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Abstract

Estuaries of major rivers provide important stopover habitat for migratory birds
throughout the world. These estuaries experience large amounts of freshwater in-
puts from spring runoff. Understanding how freshwater inputs affect food supply
for migrating birds, and how birds respond to these changes will be essential for
effective conservation of critical estuarine habitats. We estimated trends over time
in counts of Western Sandpiper (Calidris mauri) and Pacific Dunlin (Calidris alpina
pacifica) during northward migration on the Fraser River estuary, British Columbia,
Canada, where shorebirds feed extensively on intertidal biofilm and invertebrates.
We also examined whether counts were correlated with a suite of environmental
variables related to local conditions (precipitation, temperature, wind speed and di-
rection, solar radiation, tidal amplitude, and discharge rates from the Fraser River)
during a total of 540 surveys from 1991 to 2019. Counts of Western Sandpiper de-
clined ~54% (-2.0% per annum) over the entire study period, and 23% from 2009 to
2019 (-0.9% per annum). Counts of Pacific Dunlin did not show a statistically signifi-
cant change over the study period. Counts of shorebirds were lower when discharge
from the Fraser River was high, which we propose results from a complex interaction
between the abrupt changes in salinity and the estuarine food web related to the
quantity or quality of intertidal biofilm. Counts were also higher when tidal amplitude
was lower (neap tides), potentially related to longer exposure times of the mudflats
than during spring tides. Effects of wind are likely related to birds delaying departure
from the stopover site during unfavorable wind conditions. The negative trend in
migrating Western Sandpipers is consistent with declines in nonbreeding areas as
observed in Christmas Bird Counts. Understanding causes of population change in
migratory shorebirds highlights the need for research on mechanistic pathways in

which freshwater inputs affect food resources at estuarine stopovers.
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1 | INTRODUCTION

Springtime is a period of rapid environmental change. Increasing
photoperiods in spring stimulate plant growth, warm the atmo-
sphere, and snowmelt redistributes freshwater from terrestrial to
riparian and marine environments. The advent of spring co-occurs
with another natural phenomenon in the Northern Hemisphere:
the northward migration of hundreds of thousands of shorebirds.
During spring migration, many species fly thousands of kilometers
while expending significant amounts of energy (Maillet & Weber,
2006; Guglielmo, 2010) and require safe stopover sites that are
rich in food resources for refueling (Butler et al., 2001; Iverson
et al., 1996; Warnock, 2010; Warnock & Bishop, 1998). The produc-
tive freshwater-saltwater transition zones of estuaries along migra-
tion routes comprise large mud and sand flats with abundant prey
and therefore act as critical stopover sites for a diversity of shore-
birds (Butler et al., 2001; Harrington et al., 2002). However, many
intertidal flats across the globe face significant human disturbance
through construction of jetties and sea walls, “beach nourishment,”
and development of intertidal habitat and are increasingly threat-
ened by climate change and sea-level rise (Galbraith et al., 2014;
Murray et al., 2014, 2018).

Worldwide, monitoring programs report widespread declines of
shorebird populations(Bartetal.,2007; Murrayetal.,2018; Rosenberg
etal., 2019; Smith et al., 2020; Wetlands International, 2012; Z6ckler
et al., 2013). Anthropogenic habitat alteration at nonbreeding and
stopover sites is thought to be one critical driver of shorebird trends
(Murray et al., 2014; Studds et al., 2017; Thomas et al., 2006). Loss
or degradation of key migratory stopovers can have significant ad-
verse effects on a species’ viability, which can lead to rapid pop-
ulation declines (Studds et al., 2017) and even possibly extinction
(Weber et al., 1999). Anthropogenic disturbance and habitat loss
can decrease available foraging habitat and degrade habitat qual-
ity at stopover sites, which may negatively impact body condition
and thus shorebird survival (Studds et al., 2017). Additionally, annual
variation in environmental conditions at stopover sites, such as food
availability, weather, and risk of predation, may influence shorebird
site usage during migration. Yet, the relationship between environ-
mental conditions and shorebird requirements remains unknown at
many stopover sites. Understanding what drives shorebird migration
patterns and associations with environmental conditions at stopover
sites could provide important information on stopover site resource
availability and inform shorebird conservation.

Food supply is a key component of habitat quality and influences
stopover site selection, migration timing, and body condition upon
arrival at breeding grounds (Butler et al., 2001). Thus, food supply
on migration is integral for shorebird survival and reproductive
success (Butler et al., 2001). Recent findings indicate small-bodied
shorebirds consume large quantities of intertidal biofilm directly as
a food source, or indirectly through consumption of invertebrates
(e.g., mollusks, copepods, and small crustaceans) that feed on bio-
film (Kuwae et al., 2008, 2012; Mathot et al., 2010). Biofilm, a thin

film on the surface of intertidal estuarine mudflats is comprised of
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photosynthetic diatoms, cyanobacteria, invertebrates, and sediment
bound in a polysaccharide matrix rich in carbohydrates and essen-
tial fatty acids (Cibic et al., 2007; Decho, 2000; Schnurr et al., 2019,
2020; Scholz & Liebezeit, 2013; Underwood, 2010). Fatty acids are
components of lipid and serve as essential nutrients for shorebirds,
providing fuel and improved flight performance for long-distance
migration (Guglielmo, 2010; Maillet & Weber, 2006, 2007; Quinn
et al., 2017). Fatty-acid content varies widely over the season due to
three potential mechanisms: increase in diatom biomass, lipid accu-
mulation response by microalgae, or changes in composition of the
microbial community (Schnurr et al., 2019, 2020). As such, biofilm
availability and factors affecting its ability to produce fatty acids at
stopover sites may influence shorebird migration strategies.

On intertidal mudflats, biofilm abundance and fatty-acid produc-
tion are primarily influenced by seasonal fluctuations in environmen-
tal conditions. In the spring, increases in light and temperature trigger
diatoms to reproduce and undergo rapid growth rates (Schwenk
et al., 2013; Underwood & Smith, 1998). However, a wide variety
of microalgae are also sensitive to changes in nutrient concentra-
tions in the intertidal environment (Cibic et al., 2007; Decho, 2000;
Underwood, 2010), so sudden changes in nutrient levels (e.g., nitro-
gen or silica), salinity, or other environmental stressors can trigger
diatoms to accumulate lipid (Sharma et al., 2012). Freshwater input
to estuarine mudflats increases during the spring freshet, a period of
high discharge following snowmelt, which begins in spring and peaks
in early summer. Freshwater released onto mudflats may induce sud-
den environmental changes, creating conditions favorable to some
diatom species within the estuarine community, and triggering en-
hanced diatom lipid production, which increases the energy avail-
able for uptake by foraging shorebirds (Schnurr et al., 2019, 2020).

Estuaries are complex systems, constantly in flux, and partic-
ularly susceptible to changes in natural and anthropogenic pro-
cesses including hydraulic control, channel modification, and climate
change (Warwick et al., 1999). Changes to freshwater flow may have
cascading effects on shorebird food availability and quality, which
could influence shorebird site usage, body condition, and survival,
and could ultimately contribute to population-level changes (Baker
et al., 2004). Despite growing evidence of links between freshwater
flow, biofilm abundance and lipid production, and shorebird biofilm
feeding on estuarine mudflats (Schnurr et al., 2019, 2020), there are
no investigations into the co-occurrence of shorebird presence and
freshwater discharge at migratory stopover sites. While the dynamic
nature of estuarine habitats must be accounted for to assess the
overall function of the ecosystem (Warwick et al., 1999), trends in
shorebird abundance and habitat use at some sites may be useful
indicators of estuarine ecosystem health (Mathot et al., 2018).

