


Por lo tanto, los patrones de migracio´n de las especies de aves estuarinas podr�´an estar
moldeados por gradientes latitudinales en la fenolog�´a del alimento y en los patrones
estacionales de las mareas.

INTRODUCTION

For arctic-nesting geese, successful reproduc-
tion depends in part on acquiring nutrient
reserves at spring staging sites. Deposits of
fat, protein, and minerals are used to complete
costly migrations (Ebbinge 1989, Reed et al.
1995, Prop et al. 2003), maintain body condi-
tion during the prelaying period when little or
no food is available (Ankney 1984, Prop and de
Vries 1993), and invest in egg laying and
incubation (Raveling 1979, Ankney 1984, Eb-
binge and Spaans 1995). Insufficient nutrient
storage during spring migration results in lower
breeding success (Ebbinge and Spaans 1995,
Madsen 1995, Prop and Black 1998, Prop et al.
2003, Black et al. 2006).

Several factors affect the rate of nutrient
store accumulation by geese in nonbreeding
areas, including habitat selection (Gauthier et
al. 1984, Madsen 1985, Prop and Black 1998),
foraging behavior (Ydenberg and Prins 1981,
Fox 1993), and social status (Teunissen et al.
1985, Black et al. 1992). Within a given feeding
habitat, birds benefit from selecting areas of
higher food quality and availability (Summers
and Critchley 1990, Percival et al. 1996, Clausen
1998). We investigated this sort of ‘microhab-
itat’ selection in Black Brant (Branta bernicla
nigricans), a goose whose feeding ecology out-
side the breeding season has received less
attention than other goose taxa.

On their way to breeding areas in western
and northern Alaska, Brant use several staging
areas where they feed predominantly on
eelgrass (Zostera marina, Reed et al. 1998,
Ganter 2000, Ward et al. 2005). However,
feeding on eelgrass poses ecological challenges
to Brant. The protein content of eelgrass in
spring is typically near or below 15% (Einarsen
1965, Harrison and Mann 1975, Ward 1983,
Buchsbaum and Valiela 1987, this study),
lower than that of most terrestrial graminoids
used by geese (,25%; Prop & Vulink 1992).
Furthermore, eelgrass grows in lower intertidal
environments, so access to it is severely
restricted by tidal cycles. Thus, nutritive and
spatiotemporal constraints on feeding may
limit the ability of Brant to meet energetic

requirements and store nutrient reserves dur-
ing migration.

To meet daily and migratory nutritive
requirements, Brant should maximize their net
rate of nutritive intake during the brief low tide
periods when they can reach eelgrass. This may
be accomplished by selecting the highest-quality
food available, by feeding on the most nutri-
tious plant parts, or by feeding in areas
containing more nutritious plants (Summers
and Critchley 1990, Fox 1993, Alonso and
Herrera 2000, Black et al. 2006). Alternatively
(or additionally), birds may simply attempt to
maximize rates of total food intake up to their
digestive capacity (Prop and Deerenberg 1991).
This may be important for geese, which have
relatively inefficient digestive capabilities and
depend on rapid digestion of large quantities of
food to meet their nutritive requirements (Owen
1972, Prop and Vulink 1992). One way to
increase total food intake rate is to feed in areas
of high food availability (Crawley 1983, Prop
and Deerenberg 1991, Prop et al. 1998). For
some terrestrial grazers, this may simply mean
selecting areas with high above-ground stand-
ing stock (Short 1985, Sutherland and Allport
1994), and Charman (1979) found that Dark-
bellied Brant (B. b. bernicla) walking on
exposed beds ofZ. noltii achieved higher daily
consumption rates as plant density increased. In
intertidal environments, however, rapidly
changing water levels impose spatially hetero-
geneous access to food. Eelgrass growing lower
in the intertidal zone has higher biomass (Keller
and Harris 1966, Kentula and McIntire 1986,
Thom 1990) and possibly protein content
(Ward 1983), but is also submerged longer
throughout the tidal cycle and therefore avail-
able less often than eelgrass in higher areas.
Consequently, feeding in higher locations with
less biomass may be the only option for Brant
when tides are relatively high. For example, in
Boundary Bay, Z. japonica constituted over
half of the diet of Brant during winter and
spring (Baldwin and Lovvorn 1994). This plant
has lower growth rates and biomass densities
than Z. marina (Phillips 1984, Thom 1990), but
it grows higher in the intertidal zone, and
therefore may have provided the most biomass
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the proportion of eelgrass regions with zero
counts increased as tide levels decreased
(Fig. 5), indicating that Brant selectively fed in
relatively few areas when they had full access to
all areas of the bay. The fit of models to
nonzero data was more variable, but appeared
adequate for most analyses.

