decreased during both periods. Two taxa (5%; 
Eared Grebe and Black Turnstone) had no trend 
across the entire study period (Table 2, Figures 
3–8). The fourth and fifth general patterns, 
exemplified by 14 taxa (33%), consisted of trends 
during the earlier and later periods being opposite. 
Among these, 12 taxa (86%) increased during 
the early years, then decreased during the later 
years (Gadwall, Eurasian and American wigeons, 
Mallard, Northern Shoveler, Pied-billed Grebe, 
American Avocet, Black-bellied Plover, dowitch-
ers, Greater Yellowlegs, Willet, and Forster’s Tern). 
Only two taxa (14%; Horned Grebe and Snowy 
Plover) decreased then increased.

Four species were treated separately for the two 
periods. The Canvasback declined significantly 
during the early period and was almost com-
pletely absent (and thus not modeled) after 1993 
(Figure 4). Attempts to fit data for three species 
(American Coot, Western Sandpiper, and Double-
crested Cormorant) suggested a misspecification 
of our model due to discontinuity between the 
two periods. The cormorant exhibited no trend 
in either period but was more abundant in the 
later (Figure 5). Numbers of the American Coot 
declined markedly during the early period, nearly 
disappearing, then increased slightly during or 
after the gap between survey periods, and then 
declined subsequently (Figure 6). The Western 
Sandpiper increased in the early period, appar-
ently driven by a spike in numbers in two winters, 
1989–90 and 1990–91, but no trend was discern-
ible during the late period (Figure 7). 

While trends of increase were almost twice as 
common as decreases during the early survey peri-
od, decreases were twice as common as increases 
during the later years. From 1972 to 1993, the 
trends of 23 taxa were increases, of 12 were 
decreases, and 7 were flat. But from 1998 to 2015, 
10 taxa increased, 21 decreased, and 10 exhibited 
no trend (the Canvasback excluded; Table 2).

trendS For intertidAl  
vS. SubtidAl ForAgerS
Comparing trends of species that forage primar-
ily in intertidal habitat versus subtidal habitat 
was complicated by species with trajectories that 
changed direction between 1972–1993 and 1998–
2015. From 1972 to 1993, before large increases 
in the regional extent of wetlands, trends were 
increases for 15 and decreases for 5 of the species 
that forage primarily in transitional upland or 
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tAble 2. Summary of final models for abundance of 42 taxa of waterbirds during winter at Bolinas Lagoon, California, 
during two periods: 1972–1993 and 1998–2015. Data include percent of censuses on which each taxon occurred, 
composition of the model, the direction and significance of effects, and comparative regional trends from other sources. 
Model parameters are for trend (T), change in trend after 1997 (T|P), current winter’s precipitation from 1 Oct to date 
of census (C), and past j years’ precipitation index (Rj, j = 1, … 4; see Methods for calculation of indices). For simplicity, 
models including both terms T and T|P are identified as T|P. Up arrow indicates positive coefficient or increasing trend, 
down arrow indicates negative coefficient or decreasing trend. Single arrows or zeros indicate 0.01 < p < 0.05, double 
arrows or zeros indicate 0.001 < p < 0.01, triple arrows or zeros indicate p < 0.001, ns indicates p > 0.05. Cases in which 
the significant interaction (T|P) canceled, but did not reverse, the 1972–1993 trend are indicated with zero. 

% of
Direction of effects

Other
Species censuses Model T T|P C Rj sourcesa

Canada Goose 41 T + R4 ↑↑↑ ↓ 02018
Gadwall 99 T|P + C + R2 ↑↑↑ ↓↓↓ ↑↑↑ ↓ 02018

Eurasian Wigeon 72 T|P + R2 ↑↑↑ ↓↓↓ ↓
American Wigeon 100 T|P + C + R4 ↑↑↑ ↓↓↓ ↓↓↓ ↑↑ 02018

Mallard 100 T|P + R4 ↑↑↑ ↓↓↓ ↑↑↑ 02018

Northern Shoveler 87 T|P + C + R4 ↑↑↑ ↓↓↓ ↓↓↓ ↑↑↑ ↑2018

Northern Pintail 100 T + C + R4 ↓↓↓ ↓↓↓ ↑↑↑ ↓2018

Green-winged Teal 99 T|P + C + R2 ns ↑↑↑ ↓↓ ↓↓↓ 02018

Canvasbackb 78 T + R4 ↓↓↓ ↓↓ ↑2018

Scaup spp. 94 T|P + C + R3 ns ↑↑↑ ↑↑↑ ↓↓↓
Surf Scoter 100 T ↓↓↓
White-winged Scoter 50 T + C ↓↓↓ ↓
Bufflehead 100 T|P + C + R4 ↑↑ ↑ ↓ ↓↓↓ ↑2018