The Fraser River Delta is a particularly important stopover site
along the Pacific Flyway and is used by globally significant numbers
of migrating Western Sandpiper (Calidris mauri), and Pacific Dunlin
(Calidris alpina pacifica) (Drever et al., 2014; Iverson et al., 1996;
Shepherd & Lank, 2004). In this study, we used count data col-
lected from 1991 to 2019 during northward migration (April to May)

at Roberts Bank, a large mudflat within the Fraser River estuary,
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British Columbia, Canada, to examine the relationships between
abundances of Western Sandpiper and Pacific Dunlin, and local en-
vironmental conditions. While accounting for seasonal and annual
trends in counts, we used a modeling approach to assess correlations
between environmental parameters (Table 1) and shorebird abun-
dance. We predicted strong north-westerly winds, warm air tem-
peratures, and low predation would correlate with high shorebird
abundance and hypothesized that the influence of tidal amplitude,
precipitation, and the influx of freshwater from the Fraser River
during the spring freshet would affect habitat availability and biofilm

function, and thus shorebird abundance.

2 | METHODS

2.1 | Study site and species

Roberts Bank (49.058°N, 123.163°W) is a large clay-rich mudflat
(8 km?) situated south of the mouth of the Fraser River, British
Columbia, Canada. Estuarine environments are rich in nutrients,
and Roberts Bank receives freshwater inputs from the Fraser River
as water is released into the delta and pulled south by the Strait
of Georgia current (Sutton et al., 2013). Discharge from the Fraser
River increases in March-May during the annual spring freshet and
typically peaks in June of each year (Kostaschuk & Atwood, 1990).
Western Sandpiper and Pacific Dunlin are the most abundant
shorebirds that feed on Roberts Bank during their northward mi-
gration (between mid-April and mid-May). Up to 42%-64% of the

estimated Western Sandpiper population and 30%-50% of the
Pacific Dunlin flyway population stopover to rest and refuel at
Roberts Bank during northward migration (Drever et al., 2014).
Pacific Dunlin and Western Sandpiper have specialized morpholog-
ical features for foraging. Western Sandpiper tongues are coated in
specialized spines that facilitate biofilm ingestion, which comprises
40%-70% of their daily energy intake, while Pacific Dunlin rely less
on biofilm and use their longer bills to probe in the mud for ben-
thic infaunal invertebrates (Elner et al., 2005; Jiménez et al., 2015).
Some Pacific Dunlin also overwinter at Roberts Bank, and additional
migrating Pacific Dunlin begin to arrive on the mudflat from March
to April. Pacific Dunlin departure occurs first in mid-April and over-
laps with the arrival of migrating Western Sandpipers after the start
of the Fraser River freshet. We studied the relationship between
Western Sandpipers and Pacific Dunlin because these species have
morphological adaptations which aid in biofilm feeding and, there-
fore, should be affected by changes in freshwater flow and associ-

ated changes to biofilm.

2.2 | Shorebird surveys

Western Sandpiper and Pacific Dunlin surveys were conducted
at Roberts Bank annually from 1991 to 2019, excluding 1993 and
1996 (Drever et al., 2014, Environment and Climate Change Canada,
unpub. data). A total of 540 shorebird surveys were conducted over
the study period (n = 7-28 surveys/year, median 23-surveys/year).

Surveys were done at a consistent tide height (3.5 m; falling or rising

TABLE 1 Rationale for covariate inclusion in the models of shorebird abundance at Roberts Bank, 1991 to 2019

Covariate

Air temperature

Precipitation

Wind vectors:
westerly and
southerly
(speed + direction)

Solar radiation

Tidal amplitude

Discharge

Raptor abundance

Rationale

Daily mean air temperature. Diatom growth is maximal under ideal (warm) temperature conditions. Spring shorebird
migration tends to correlate with warm and rising temperatures (Richardson, 1978)

Daily total precipitation. Heavy precipitation could influence or dilute nutrient conditions on the mudflat and trigger
enhanced fatty-acid production in diatoms (Schnurr et al., 2020). Precipitation may also induce some invertebrates (e.g.,
clams) to migrate further down into the mudflat surface reducing the availability of infaunal prey (Jiménez et al., 2015)

Shorebirds may take advantage of assisting winds, preferring to depart stopovers during strong winds from a south-
eastern direction (Alerstam, 1979), or remain when strong headwinds occur

Solar radiation provides light and heat for photosynthesis and can affect primary production of mudflat ecosystems.
Diatom growth in intertidal biofilm communities is maximal under ideal light conditions, providing migrating birds with
more resources (Schnurr et al., 2020; Sriharan et al., 1991)

Total difference between daily maximum and minimum tidal height. Roberts Bank is an intertidal mudflat, and the foraging
area available for shorebirds varies between neap and spring tides. Shorebirds may take advantage of periods of large
tidal amplitude (spring tides) in which larger portions of the mudflat are exposed for longer periods of time. However,
mudflats may also dry out and desiccate during such long periods of tidal exposure making foraging for biofilm and
infaunal invertebrates more difficult (Jiménez et al., 2015)

Discharge (flow) rate of Fraser River as observed at Hope Station. Rapid changes in salinity may result in changes in
biofilm community at Roberts Bank, for example, diatoms in biofilm enhance lipid production during periods of osmotic
stress, such as a large influx of freshwater leading to changes in salinity. (Schnurr et al., 2020)

Total count of Peregrine Falcons and Merlin observed during each survey. Data available only from 1997 onwards.
Raptor abundance provides a measure of predation risk at a stopover site and may result in early shorebird departure or
decreased length of stay (Lank et al., 2003; Ydenberg et al., 2004)



CANHAM ET AL.

depending on daily logistical considerations such as sunrise and sun-
set) to ensure equal mudflat area exposure, began on 15 April of each
year, and continued until fewer than 1,000 birds were observed or
until 15 May, whichever occurred first. During surveys, we counted
shorebirds using the mudflat from a series of stops along an adjacent
dike. To estimate counts of each species, we estimated the daily spe-
cies ratio of Western Sandpiper to Pacific Dunlin in subsamples of
individual flocks, and multiplied these ratios by total flock counts

(for further survey methodology details refer to Drever et al., 2014).

2.3 | Environmental correlates

We considered a suite of variables to test our hypotheses about cor-
relations between abundances of Western Sandpiper and Pacific
Dunlin, and environmental data collected at long-term monitoring
sites (Table 1). Mean daily temperature (°C), precipitation (mm), wind
speed (km/h), and wind direction were recorded at the Vancouver
International Airport (49°11'41.000"”N, 123°11'02.000"W; ~15 km
from site; ECCC 2019). We used trigonometry to convert the angle
of wind direction and wind velocity into westerly (“u”) and south-
erly (“v”) wind vectors. A positive “u” vector indicates the strength
of wind moving from the west while a positive “v” vector indicates
the strength of wind moving from the south. Solar radiation (W/
m?) was recorded at the University of British Columbia Totem Field
climate station (49.2562°N, 123.2494°W, ~23 km from site; UBC,
2020). Maximum and minimum tidal heights were measured at
Point Atkinson (49.3333°N, 123.2500°W; ~31 km from site), from
which we calculated tidal amplitude as the difference between
daily maximum and minimum tidal heights. Fraser River discharge
(m%/s) data were collected at the Hope-Fraser River hydrograph
station (49°23'09" N, 121°27'15"W; ECCC, 2019). The Hope-
Fraser River hydrograph station is situated ~150 km upstream from
Roberts Bank; however, discharge is tightly correlated between
stations along the southern reaches of the Fraser River (Thorne &
Woo, 2011). Environment and Climate Change Canada notes that
discharge data from 2017, 2018, and 2019 are still preliminary and
subject to revision.

At Roberts Bank, the main predators of shorebirds are Peregrine
Falcon (Falco peregrinus) and Merlin (Falco columbarius). To generate
a measure of predation risk, the number of raptors present on the
mudflat or involved directly in attacks on shorebirds during surveys
was recorded during shorebird surveys at Roberts Bank since 1997.

2.4 | Environmental change over the study period

We first analyzed temporal changes in environmental variables using
generalized additive models (GAM; Wood, 2017), modeling each
variable separately, to assess the degree to which local conditions
might have shifted over time and over the migration period. For each
environmental covariate, we characterized seasonal and annual vari-
ation by fitting a GAM with package mgcv in R (Wood, 2011). Each
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model included a smooth function for Day of Year (DOY) and year,
with a maximum number of knots set to 5 to avoid overfitting the
model (Wood, 2011).