28 January–2 March. During the first five
survey weeks, daily Brant numbers in South
Bay increased steadily from ,3500–10 000
birds. During the highest water levels that
allowed Brant to feed (+0.6 to +0.9 m), Brant
densities were positively correlated with sub-
strate elevation and negatively correlated with
distance from grit sites (Table 1). Sandy grit

sites, submerged most of the day, are the first
resources to become available as tides retreat,
as they occur relatively high in the intertidal
zone (Lee et al. 2004). Large numbers of Brant
congregate at grit sites at their earliest oppor-
tunity, and subsequently depart to feed on
eelgrass beds as soon as they become available.
Holding grit and elevation variables constant,
Brant selected eelgrass beds with higher bio-
mass and protein content (Table 1, Fig. 6).
Trends were similar during slightly lower water
levels (+0.3 to +0.6 m), but smaller w+(j) and
slope coefficients for grit-site distance and
biomass indicated that these variables were less
important predictors of Brant density (Table 1),

FIGURE 4. Temporal and spatial access to eelgrass by Black Brant in south Humboldt Bay, California, as
a function of tide height. Dotted line is fit to the number of consecutive hours surrounding a tidal minima (x-
axis) when water level is less than+0.8 m (n 5 53 lower low tides between 28 January and 11 May). Solid line
depicts the approximate relationship between tide height and proportionof habitat area accessible to Brant,
based on estimates of elevation-specific plant length.

FIGURE 3. Low-tide heights (relative to mean lower low water; MLLW) for Nor th Spit, Humboldt Bay,
California, on all dates between 28 January and 11 May 2000. Horizontal line depicts the approximate
maximum tide height (+0.8 m) that allows Brant to reach eelgrass in the shallowest areas of the bay.
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whereas protein and Ca+ content became
stronger predictors (Fig. 6). During water levels
less than +0.3 m, when Brant could access
eelgrass in most areas of the bay (Fig. 4),
protein and Ca+ content were the strongest
predictors of bird densities (Fig. 6). These two
nutrient variables were in all candidate models
for the two lowest tidal ranges, and their
associated slope coefficients increased with
decreasing tide heights (Table 1). The relation-
ship between Brant density and elevation
switched from linearly positive to a convex
quadratic during lower tide conditions (Ta-
ble 1), indicating that higher Brant densities
occurred on intermediate-to-lowest elevation
beds (Fig. 7). However, the importance of
elevation as a predictor of Brant density was
weaker during lowest low (w+[ j ] 5 0.45) than
highest low tides (w+[ j ] 5 1.00).

3 March–6 April. The second five weeks of
Brant surveys represented the period of peak

Brant use, with daily Brant counts on South
Bay increasing from ,10 000–18 000. During
this period, minimum low tides were consis-
tently low (Fig. 3), thus none of our surveys
were during water levels greater than+0.6 m,
and most surveys during+0.3 to +0.6 m merely
captured transitions to lower tide heights (less
than +0.3 m) an hour or two later. Because of
this, we did not observe a positive relationship
between Brant density and substrate elevation
during medium-high (+0.3 to +0.6 m) tides. In
fact, there was a weak negative relationship
between elevation and Brant density during
these water levels (Table 2). This suggests that
Brant were queuing over deeper eelgrass beds,
i.e., they anticipated the imminent availability
of low-elevation eelgrass. During lower tides
(less than +0.3 m), we observed an even
stronger quadratic relationship between density
and elevation than in the previous five weeks
(Table 2, Fig. 7), indicating that Brant used

FIGURE 5. Observed and predicted densities of Brant (count per ha) in Humboldt Bay, California, from
negative binomial regression models for four period-tide analyses.
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content if goose droppings enrich sediment
nitrogen (sensu Bazley and Jefferies 1985),
particularly if eelgrass beds are nitrogen-limit-
ed, so we cannot conclude whether protein
distribution affected goose distributions or vice
versa. Both may be true, such that nitrogen
enrichment and goose use create a positive

feedback loop, resulting in areas receiving
traditionally high use. Longer-term studies
would elucidate whether Brant favor the same
areas every year.