Common Goldeneye 98 T + C + R1 ↑↑ ↓↓↓ ↓↓↓ ↑2018

Red-breasted Merganser 99 T|P + C + R4 ↑ 0 ↓↓ ↓↓
Ruddy Duck 99 T|P + C + R3 ns ↓ ↑↑ ↓ 02018

Pied-billed Grebe 85 T|P + C ↑↑↑ ↓↓↓ ↓ 02018

Horned Grebe 100 T|P + R1 ↓↓↓ ↑↑ ↓↓
Eared Grebe 91 Intercept only ns 02018

Large grebes 98 T + C + R1 ↓↓↓ ↑ ↓↓↓ 02013, 2018

Double-crested Cormorantb 100 Intercept only ns ↑2018

Double-crested Cormorantc 100 C ns ↓↓↓
Great Blue Heron 100 T|P + R3 ↓↓↓ 00 ↓↓↓ ↓2018

Great Egret 97 T + R3 ↑↑↑ ↓↓ ↑2018

Snowy Egret 99 T|P + R3 ↑↑↑ 0 ↓ ↑2018

Black-crowned Night-Heron 67 T + R4 ↓↓↓ ↑↑ 02018

American Cootb 91 T + R4 ↓↓↓ ↑↑↑ 02017

American Cootc 65 T + R4 ↓↓↓ ↑↑↑
American Avocet 100 T|P + C + R2 ↑↑↑ ↓↓ ↑↑ ↓↓↓
Black-bellied Plover 99 T|P ↑↑ ↓↓↓
Snowy Plover 68 T|P ↓↓ ↑
Killdeer 68 T + C + R4 ↓↓↓ ↓↓ ↑↑ 02018

Whimbrel 90 T|P ↑↑↑ 000
Long-billed Curlew 100 T ↑↑↑ 02018

Marbled Godwit 100 T|P ↑↑↑ 000
Black Turnstone 79 Intercept only ns
Sanderling 94 T|P ↑↑↑ 000
Dunlin 100 T|P + C ↓↓↓ ↓ ↓↓↓ 02018

Least Sandpiper 99 T|P + C ns ↑ ↓↓↓ 02018

Western Sandpiperb 97 T ↑↑↑
Western Sandpiperc 92 R4 ns ↑↑↑
Dowitcher spp. 89 T|P + C + R1 ↑↑↑ ↓↓↓ ↓↓ ↑↑↑ 02018

Greater Yellowlegs 99 T|P + R2 ↑↑↑ ↓↓↓ ↓↓ ↑2018

Willet 100 T|P + R1 ↑↑↑ ↓↓↓ ↑
Forster’s Tern 85 T|P + R3 ↑↑↑ ↓↓↓ ↓↓
aRegional trends as reported by other sources, keyed by year: Wilson et al. 2013 (covering 1975–2010), Adkins et al. 2014 (covering 
1987–2010), Pandolfino and Handel 2018 (covering 1978–2014); ↓, long-term decline reported; 0, no trend detected or suspected; 
↑, long-term increase reported. 

bModeled for 1972–1993 only.
cModeled for 1998–2015 only.
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Figure 3. Abundance and trends of the Canada Goose and seven species of dabbling ducks as recorded on com-
prehensive surveys of Bolinas Lagoon, November–February, 1972–2015. Loess curves fitted to data are shown by 
solid lines. See Table 2 for trend assessment.
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intertidal habitat. Trends were increases for 8 and 
decreases for 7 of the species that forage primarily 
in the water column or in subtidal habitat. The 
difference between the two foraging groups was 
not significant (χ2 = 0.95, df = 1, p = 0.33, con-
tinuity corrected, Table 2). Likewise, from 1998 
to 2015, while wetland habitat was changing and 
expanding regionally, trends at the lagoon were 
increases for 4 and decreases for 14 of the taxa that 
forage primarily on emerged or intertidal habitat. 
During this same period trends were increases for 
5 and decreases for 7 of the taxa that forage pri-
marily in the water column or in subtidal habitat 
(p = 0.42, two-sided Fisher exact test).