2.5 | Shorebird baseline trend models

Following Drever et al. (2014), we analyzed abundance measures of
Western Sandpiper and Pacific Dunlin separately to allow for differ-
ing patterns between species. As a baseline trend model, we used a
linear mixed-effects modeling approach (package Ime4 in R; Bates
et al., 2015), with log-transformed counts as the response variables,
fixed effects of Year, DOY, and DOY?, with DOY and DOY? as ran-
dom slopes, and Year as a random intercept, with a Gaussian error
distribution (Supplementary Material). This model allowed the rela-
tionship between daily count and DOY to vary by year and assumed
that yearly variation may be caused by environmental factors. Both
DOY and Year were centered on their means and scaled by their
standard deviations over the entire dataset.

2.6 | Environmental correlates and annual
population indices

To test our hypotheses and better understand how environmental
variables affect daily shorebird abundances, we added all environ-
mental variables to our baseline trend model and used a backward
elimination process on this full model using the step function modi-
fied for package ImerTest in R (Kuznetsovaetal.,2017; Supplementary
Material). This stepwise algorithm iteratively drops variables from
the full model and retains variables depending on F-tests for fixed-
effect terms using Satterthwaite methods for denominator degrees
of freedom (a-level = 0.05). In addition to temporal variables from
the baseline trend model, the full model included discharge, tidal
amplitude, precipitation, daily temperature, solar radiation, and
strength of westerly and southerly winds. All explanatory variables
were centered on their means and scaled by their standard devia-
tions over the entire dataset. Inference was based on the stepwise-
selected model, termed the “final model.” Examination of residual
plots from final models revealed no major departures from assump-
tions of nonheteroscedasticity and normality of residuals. As an ad-
ditional measure, we estimated effect sizes of retained variables by
calculating the percent change in predicted values derived from the
final model with the independent variable of interest set at its 0.10
and 0.90 percentiles, with remaining independent variables set at
their median values.

To evaluate the role of raptors, we relied on data on predator
counts during surveys, which were only available from 1997 on-
wards. Therefore, we added a parameter for total raptor abundance
to the final model and tested its significance using a t test on the
ratio of the parameter value to its SE.

To generate an index of the population for each year, we used

the final model to predict counts for each year, estimated for the
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median day of year (DOY = 119, April 28 or 29, depending on leap
year) for the whole dataset, and for the environmental correlates
set at their observed median values for each year. This annual index
was used primarily for illustrative purposes, and we based our in-
ference of population trajectories on the parameter estimates from

final trend models.

3 | RESULTS
3.1 | Environmental change over the study period

From 1991 to 2019, all environmental correlates showed significant
seasonal variation or long-term trends. Seasonal patterns indicated a
strong tendency for increasing solar radiation, daily mean tempera-
ture, and river discharge rates from mid-April to mid-May, accompa-
nied by decreasing daily precipitation (Figure 1). Tidal amplitude and
both wind vectors (westerly and southerly) showed wide variability
over the season, with no strong seasonal trend (Figure 1). Annual
patterns also varied by environmental covariate, with solar radiation
and precipitation showing no long-term trend (Figure 2). River dis-
charge rates, daily temperature, tidal amplitude, and wind vectors all
had nonlinear fluctuations over the study period from 1991 to 2019,
with a period in the mid-2000s with lower average discharge rates,
lower daily temperatures, and higher tidal amplitudes (Figure 2).

Tidal Amplitude (m)

3.2 | Baseline trends

The baseline trend model indicated strong seasonal variation in
counts of both Western Sandpiper and Pacific Dunlin. Seasonal
counts of both species varied quadratically with DOY. Pacific Dunlin
indices peaked on ~16 April (DOY = 107) and declined thereafter,
while Western Sandpiper indices typically increased from the start
of the season and peaked on ~29 April (DOY = 120). The baseline
trend model indicated a nonsignificant yearly decline in Western
Sandpiper counts (/7'\/r = -0.134, SE = 0.083, t = -1.66, p = 0.11),
and little change for Pacific Dunlin counts (/}yr =-0.014, SE = 0.076,
t =-0.188, p = 0.85) from 1991 to 2019.

3.3 | Shorebird abundance and
environmental correlates

In addition to the effects of Year, DOY, and DOY?, the final models
for both Western Sandpiper and Pacific Dunlin included effects of
river discharge, tidal amplitude, and westerly wind strength (Table 2;
Figure 3). Shorebird abundances of both species were negatively
influenced by river discharge and tidal amplitude (Figure 4), where
fewer birds were seen during periods of high river discharge rates
and wide tidal amplitude, and positively correlated with west-
erly wind strength such that more birds were observed at Roberts

Solar Radiation (W/m?)

FIGURE 1 Seasonal changesin
environmental covariates across the
Fraser River estuary during the northward
migration period for shorebirds (Day of
Year (DQOY) 105-135, ~April 15-May 15),
1991-2019. Blue lines depict predictions
from General Additive Models (GAM),
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FIGURE 2 Annual changesin
environmental covariates across the
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Bank on days with strong winds blowing from the west (Table 2;
Figure 3). The parameter estimates and our measures of effect size
indicated discharge had the strongest effect on shorebird counts,
followed by tidal amplitude and westerly wind strength (Table 2).
For Western Sandpiper, the final model also indicated that after ac-
counting for these environmental variables, there was a significant
long-term decline in abundance (/1‘yr =-0.195, SE = 0.092, t = -2.13,
p = 0.04; Table 2). However, for Pacific Dunlin we found a strong
seasonal effect with DOY and DOY? as significant predictors, but
Year was not significant, indicating no long-term changes in counts
of Pacific Dunlin (,Byr = -0.092, SE = 0.083, t = -1.11, p = 0.27;
Table 2). Comparison of models with and without predator measures
using the reduced dataset from 1997 onwards indicated a margin-
ally significant positive association between abundance of raptors
and counts of Western Sandpiper (total raptor count: Praptors = 0.075,
SE=0.044,t=1.70, p = 0.09) and counts of Pacific Dunlin (total rap-

tor count: g =0.050,SE=0.032,t=1.53,p =0.12).

raptors

3.4 | Annual shorebird abundance indices

The annual abundance indices for Western Sandpiper, derived from
predicted values from the final model, varied widely over the study
period (Figure 5), with highest values occurring in 1994 and lowest in
2017. These indices of Western Sandpiper showed a decline of 53.6%

(-2.0% per annum) over the entire study period, and 24.0% over the
last 10 years from 2009 to 2019 (-0.8% per annum). Similarly, an-
nual indices for Pacific Dunlin varied widely from 1991 to 2019, with
highest values in 1994 and lowest in 2005 (Figure 5). These indices
showed a decline of -30.5% over the study period, but the trend

model (Table 2) indicates this trend was not statistically significant.

4 | DISCUSSION

Using a monitoring dataset from a 29-year period from 1991 to
2019, we updated baseline trend estimates generated by Drever
et al. (2014) for Western Sandpiper and Pacific Dunlin on the Pacific
Flyway and analyzed correlations with environmental variables at
Roberts Bank. Our results suggest a long-term decline in Western
Sandpipers, while Pacific Dunlin population indices have remained
stable, and shorebird abundance at this site is correlated with west-

erly winds, tidal amplitude, and river discharge.