We frequently observed dense aggregations
of Brant feeding along the edges of tidal
channels that weaved through eelgrass beds.

FIGURE 7. Fitted values for Brant densities (number per ha) in 31 eelgrass regions on south Humboldt Bay
(winter–spring 2000) as a function of substrate elevation. Predictions are based on model-averaged estimates
of negative binomial regression parameters. Predictions assume a population of 10 000 Brant and that other
covariates are equal to the mean value for all regions. ‘‘Higher tides’’ are +0.6 to +0.9 m in relation to mean
lower low water level (MLLW). ‘‘Lowest tides’’ are ,0.0 m (MLLW).

TABLE 2. Model-averaged estimates of slope parameters from negative binomial regressions of Brant
density (number per ha) in each of 31 ‘‘regions’’ within Humboldt Bay, California, from 3 Mar to 6 Apr 2000,
during four different tidal height ranges (relative to mean lower low water level). Intercept is the log(m) when
each covariate equals its standardized mean of zero. Other�bbj predict change in log(m) with one SD change in
the covariate. Sample size (n) 5 31 * number of weeks with data.w+( j ) is the sum of weights (wi) for models
containing covariate j. The overdispersion parameter (a) reflects the amount of variation in counts around the
expected values.

Tide level +0.3 to +0.6 m 0.0 to+0.3 m ,0.0 m

n 93 124 62

Model
covariatea �bbj + SE w+( j ) �bbj + SE w+( j ) �bbj + SE w+( j )

Intercept 2.666 0.12 1.00 1.826 0.15 1.00 20.10 6 0.52 1.00
Mass 0.556 0.67 0.52
Grit 20.13 6 0.17 0.44
Elev 20.28 6 0.16 0.86 0.636 0.59 1.00 0.366 1.31 1.00
Elev2 21.72 6 0.67 1.00 22.91 6 1.88 1.00
Protein 0.426 0.13 1.00 0.996 0.93 0.64
Ca+ 0.57 6 0.22 1.00 0.476 0.70 0.31
Prev1 0.136 0.16 0.46 0.366 0.27 1.00 1.226 0.59 0.89
a 1.47 6 0.23 1.00 1.726 0.38 1.00 4.676 1.83 1.00

a Prev1 5 average of all counts conducted during the first five weeks. See Table 1 fordescription of other
covariates.
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but negatively related to densities in the
immediately preceding (second) five weeks at
higher low tides. Eelgrass depletion may also
explain why Brant use progressively shifted to
lower-elevation eelgrass beds through time, and
why the strength of the relationship between
Brant densities in the first vs. second five-week
periods decreased from the lowest tide condi-
tions to tides between+0.3 and+0.6 m. During
the first five weeks, grazing intensity was
highest in higher-elevation areas, and tides
during this time did not permit Brant to heavily
deplete the lowest-elevation eelgrass beds.

Tides govern feeding opportunities for Brant
in Humboldt Bay and other Pacific coast
staging areas. The distribution of biomass and
nutrients in the bay may dictate where Brant
prefer to feed, but it is the cycle of rising and
falling water levels that determine when and
where they may actually do so. D. Lee et al.
(Humboldt State University, unpubl. data)
found that most Brant arriving on the bay in
January and February stay,30–50 days, com-
pared to ,15–30 days for birds arriving in
March or April. A likely explanation for this is
the relative frequency with which tides allow
Brant to forage during these respective periods.
Feeding opportunities are shorter and less
frequent in January and February, which may
explain why fewer birds make use of the bay at
that time of year (Moore et al. 2004; D. Lee et
al., unpubl. data). In contrast, Brant arriving at
Humboldt Bay later in the season should be
able to accumulate nutrient reserves much more
quickly.

Models describing bird migration strategies
are based on timing for gaining access to
preferred food (Drent et al. 2003). For geese,
the time of arrival and departure from migra-
tory stopover sites has been linked to the
phenology of plants, mediated by weather
conditions (Drent et al. 1980, Prop et al.
2003). We suggest that migration patterns for
estuarine bird species might also be shaped by
seasonal tidal patterns and how these vary
along latitudinal gradients. Tidal patterns will
vary at each staging area and their effect on the
availability of intertidal foods will also be
governed by the depth and elevation of each
estuary or bay. Migratory species, like Brant
Geese, may be doubly challenged with learning
how the availability and quality of favored food

plants are shaped by multiple global phenom-
ena (Ward et al. 2005).
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