PoSSible diStributionAl  
ShiFtS to riCe FieldS
Among the lagoon’s 22 taxa that commonly use 
rice fields flooded after harvest (Table 1), the 
patterns of 12 were consistent with a possible 
distributional shift away from Bolinas Lagoon 
in the later years of our study. The patterns of 6 
were inconsistent with such a shift, and those of 4 
were neither consistent nor inconsistent (Table 2, 
Figures 3–8). Taxa with patterns consistent with 
a possible distributional shift to regional rice 
fields included 10 that had been increasing in 
the lagoon during the early period but declined 
during the later period (Gadwall, Eurasian and 
American wigeons, Mallard, Northern Shoveler, 
Pied-billed Grebe, American Avocet, Black-bellied 
Plover, Greater Yellowlegs, and dowitchers), one 
that had been decreasing in the lagoon in the 
early period and then decreased at a faster rate 
in the later period (Dunlin), and one that had 
been increasing in the lagoon during the early 

period and then stabilized during the later years 
(Snowy Egret). Taxa with trends inconsistent 
with such a distributional shift included three 
that increased at the same rate in both periods 
(Canada Goose, Great Egret, and Long-billed 
Curlew), one that had declined in the early period 
then was stable in the later (Great Blue Heron), 
and two that had been stable in the early period 
then increased in the later (Green-winged Teal and 
Least Sandpiper). The remaining four taxa showed 
no pronounced change in trend between the two 
periods (Northern Pintail, Black-crowned Night-
Heron, American Coot, and Killdeer).

diSCuSSion
Among 42 taxa of waterbirds wintering at Bolinas 
Lagoon, abundances of 40 were significantly 
related to year, amount of precipitation, or both 
factors. Difference in trends between the early 
(1972–1993) and later (1998–2015) census peri-
ods appeared to be related to regional changes in 
habitat and possible distributional shifts. In our 
models, for most species using the lagoon, inclu-
sion of the amount of precipitation during the 
current winter or during past years enhanced our 
ability to detect trends in abundance. Inclusion 
of precipitation variables could make analyses at 
other sites where rainfall is an important ecologi-
cal determinant of distribution more sensitive to 
underlying trends in abundance.

eFFeCtS oF PreCiPitAtion
The significance of terms for the current winter’s 
and previous years’ rainfall in our models sug-
gests that precipitation is particularly important 
in determining a species’ abundance at Bolinas 
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Lagoon. We and others previously detected the 
importance of the current year’s winter rainfall for 
some species at Bolinas Lagoon or other coastal 
wetlands (Page et al. 1979, Shuford et al. 1989, 
Warnock et al. 1995, Kelly 2001, Canepuccia et 
al. 2007, Aarif et al. 2014). Because winter storms 
in central California are characterized by rain, 
wind, and low barometric pressure (Kelly et al. 
2002), and years of low storm intensity are some-
times associated with periods of lower than normal 
temperatures (to below freezing), we recognize 
that factors correlated with rainfall also may con-
tribute to the apparently significant effect of rain-
fall on waterbird numbers at this coastal estuary.

Our analyses and those of Aarif et al. (2014) 
suggest that the abundance of waterbirds is related 
to past years’ rainfall. Past years’ rainfall may influ-
ence not only the regional distribution of wet 
habitat in early winter but also the abundance 
and distribution of fish prey (Meynecke et al. 
2006). The relationship may thus reflect indirect 
effects on overwinter survival of some waterbird 
species. Although increased rainfall could benefit 
the winter population of some species, an increase 
in the extent of habitat could reduce the numbers 
wintering at a given site if, overall, birds spread 
out among more sites. In agreement with this 
hypothesis, at Bolinas Lagoon we found a nega-
tive relationship between prior years’ rainfall and a 
species’ abundance to be almost twice as common 
as a positive relationship; a negative relationship 
with the current winter’s rainfall was almost three 
times as common as a positive one. Likewise, Aarif 
et al. (2014) noted negative associations between 
numbers of shorebirds and both current and prior 
year’s rainfall at a coastal wetland in India.

trendS
We discovered significant trends in the abundance 
of 39 of 42 waterbird taxa during one (12 taxa, 
29%) or both (27 taxa, 64%) periods of our study. 
Linking trends to their causes is complex. Trends 
in abundance at a given site are a function of the 
regional population size, suitability of the site, 
and the extent and quality of alternative regional 
habitats. When these factors are changing simul-
taneously over time, the influence of one may 
outweigh others. This may be particularly true 
in years that regional habitat is close to carrying 
capacity. And, while trends at individual sites are 
often of great local interest, understanding which 
demographic rates are driving regional trends is of 
great general interest.