4.1 | Baseline trends and annual indices

The negative trends in Western Sandpiper counts at Roberts Bank
are consistent with negative trends in counts observed over much of

the species’ North American wintering range (Meehan et al., 2018),
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Variable Estimate SE t-value
Western Sandpiper
Fixed effects
Intercept 11.363 0.117 97.22
Year -0.195 0.092 -2.13
DOY -0.182 0.142 -1.29
DOY? -1.684 0.130 -12.96
Discharge -0.200 0.090 -2.23
Tidal Amplitude -0.130 0.037 -3.53
Westerly wind 0.076 0.035 2.20
Random effects
Year 0.546
DOY 0.611
DOY? 0.637
Residual 0.718
Dunlin
Fixed effects
Intercept 9.240 0.117 79.25
Year -0.093 0.083 -1.11
DOY -1.314 0.152 -8.65
DOY? -0.602 0.116 -5.19
Discharge -0.231 0.087 -2.66
Tidal Amplitude -0.130 0.036 -3.59
Westerly wind 0.073 0.034 2.14
Random effects
Year 0.547
DOY 0.680
DOY? 0.561
Residual 0.708

TABLE 2 Parameter estimates for

p-value fifzf:f;) models identifying temporal .trends and
effects of environmental variables on
counts of Western Sandpiper and Dunlin
at Roberts Bank on the Fraser River Delta,
<0.001 British Columbia, 1991 to 2019
0.033
0.198
<0.001
0.026 -71.2
<0.001 -41.3
0.028 17.7
<0.001
0.266
<0.001
<0.001
0.008 -86.0
<0.001 -41.5
0.033 17.0

Note: Counts are In-transformed, and all independent variables were centered on their mean and
scaled on their standard deviations. Effect size for environmental covariates calculated as the
percent difference in predicted count between focal variable set at 0.90 and 0.10 percentiles.

supporting the contention that counts at Roberts Bank reflect the
species’ status over a large fraction of its range. Similarly, our re-
sult of no long-term trends in Pacific Dunlin counts are consistent
with previous findings for the west coast of North America (Xu
et al., 2015). The long-term decline in Western Sandpiper abun-
dances that we observed underscores the need to understand full
lifecycle demography of this species, supports general trends in
Arctic-breeding shorebird populations (Smith et al., 2020), and sug-
gests further conservation actions are needed to preserve this abun-

dant species (Hope et al., 2019).

4.2 | River dscharge

Timing of the Fraser River freshet is determined by the rate

and quantity of snowmelt, compounded by spring precipitation

and temperature within the Fraser River drainage basin (Kang
etal.,2016). The lower numbers of shorebirds observed during days
and years of higher discharge from the Fraser River likely reflects
the effects of this discharge on food availability at Roberts Bank.
To our knowledge, this study is the first to document a correlation
with spring runoff and shorebird abundance at an estuarine stopo-
ver. Given the importance of intertidal biofilm in diets of shore-
birds at Roberts Bank (Kuwae et al., 2008; Mathot et al., 2010;
Jardine et al., 2015) and that microphytobenthos in biofilm can
account for up to 50% of the primary production of estuarine
ecosystems (Haro et al., 2020; Underwood & Kromkamp, 1999),
it is possible that river discharge affects the quality of nutrients
available on the mudflats where birds are foraging. Fatty acids in
lipid provide essential nutrients to fuel long-distance migration
(Guglielmo, 2010), and the benthic diatoms in intertidal biofilm are
a rich source of fatty acids (Scholz & Liebezeit, 2013). Diatoms



CANHAM ET AL.

FIGURE 3 Relationships between
Fraser River discharge, tidal amplitude,
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River Outflow

and westerly wind strength, with daily
counts of Western Sandpiper at Roberts
Bank, British Columbia. Lines indicate
values predicted using the final model
where other covariates were held at their
medians, and variable of interest at 0.10,
0.50, and 0.90 percentiles. Not shown are
counts above 225,000 birds (n = 12)
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at Roberts Bank are hypothesized to accumulate lipid when they
experience fluctuations in salinity (Schnurr et al., 2020), as can
occur during the early periods of Fraser River freshet in spring.
Alternatively, the freshet may mark the seasonal successional
change in the community composition of the microphytobenthos
or its grazers, which would result in changes in the availability of
fatty acids and other essential nutrients (Passarelli et al., 2015;
Sahan et al., 2007). Despite their different dietary preferences,
we found similar results for the impact of freshwater on Western
Sandpiper and Pacific Dunlin, which could reflect the extent that
freshwater flow influences the entire benthic community and not
only diatoms and invertebrates. This correlational study cannot
disentangle the underlying mechanisms surrounding growth and
productivity in intertidal biofilm, but highlights the complexity of

estuarine systems where the influence of freshwater incursion on
shorebird abundance requires further study.

4.3 | Tidal amplitude

Western Sandpiper and Pacific Dunlin abundances were nega-
tively correlated with tidal amplitude, consistent with previous
studies linking shorebird abundance with tidal amplitude (Fonseca
et al.,, 2017; Granadeiro et al., 2006; Nehls & Tiedemann, 1993),
and indicating that fewer birds were observed during spring
tides (wide tidal amplitude). Tides in this system are semi-diurnal
(Thomson, 1981), and tidal amplitude is negatively correlated with

the daily number of hours that the productive upper intertidal
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FIGURE 4 Relationships between
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area remains exposed (r = -0.71; Environment and Climate Change

unpub.). Therefore, we suggest that tidal amplitude would be

to breeding grounds in western Alaska. The higher abundance of

shorebirds during periods of strong westerly winds could result from

closely related to the time and total area available for foraging by
shorebirds (Calle et al., 2016; Granadeiro et al., 2006) and that
more birds would be displaced to forage elsewhere during spring
tides than during neap tides.

4.4 | Wind

During spring migration, Western Sandpipers travel along the Pacific
Flyway on a northwest axis from their nonbreeding grounds along
the coast of South and Central America, Mexico, and California

birds choosing to stay on the mudflat when winds are unfavorable
for departure to the northwest (Alerstam & Lindstrom, 1990; Butler
et al,, 1997). At stopover sites, wind speed and direction affect
bird departure, arrival and length of stay (Alerstam, 1979; Mitchell
et al., 2015). Tail winds provide an advantage to migrating birds by
reducing energy expenditure, which may increase flight speeds
(Anderson et al., 2019; Shamoun-Baranes et al., 2017), and head-
winds or crosswinds can delay migration (Alerstam & Lindstrém,
1990). Similar relationships were found for shorebirds that de-
layed migration during unfavorable winds at stopover sites in the

Yellow Sea and southern Scandiniavia (Grénroos et al., 2012; Ma
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et al., 2011). Our results indicate wind assistance is a factor, but that

local conditions have a stronger influence than wind variables.

4.5 | Complexity in estuarine ecosystems

Estuaries provide important ecosystem services including carbon
storage, wave attenuation, sediment stability, coastline erosion pre-
vention, and habitat for wildlife. Rich intertidal foraging habitat along
coastlines has been an important feature in shorebird evolution of
long-distance migrationin shorebirds (Butler etal.,2001). Worldwide,
shorebird distribution is positively correlated with coastal primary

productivity and shorebird stopover sites are selected based, in

large part, on food abundance and availability (Butler et al., 2001).
The discovery that biofilm is an important dietary component for
Western Sandpiper (Elner et al., 2005; Kuwae et al., 2008), and a
high-energy food source for at least 21 additional species of shore-
birds, including sandpipers, shanks, and plovers (Kuwae et al., 2012),
has precipitated the need for a greater ecosystem-level understand-
ing of mudflats and estuaries (Mathot et al., 2018), as biofilm also
provides food for benthic invertebrates that are in turn consumed by
shorebirds (Cheverie et al., 2014; Hamilton et al., 2006). Our finding
that shorebird abundance in the Fraser River Delta was affected by
both marine and riverine processes highlights the complexity of es-
tuaries, wherein the Fraser River interacts with the mudflat system

at Roberts Bank resulting in larger ecological effects on shorebird
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migration. This complexity includes the possibility of feedback
mechanisms in which faecal droppings from shorebirds, which add
dissolved nutrients to the mudflat and are correlated with shorebird
abundance (Canham, 2020), can stimulate growth of benthic dia-
toms (Jauffrais et al., 2015). Thus, research on the nutritional ecol-
ogy of biofilm, invertebrates, and shorebirds, coupled with studies
on how changing conditions in spring affect available nutrients, is
needed to better understand the importance of estuarine environ-
ments to shorebird abundance during the critical northward migra-
tion period. We also acknowledge that our dataset is limited to daily
counts of shorebirds and that information is lacking on stopover de-
cisions or length of stay, an important indicator of stopover site qual-
ity (as addressed further in Drever et al., 2014). With the addition of
a coordinated automated radio telemetry system (e.g., Motus, Taylor
et al., 2017) across the Pacific Flyway, we believe tracking data will
help to further elucidate shorebird stopover-selection behavior in

the Fraser River estuary and the results of this study.

4.6 | Climate change implications

Many of the environmental parameters we examined are, or will be,
influenced by climate change. Current climate models predict that
mean surface temperature and mean precipitation will increase in
mid-latitude wet regions, and extreme precipitation events are likely
to become more intense and more frequent (IPCC, 2014). Higher
mean air temperatures may decrease snowpack in winter and re-
sult in earlier snowmelt, which will affect the size and timing of the
Fraser River freshet (Shrestha et al., 2012). Given the uncertainty
surrounding the factors affecting biofilm and its importance as a fuel
source for migrating shorebirds, the influence of climate change on
the spring freshet could have adverse effects on biofilm and thus
food quantity and quality at this stopover site. If the advancement
of freshet results in greater discharge rates during the critical north-
ward migration period (15 April-15 May), then further declines in
shorebird numbers may be expected.

5 | CONCLUSIONS

The spring freshet is a transformative event on the Fraser River es-
tuary, as freshwater and nutrients empty into the Strait of Georgia,
coinciding with shorebird northward migration stopover. The Fraser
River estuary provides a critical link in the Pacific Flyway stopo-
ver chain for shorebird populations migrating northward, and the
river interacts with the Roberts Bank mudflat habitat in complex
ways. However, much of the shoreline surrounding the Fraser River
Estuary, including portions of Roberts Bank, is industrialized or has
been converted to residential properties, and further coastal devel-
opment is likely. Given the significant effects of wind strength and
direction, tidal amplitude, and river discharge on shorebird abun-

dance that we observed at Roberts Bank, the impacts of climate

change on the size and timing of spring freshet could put an addi-
tional strain on habitat for global shorebird populations. As threats
to coastal estuarine ecosystems increase with climate change and
further development, protection of stopover site habitats will be a

crucial component for shorebird conservation.

ACKNOWLEDGMENTS

This work was funded by the Canadian Wildlife Service and the
Science and Technology Branch of Environment and Climate Change
Canada. The University of British Columbia provided photon flux
density data. The Corporation of Delta, British Columbia, provided
access to the dike at Brunswick Point. We thank Rob Butler, Bob
Elner, and Moira Lemon who pioneered the shorebird monitoring
and research program at Roberts Bank.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS

Rachel Canham: Conceptualization (supporting); data curation (lead);
formal analysis (supporting); investigation (equal); project adminis-
tration (lead); writing - original draft (lead); writing - review and ed-
iting (lead). Scott A. Flemming: Formal analysis (equal); investigation
(equal); methodology (equal); validation (equal); visualization (equal);
writing - review and editing (equal). David D. Hope: Formal analysis
(supporting); investigation (supporting); methodology (supporting);
validation (equal); writing - review and editing (supporting). Mark
C. Drever: Conceptualization (lead); data curation (supporting); for-
mal analysis (lead); methodology (supporting); writing - original draft

(equal); writing - review and editing (equal).

Open research badges

L

This article has earned an Open Data Badge for making publicly
available the digitally-shareable data necessary to reproduce the
reported results. The data is available at https://doi.org/10.5061/
dryad.ghx3ffbmj.

DATA AVAILABILITY STATEMENT

Shorebird count data and environmental correlate data from this
study are available from the open data portal Dryad (https://doi.
org/10.5061/dryad.ghx3ffbmj).

ORCID
Rachel Canham https://orcid.org/0000-0003-4913-5099
David D. Hope https://orcid.org/0000-0002-2140-4261

Mark C. Drever https://orcid.org/0000-0001-5303-9230

REFERENCES

Alerstam, T. A. (1979). Wind as a selective agent in bird migration. Ornis
Scandinavica, 10(1), 76-93.


https://doi.org/10.5061/dryad.ghx3ffbmj
https://doi.org/10.5061/dryad.ghx3ffbmj
https://doi.org/10.5061/dryad.ghx3ffbmj
https://doi.org/10.5061/dryad.ghx3ffbmj
https://orcid.org/0000-0003-4913-5099
https://orcid.org/0000-0003-4913-5099
https://orcid.org/0000-0002-2140-4261
https://orcid.org/0000-0002-2140-4261
https://orcid.org/0000-0001-5303-9230
https://orcid.org/0000-0001-5303-9230

CANHAM ET AL.

Alerstam, T., & Lindstrom, A. (1990). Optimal bird migration: the relative
importance of time, energy and safety. In E. Gwinner (Ed.), Bird migra-
tion. (pp. 331-351). Berlin: Springer.

Anderson, A. M., Duijns, S., Smith, P. A., Friis, C., & Nol, E. (2019). Migration
distance and body condition influence shorebird migration strate-
gies and stopover decisions during southbound migration. Frontiers in
Ecology and Evolution, 7, 251. https://doi.org/10.3389/fevo.2019.00251

Baker, A. J., Gonzélez, P. M., Piersma, T., Niles, L. J., de Lima Serrano do
Nascimento, I., Atkinson, P. W., Clark, N. A., Minton, C. D. T., Peck,
M. K., & Aarts, G. (2004). Rapid population decline in red knots:
Fitness consequences of decreased refuelling rates and late arrival
in Delaware Bay. Proceedings of the Royal Society of London. Series B:
Biological Sciences, 271(1541), 875-882. https://doi.org/10.1098/
rspb.2003.2663

Bart, J., Brown, S., Harrington, B., & Morrison, R. |. G. (2007). Survey
trends of North American shorebirds: Population declines or shift-
ing distributions? Journal of Avian Biology, 38(1), 73-82. https://doi.
org/10.1111/j.2007.0908-8857.03698.x

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software, 67(1),
1-48. https://doi.org/10.18637/jss.v067.i01

Butler, R., Davidson, N., & Morrison, R. I. G. (2001). Global-scale shore-
bird distribution in relation to productivity of near-shore ocean wa-
ters. Waterbirds, 24(2), 224-232. https://doi.org/10.2307/1522034

Butler, R. W., Williams, T. D., Warnock, N., & Bishop, M. A. (1997). Wind
assistance: A requirement for migration of shorebirds? The Auk,
114(3), 456-466. https://doi.org/10.2307/4089246

Calle, L., Gawlik, D. E., Xie, Z., Green, L., Lapointe, B., & Strong, A. (2016).
Effects of tidal periodicities and diurnal foraging constraints on the
density of foraging wading birds. The Auk: Ornithological Advances,
133(3), 378-396. https://doi.org/10.1642/AUK-15-234.1

Canham, R. (2020). Comparison of shorebird abundance and foraging
rate estimates from footprints, fecal droppings and trail cameras.
Wader Study, 127, 37-42. https://doi.org/10.18194/ws.00170

Cheverie, A. V., Hamilton, D. J., Coffin, M. R., & Barbeau, M. A. (2014).
Effects of shorebird predation and snail abundance on an intertidal
mudflat community. Journal of Sea Research, 92, 102-114. https://doi.
org/10.1016/j.seares.2014.03.011

Cibic, T.,Blasutto, O.,Hancke, K.,&Johnsen, G.(2007). Microphytobenthic
species composition, pigment concentration, and primary pro-
duction in sublittoral sediments of the trondheimsfjord (Norway).
Phycological Society of America, 43, 1126-1137.