Regional trends affect species’ trajectories at 
the scale of a site (Wilson et al. 2013, Adkins 

et al. 2014, Fleskes et al. 2018). Pandolfino and 
Handel (2018) estimated population trajectories 
in the Central Valley for 26 taxa considered in 
our study on the basis of Christmas Bird Count 
data. They found 8 of these increasing, 16 stable, 
and 2 decreasing (Table 2). For 8 of those 26 taxa 
(23%), trends for the Central Valley are consistent 
with study-long trends at Bolinas Lagoon (Table 
2). These include increases of the Bufflehead, 
Common Goldeneye, Double-crested Cormorant, 
Great Egret, and Snowy Egret, stable numbers of 
the Eared Grebe, and declines of the Northern 
Pintail and Great Blue Heron (Figures 3–8, Table 
2). While we expected regional trends to have 
a strong influence on an individual site, trends 
at Bolinas Lagoon were similar to those for the 
Central Valley for fewer than a quarter of the taxa.

Resources at Bolinas Lagoon have clearly 
changed over the study, particularly those asso-
ciated with changes in the extent of subtidal 
(decreasing), intertidal (increasing), and vegetated 
marsh (increasing) habitats (MCOSD 2006). 
Nonetheless, we did not find a preponderance 
of declines among species that forage in subtidal 
habitats or a preponderance of increases among 
those that forage in intertidal habitats, as would 
be predicted by the lagoon’s changing bathymetry. 
Regional population trends may have obscured 
the effects of local habitat changes for some spe-
cies, because all five species increasing both in the 
Central Valley and at Bolinas Lagoon are subtidal 
foragers.

PoSSible diStributionAl  
ShiFtS to riCe FieldS
As previously described, wetlands became much 
more extensive in central California after the 
mid-1990s than they had been previously. The 
change in the means of decomposing rice straw 
substantially increased the extent of shallowly 
flooded fields in the northern Central Valley. 
Fleskes et al. (2018) reported major regional shifts 
in the abundance of waterfowl within the Central 
Valley coinciding with this change in treatment of 
rice after harvest. We hypothesize that this change 
may also have affected waterbirds’ abundances at 
Bolinas Lagoon. If birds shifted from the coast to 
the interior in response to this major increase in 
potential habitat, trends on Bolinas Lagoon might 
provide supporting evidence. Among 22 taxa 
using the lagoon that also commonly use flooded 
rice fields, trends of 12 were consistent with such 
a distributional shift, while 6 were not (trend 
patterns of 4 were neutral). These results suggest 
some support for the hypothesis that increased 
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habitat in central California may have drawn birds 
from Bolinas Lagoon.

If some waterbird species shifted to inland 
habitat in response to flooding of harvested rice 
fields, two processes may have been operating, 
possibly concurrently. First, immature birds, with 
no prior fidelity to a winter site, may have been 
more attracted to the expansive flooded habitats 
newly available inland than to coastal lagoons. 
Populations along the coast would decline over 
time without sufficient recruitment of young to 
replace the site-faithful adults lost to mortality. 
Second, species that are typically faithful to coastal 
sites have been observed in the interior after 
fleeing adverse conditions during major storms. 
Some of these individuals may have changed their 
winter site fidelity, particularly if they experienced 
sufficient or better foraging and/or a lower risk 
of predation elsewhere than at Bolinas Lagoon. 
Other factors may also have driven range shifts, 
such as changes in prey availability, as has been 
suggested for Aechmophorus grebes (Wilson et al. 
2013), or climate change, as has been suggested 
for shorebirds (Maclean et al. 2008).

Interspecific interactions may also have played 
a role in distributional shifts of some species at 
Bolinas Lagoon. Avian predators, particularly 
falcons, were present throughout our study (Point 
Blue unpubl. data) and, on California Christmas 
Bird Counts, the numbers of both the Peregrine 
Falcon (Falco peregrinus) and Merlin (F. columbar-
ius) increased substantially over the 43 years of our 
study (National Audubon Society 2016). These 
predators are responsible for substantial levels of 
winter shorebird mortality at Bolinas Lagoon and 
other estuaries (Page and Whitacre 1975, Kus 
et al. 1984, Cresswell and Whitfield 1994), and 
there is compelling evidence that risk of predation 
influences shorebirds’ behavior and distribution, 
particularly where proximate cover for predators 
is near tidal flats, such as at small coastal estuaries 
(Ydenberg et al. 2002, 2004, 2017, Lank et al. 
2003, 2017). Thus a high risk of predation may 
have been an added stimulus for waterbirds to 
disperse from Bolinas Lagoon if alternative habitat 
was available.

the Future For WAterbirdS on 
bolinAS lAgoon
Anticipated and unexpected changes in the extent 
of subtidal, unvegetated intertidal, and vegetated 
marsh habitat at Bolinas Lagoon (and other wet-
lands in central California) may become important 
drivers of abundance of waterbirds in the future. 
Several aspects of climate change, major seismic 

events, and major human alteration of the land-
scape are the most obvious examples of such factors.