Decho, A. W. (2000). Microbial biofilms in intertidal systems: An over-
view. Continental Shelf Research, 20(10-11), 1257-1273. https://doi.
org/10.1016/50278-4343(00)00022-4

Drever, M. C., Lemon, M. J,, Butler, R. W., & Millikin, R. L. (2014).
Monitoring populations of Western Sandpipers and Pacific Dunlins
during northward migration on the Fraser River Delta, British
Columbia, 1991-2013. Journal of Field Ornithology, 85, 10-22. https://
doi.org/10.1111/jofo.12045

Elner, R. W.,, Beninger, P. G., Jackson, D. L., & Potter, T. M. (2005).
Evidence of a new feeding mode in western sandpiper (Calidris
mauri) and dunlin (Calidris alpina) based on bill and tongue morphol-
ogy and ultrastructure. Marine Biology, 146, 1223-1234. https://doi.
org/10.1007/s00227-004-1521-5

(ECCC) Environment and Climate Change Canada (2019). Historical
Hydrometric Data Search. Available from: https://wateroffice.ec.gc.
ca/search/historical_e.html

Fonseca, J., Basso, E., Serrano, D., & Navedo, J. G. (2017). Effects of tidal
cycles on shorebird distribution and foraging behaviour in a coastal
tropical wetland: Insights for carrying capacity assessment. Estuarine,
Coastal and Shelf Science, 198, 279-287. https://doi.org/10.1016/j.
ecss.2017.09.016

Galbraith, H., DesRochers, D. W., Brown, S., & Reed, J. M. (2014).
Predicting vulnerabilities of North American shorebirds to climate

Fcology and Evolution o 2839
= WILEY- 2%

change. PLoS One, 9(9), €108899. https://doi.org/10.1371/journ
al.pone.0108899

Granadeiro, J. P, Dias, M. P., Martins, R. C., & Palmeirim, J. M. (2006).
Variation in numbers and behaviour of waders during the tidal cycle:
Implications for the use of estuarine sediment flats. Acta Oecologica,
29(3), 293-300.

Grénroos, J., Green, M., & Alerstam, T. (2012). To fly or not to fly depend-
ing on winds: Shorebird migration in different seasonal wind regimes.
Animal Behaviour, 83(6), 1449-1457. https://doi.org/10.1016/j.anbeh
av.2012.03.017

Guglielmo, C. G. (2010). Move that fatty acid: Fuel selection and trans-
port in migratory birds and bats. Integrative and Comparative Biology,
50, 336-345. https://doi.org/10.1093/icb/icq097

Hamilton, D. J., Diamond, A. W., & Wells, P. G. (2006). Shorebirds,
snails, and the amphipod (Corophium volutator) in the upper Bay of
Fundy: Top-down vs. bottom-up factors, and the influence of com-
pensatory interactions on mudflat ecology. Hydrobiologia, 567(1),
285-306.

Haro, S., Lara, M, Laiz, I., Gonzélez, C. J., Bohdrquez, J., Garcia-Robledo,
E., Corzo, A., & Papaspyrou, S. (2020). Microbenthic net metabolism
along intertidal gradients (Cadiz Bay, SW Spain): Spatio-temporal
patterns and environmental factors. Frontiers in Marine Science, 7, 39.
https://doi.org/10.3389/fmars.2020.00039

Harrington, B. A., Brown, S. C., Corven, J., & Bart, J. (2002). Collaborative
approaches to the evolution of migration and the development of
science-based conservation in shorebirds. The Auk, 119(4), 914-
921.  https://doi.org/10.1642/0004-8038(2002)119[0914:CATTE
0]2.0.CO;2

Hope, D. D., Pekarik, C., Drever, M. C., Smith, P. A., Gratto-Trevor, C.,
Paquet, J., Aubry, Y., Donaldson, G., Friis, C., Gurney, K., Rausch, J.,
McKellar, A. E., & Andres, B. (2019). Shorebirds of conservation con-
cern in Canada-2019. Wader Study Group, 126(2), 88-100. https://
doi.org/10.18194/ws.00148

IPCC (2014). Core Writing Team, R. K. Pachauri, & L. A. Meyer
(Eds.), Climate Change 2014: Synthesis Report. Contribution of
Working Groups I, Il and Il to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (pp. 151). Geneva
Switzerland: IPCC.

Iverson, G. C., Warnock, S. E., Butler, R. W., Bishop, M. A., Warnock, N.,
Warnock, S. E., & Bishop, M. A. (1996). Spring migration of western
sandpipers along the pacific coast of North America: A telemetry
study. The Condor, 98(1), 10-21. https://doi.org/10.2307/1369502

Jardine, C. B, Bond, A. L., Davidson, P. J. A., Butler, R. W., & Kuwae, T.
(2015). Biofilm consumption and variable diet composition of west-
ern sandpipers (Calidris mauri) during migratory stopover. PLoS One,
10(4), 1-14. https://doi.org/10.1371/journal.pone.0124164

Jauffrais, T., Drouet, S., Turpin, V., Méléder, V., Jesus, B., Cognie, B.,
Raimbault, P., Cosson, R. P., Decottignies, P., & Martin-Jézéquel, V.
(2015). Growth and biochemical composition of a microphytobenthic
diatom (Entomoneis paludosa) exposed to shorebird (Calidris alpina)
droppings. Journal of Experimental Marine Biology and Ecology, 469,
83-92. https://doi.org/10.1016/j.jembe.2015.04.014

Jiménez, A., Elner, R. W., Favaro, C., Rickards, K., & Ydenberg, R. C.
(2015). Intertidal biofilm distribution underpins differential tide-
following behaviour of two sandpiper species (Calidris mauri and
Calidris alpina) during northward migration. Estuarine, Coastal and
Shelf Science, 155, 8-16.

Kang, D. H., Gao, H., Shi, X,, Islam, S. U., & Déry, S. J. (2016). Impacts
of a rapidly declining mountain snowpack on streamflow timing in
Canada’s Fraser River basin. Scientific Reports, 6, 19299. https://doi.
org/10.1038/srep19299

Kostaschuk, R. A., & Atwood, L. A. (1990). River discharge and tidal con-
trols on salt-wedge position and implications for channel shoaling:
Fraser River, British Columbia. Canadian Journal of Civil Engineering,
17(3), 452-459. https://doi.org/10.1139/190-049


https://doi.org/10.3389/fevo.2019.00251
https://doi.org/10.1098/rspb.2003.2663
https://doi.org/10.1098/rspb.2003.2663
https://doi.org/10.1111/j.2007.0908-8857.03698.x
https://doi.org/10.1111/j.2007.0908-8857.03698.x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2307/1522034
https://doi.org/10.2307/4089246
https://doi.org/10.1642/AUK-15-234.1
https://doi.org/10.18194/ws.00170
https://doi.org/10.1016/j.seares.2014.03.011
https://doi.org/10.1016/j.seares.2014.03.011
https://doi.org/10.1016/S0278-4343(00)00022-4
https://doi.org/10.1016/S0278-4343(00)00022-4
https://doi.org/10.1111/jofo.12045
https://doi.org/10.1111/jofo.12045
https://doi.org/10.1007/s00227-004-1521-5
https://doi.org/10.1007/s00227-004-1521-5
https://wateroffice.ec.gc.ca/search/historical_e.html
https://wateroffice.ec.gc.ca/search/historical_e.html
https://doi.org/10.1016/j.ecss.2017.09.016
https://doi.org/10.1016/j.ecss.2017.09.016
https://doi.org/10.1371/journal.pone.0108899
https://doi.org/10.1371/journal.pone.0108899
https://doi.org/10.1016/j.anbehav.2012.03.017
https://doi.org/10.1016/j.anbehav.2012.03.017
https://doi.org/10.1093/icb/icq097
https://doi.org/10.3389/fmars.2020.00039
https://doi.org/10.1642/0004-8038(2002)119%5B0914:CATTEO%5D2.0.CO;2
https://doi.org/10.1642/0004-8038(2002)119%5B0914:CATTEO%5D2.0.CO;2
https://doi.org/10.18194/ws.00148
https://doi.org/10.18194/ws.00148
https://doi.org/10.2307/1369502
https://doi.org/10.1371/journal.pone.0124164
https://doi.org/10.1016/j.jembe.2015.04.014
https://doi.org/10.1038/srep19299
https://doi.org/10.1038/srep19299
https://doi.org/10.1139/l90-049

CANHAM ET AL.

2840 WI LEY_ECObe and Evolution

Open Access,

Kuwae, T., Beninger, P. G., Decottignies, P., Mathot, K. J., Lund, D. R., &
Elner, R. W. (2008). Biofilm grazing in a higher vertebrate: The west-
ern sandpiper, Calidris mauri. Ecology, 89(3), 599-606.

Kuwae, T., Miyoshi, E., Hosokawa, S., Ichimi, K., Hosoya, J., Amano,
T., Moriya, T., Kondoh, M., Ydenberg, R. C., & Elner, R. W. (2012).
Variable and complex food web structures revealed by exploring
missing trophic links between birds and biofilm. Ecology Letters, 15(4),
347-356. https://doi.org/10.1111/j.1461-0248.2012.01744.x

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017).
ImerTest package: Tests in linear mixed effects models. Journal
of Statistical Software, 82(13), 1-26. https://doi.org/10.18637/jss.
v082.i13

Lank, D. B., Butler, R. W., Ireland, J., & Ydenberg, R. C. (2003). Effects of
predation danger on migration strategies of sandpipers. Oikos, 103,
303-319. https://doi.org/10.1034/j.1600-0706.2003.12314.x

Ma, Z., Hua, N., Zhang, X., Guo, H., Zhao, B., Ma, Q., Xue, W., & Tang, C.
(2011). Wind conditions affect stopover decisions and fuel stores of
shorebirds migrating through the south Yellow Sea. Ibis, 153(4), 755-
767. https://doi.org/10.1111/j.1474-919X.2011.01164.x

Maillet, D., & Weber, J. M. (2006). Performance-enhancing role of dietary
fatty acids in a long-distance migrant shorebird: The semipalmated
sandpiper. Journal of Experimental Biology, 209(14), 2686-2695.
https://doi.org/10.1242/jeb.02299

Maillet, D., & Weber, J. M. (2007). Relationship between n-3 PUFA
content and energy metabolism in the flight muscles of a migrat-
ing shorebird: Evidence for natural doping. Journal of Experimental
Biology, 210, 413-420. https://doi.org/10.1242/jeb.02660

Mathot, K. J., Lund, D. R., & Elner, R. W. (2010). Sediment in stomach con-
tents of western sandpipers and dunlin provide evidence of biofilm
feeding sediment in stomach contents of western sandpipers and
dunlin provide evidence of biofilm feeding. Waterbirds, 33(3), 300-
306. https://doi.org/10.1675/063.033.0305

Mathot, K. J., Piersma, T., & Elner, R. W. (2018). Shorebirds as Integrators
and Indicators of Mudflat Ecology. In P.G. Beninger (Ed.), Mudflat
Ecology (pp. 309-338). Switzerland: Springer Nature.

Meehan, T. D., LeBaron, G. S., Dale, K., Michel, N. L., Verutes, G. M., &
Langham, G. M. (2018). Abundance trends of birds wintering in the USA
and Canada, from Audubon Christmas Bird Counts, 1966-2017, version
2.1. National Audubon Society.

Mitchell, G. W., Woodworth, B. K., Taylor, P. D., & Norris, D. R. (2015).
Automated telemetry reveals age specific differences in flight
duration and speed are driven by wind conditions in a migra-
tory songbird. Movement Ecology, 3, 19. https://doi.org/10.1186/
s40462-015-0046-5

Murray, N. J., Clemens, R. S., Phinn, S. R., Possingham, H. P., & Fuller,
R. A. (2014). Tracking the rapid loss of tidal wetlands in the Yellow
Sea. Ecology and the Environment, 12(5), 267-272. https://doi.
org/10.1890/130260

Murray, N. J., Marra, P. P, Fuller, R. A., Clemens, R. S., Dhanjal-Adams, K.,
Gosbell, K. B., Hassell, C. J,, Iwamura, T., Melville, D., Minton, C. D.
T., Riegen, A. C., Rogers, D. I., Woehler, E. J., & Studds, C. E. (2018).
The large-scale drivers of population declines in a long distance mi-
gratory shorebird. Ecography, 41, 867-876. https://doi.org/10.1111/
ecog.02957

Nehls, G., & Tiedemann, R. (1993). What determines the densities of
feeding birds on tidal flats? A case study on Dunlin, Calidris alpina, in
the Wadden Sea. Netherlands Journal of Sea Research, 31(4), 375-384.
https://doi.org/10.1016/0077-7579(93)90054-V

Passarelli, C., Meziane, T., Thiney, N., Boeuf, D., Jesus, B., Ruivo, M.,
Jeanthon, C., & Hubas, C. (2015). Seasonal variations of the compo-
sition of microbial biofilms in sandy tidal flats: Focus of fatty acids,
pigments and exopolymers. Estuarine, Coastal and Shelf Science, 153,
29-37. https://doi.org/10.1016/j.ecss.2014.11.013

Quinn, J. T., Hamilton, D. J., & Hebert, C. E. (2017). Fatty acid composition
and concentration of alternative food of Semipalmated Sandpipers

(Calidris pusilla) in the upper Bay of Fundy, Canada. Canadian Journal
of Zoology, 95, 565-573.

Richardson, W. J. (1978). Timing and amount of bird migration in re-
lation to weather: A review. Oikos, 30, 224-272. https://doi.
org/10.2307/3543482

Rosenberg, K. V., Dokter, A. M., Blancher, P. J,, Sauer, J. R., Smith, A. C,,
Smith, P. A, Stanton, J. C., Panjabi, A., Helft, L., Parr, M., & Marra, P. P.
(2019). Decline of the North American Avifauna. Science, 366(6461),
120-124.

Sahan, E., Sabbe, K., Creach, V., Hernandez-Raquet, G., Vyverman, W.,
Stal, L. J., & Muyzer, G. (2007). Community structure and seasonal
dynamics of diatom biofilms and associated grazers in intertidal
mudflats. Aquatic Microbial Ecology, 47(3), 253-266. https://doi.
org/10.3354/ame047253

Schnurr, P. J., Drever, M. C,, Elner, R. W., Harper, J., & Arts, M. T. (2020).
Peak abundance of fatty acids from intertidal biofilm in relation to
the breeding migration of shorebirds. Frontiers in Marine Science,
7(63), 1-17. https://doi.org/10.3389/fmars.2020.00063

Schnurr, P. J., Drever, M. C., Kling, H. J., Elner, R. W., & Arts, M. T. (2019).
Seasonal changes in fatty acid composition of estuarine intertidal
biofilm: Implications for Western Sandpiper migration. Estuarine,
Coastal and Shelf Science, 224, 94-107. https://doi.org/10.1016/j.
ecss.2019.04.047

Scholz, B., & Liebezeit, G. (2013). Biochemical characterisation and fatty
acid profiles of 25 benthic marine diatoms isolated from the Solthérn
tidal flat (southern North Sea). Journal of Applied Phycology, 25(2),
453-465. https://doi.org/10.1007/s10811-012-9879-0

Schwenk, D., Seppalg, J., Spilling, K., Virkki, A., Tamminen, T., Oksman-
Caldentey, K. M., & Rischer, H. (2013). Lipid content in 19 brackish
and marine microalgae: Influence of growth phase, salinity and tem-
perature. Aquatic Ecology, 47(4), 415-424. https://doi.org/10.1007/
$10452-013-9454-z

Shamoun-Baranes, J., Liechti, F., & Vansteelant, W. M. G. (2017).
Atmospheric conditions create freeways, detours and tailbacks for
migrating birds. Journal of Comparative Physiology A, 203(6-7), 509-
529. https://doi.org/10.1007/s00359-017-1181-9

Sharma, K. K., Schuhmann, H., & Schenk, P. M. (2012). High lipid induc-
tion in microalgae for biodiesel production. Energies, 5, 1532-1553.
https://doi.org/10.3390/en5051532

Shepherd, P. C. F.,, & Lank, D. B. (2004). Marine and agricultural habi-
tat preferences of Dunlin wintering in British Colombia. Journal of
Wildlife Management, 68, 15-24.