Accelerating sea-level rise is an anticipated com-
ponent of climate change, but the rate of accel-
eration is still highly uncertain, high and low esti-
mates for the next century differing by a factor of 3 
(Takekawa et al. 2013). Sea-level rise was projected 
to start outpacing sediment accretion at Bolinas 
Lagoon about the time our study ended (MCOSD 
2006, Brennan 2017), as it has in recent decades 
around San Francisco Bay (Takekawa et al. 2013). 
Projections for California’s precipitation are highly 
uncertain, but longer droughts interspersed with 
occasional exceptionally wet winters are antici-
pated to be more common (Diffenbaugh et al. 
2015, CDWR 2015). Increasing temperature, 
sea-level rise, and a possible increased frequency of 
strong storms will affect coastal wetlands through 
flooding of low-lying areas, intensifying evapo-
ration and desiccation of some areas, changing 
local hydrology, increasing coastal erosion, and 
increasing fires in the watershed, leading to more 
erosion (Godet et al. 2011, Takekawa et al. 2013, 
Diffenbaugh et al. 2015, CDWR 2015). Changes 
in precipitation and temperature will affect the 
availability of water to agricultural users, wildlife 
refuges, and a growing urban population, inten-
sifying competition among them (Fleskes et al. 
2018). Flooding rice fields or growing rice at all 
may cease to be viable.

Seismic and human activities hold even more 
uncertainty. A large earthquake along the San 
Andreas Fault, such as that of 1906, should affect 
the availability of both habitat and prey and 
should increase the lagoon’s tidal prism (Emmett 
et al. 2000, MCOSD 2006). Another important 
source of uncertainty is how the human response 
to climate-related changes may affect the chang-
ing extent of wetlands, both coastal and inland. 
Will barriers (coastal armoring) be constructed 
in response to changing hydrology and rising 
seas? Might we see additional changes in choices 
of agricultural crops or practices after harvest in 
nearby inland habitats? Such uncertainties com-
plicate predictions of the future abundance of 
waterbirds at Bolinas Lagoon, but our results sug-
gest that future use of the lagoon will be sensitive 
to changes in both climate and the landscape.

bolinAS lAgoon And lArge-SCAle 
Monitoring ProjeCtS
While the trajectories of the populations of wide-
ranging birds must be measured over broad 
geographic regions, large-scale monitoring pro-
grams must be assembled site by site (e.g., the 
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Mid-winter Waterfowl Survey of the U.S. Fish and 
Wildlife Service, the Canada–U.S. Program for 
Regional and International Shorebird Monitoring 
[PRISM], and Point Blue Conservation Science’s 
Pacific Flyway Shorebird Survey Project). It is 
therefore important that the factors, including 
physical processes and biological relationships, 
responsible for variability in abundance at indi-
vidual sites be understood (Norris et al. 2004). We 
found the effects of the current or past years’ pre-
cipitation to be sufficiently large that our models 
could not achieve acceptable fits or identify trends 
for most species without accounting for rainfall. 
Large-scale projects monitoring populations may 
be able to increase their ability to detect trends 
in numbers by including informative covari-
ates, such as climate variables, in their models, 
particularly in arid regions. Furthermore, sites 
selected for monitoring are often those that are 
considered important at the commencement of 
the study, but as our results for the Canvasback, 
Ruddy Duck, Long-billed Curlew, and Dunlin at 
Bolinas Lagoon show, their relative importance for 
some species may change considerably over time. 
It would be valuable to understand the process by 
which waterbirds are recruited into newly created 
habitat or shift their distribution away from tradi-
tionally occupied sites. Further study with marked 
and radio-tagged birds would be informative, as 
would a comparison of age ratios of birds cap-
tured at newly created sites with those at nearby 
established wetlands. Such studies would also 
illuminate aspects of sites’ connectivity, important 
to the conservation of migratory species (Warnock 
2010, Iwamura et al. 2013). Understanding these 
processes at both the large and local scales will 
greatly enhance our understanding of how and 
why abundances of waterbirds are changing across 
the landscape and thereby increase the effective-
ness of conservation measures.
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