Shrestha, R. R., Schnorbus, M. A., Werner, A. T., & Berland, A. J. (2012).
Modelling spatial and temporal variability of hydrologic impacts of
climate change in the Fraser River basin, British Columbia. Canada.
Hydrological Processes, 26(12), 1840-1860.

Smith, P. A., McKinnon, L., Meltofte, H., Lanctot, R. B., Fox, A. D., Leafloor,
J. O., Soloviev, M., Franke, A., Falk, K., Golovatin, M., Sokolov, V.,
Sokolov, A., & Smith, A. C. (2020). Status and trends of tundra birds
across the circumpolar Arctic. Ambio, 49(3), 732-748. https://doi.
org/10.1007/s13280-019-01308-5

Sriharan, S., Bagga, D., & Nawaz, M. (1991). The effects of nutrient and
temperature on biomass, growth, lipid production, and fatty acid
composition of Cyclotella cryptica Reimann. Lewin and Guillard.
Applied Biochemistry and Biotechnology, 2, 317-326.

Studds, C. E.,Kendall, B. E., Murray, N. J., Wilson, H. B., Rogers, D. ., Clemens,
R. S., Gosbell, K., Hassell, C. J., Jessop, R., Melville, D. S., Milton, D. A,,
Minton, C. D. T., Possingham, H. P, Riegen, A. C., Straw, P., Woehler, E.
J., & Fuller, R. A. (2017). Rapid population decline in migratory shore-
birds relying on Yellow Sea tidal mudflats as stopover sites. Nature
Communications, 8, 14895. https://doi.org/10.1038/ncomms14895

Sutton, J. N., Johannessen, S. C., & Macdonald, R. W. (2013). A nitrogen
budget for the Strait of Georgia, British Colombia, with emphasis on
particulate nitrogen and dissolved inorganic nitrogen. Biogeosciences,
1,7179-7194.


https://doi.org/10.1111/j.1461-0248.2012.01744.x
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1034/j.1600-0706.2003.12314.x
https://doi.org/10.1111/j.1474-919X.2011.01164.x
https://doi.org/10.1242/jeb.02299
https://doi.org/10.1242/jeb.02660
https://doi.org/10.1675/063.033.0305
https://doi.org/10.1186/s40462-015-0046-5
https://doi.org/10.1186/s40462-015-0046-5
https://doi.org/10.1890/130260
https://doi.org/10.1890/130260
https://doi.org/10.1111/ecog.02957
https://doi.org/10.1111/ecog.02957
https://doi.org/10.1016/0077-7579(93)90054-V
https://doi.org/10.1016/j.ecss.2014.11.013
https://doi.org/10.2307/3543482
https://doi.org/10.2307/3543482
https://doi.org/10.3354/ame047253
https://doi.org/10.3354/ame047253
https://doi.org/10.3389/fmars.2020.00063
https://doi.org/10.1016/j.ecss.2019.04.047
https://doi.org/10.1016/j.ecss.2019.04.047
https://doi.org/10.1007/s10811-012-9879-0
https://doi.org/10.1007/s10452-013-9454-z
https://doi.org/10.1007/s10452-013-9454-z
https://doi.org/10.1007/s00359-017-1181-9
https://doi.org/10.3390/en5051532
https://doi.org/10.1007/s13280-019-01308-5
https://doi.org/10.1007/s13280-019-01308-5
https://doi.org/10.1038/ncomms14895

CANHAM ET AL.

Taylor, P. D., Crewe, T. L., Mackenzie, S. A., Lepage, D., Aubry, Y., Crysler,
Z., Finney, G., Francis, C. M., Guglielmo, C. G., Hamilton, D. J.,
Holberton, R. L., Loring, P. H., Mitchell, G. W., Norris, D. R., Paquet, J.,
Ronconi, R. A., Smetzer, J. R., Smith, P. A., Welch, L. J., & Woodworth,
B. K. (2017). The Motus Wildlife Tracking System: A collaborative
research network to enhance the understanding of wildlife move-
ment. Avian Conservation and Ecology, 12(1). https://doi.org/10.5751/
ACE-00953-120108

Thomas, G. H., Lanctot, R. B., & Szekely, T. (2006). Can intrinsic factors
explain population declines in North American breeding shorebirds?
A comparative analysis. Animal Conservation, 9, 252-258. https://doi.
org/10.1111/j.1469-1795.2006.00029.x

Thomson, R. E. (1981). Oceanography of the British Columbia coast.
Canadian Special Publication of Fisheries and Aquatic Sciences, 56, 291.

Thorne, R., & Woo, M. (2011). Streamflow response to climatic variability
in a complex mountainous environment: Fraser River Basin, British
Columbia, Canada. Hydrological Processes, 25, 3076-3085. https://
doi.org/10.1002/hyp.8225

(UBC) University of British Colombia (2020). Department of Geography
Micrometeorology Group, Data Archive. Available at: https://ibis.
geog.ubc.ca/~achristn/data.html#download

Underwood, G. J. C. (2010). Exopolymers (extracellular polymeric
substances) in diatom-dominated marine sediment biofilms. In J.
Seckbach, & A. Oren (Eds.), Microbial Mats: Modern and ancient mi-
croorganisms in stratified systems, cellular origin, life in extreme habitats
and astrobiology (pp. 287-300). Springer.

Underwood, G. J. C., & Kromkamp, J. (1999). Primary production by
phytoplankton and microphytobenthos in estuaries. Advances
in Ecological Research, 29, 93-153. https://doi.org/10.1016/
S0065-2504(08)60192-0

Underwood, G. J. C., & Smith, D. J. (1998). Predicting epipelic diatom ex-
opolymer concentrations in intertidal sediments from sediment chlo-
rophyll a. Microbial Ecology, 35, 116-125. https://doi.org/10.1007/
002489900066

Warnock, N. (2010). Stopping vs. staging: The difference between a hop
and a jump. Journal of Avian Biology, 41(6), 621-626.

Warnock, N., & Bishop, M. A. (1998). Spring stopover ecology of mi-
grant Western Sandpipers. Condor, 100, 456-467. https://doi.
org/10.2307/1369711

Warwick, F., Dodson, V., & Dodson, J. J. (1999). The St. Lawrence River,
Canada-USA: The need for an ecosystem-level understanding of
large rivers. Journal of Limnology, 60, 29-50.

Fcology and Evolution o 2841
= WILEY- |24

Weber, T. P., Houston, A. |, & Ens, B. J. (1999). Consequences of habitat
loss at migratory stopover sites: A theoretical investigation. Journal
of Avian Biology, 30, 416-426. https://doi.org/10.2307/3677014

Wetlands International (2012). Waterbird population estimates fifth edition
- Summary report. Wetlands International. Retrieved from https://
www.wetlands.org/publications/waterbird-populations-estimates-
fifth-edition/

Wood,S.N.(2011). Faststablerestricted maximum likelihood and marginal
likelihood estimation of semiparametric generalized linear models.
Journal of the Royal Statistical Society: Series B (Statistical Methodology),
73(1), 3-36. https://doi.org/10.1111/j.1467-9868.2010.00749.x

Wood, S. N. (2017). Generalized additive models: An introduction with R
(2nd. ed.). Chapman and Hall/CRC.

Xu, C., Barrett, J., Lank, D. B., & Ydenberg, R. C. (2015). Large and ir-
regular population fluctuations in migratory Pacific (Calidris alpina
pacifica) and Atlantic (C. a. hudsonica) dunlins are driven by density-
dependence and climatic factors. Population Ecology, 57(4), 551-567.
https://doi.org/10.1007/s10144-015-0502-5

Ydenberg, R. C., Butler,R. W., Lank, D. B, Smith, B. D., & Ireland, J. (2004).
Western Sandpipers have altered migration tactics as Peregrine
Falcon populations have recovered. Proceedings of the Royal Society
of London. Series B: Biological Sciences, 271, 1263-1269. https://doi.
org/10.1098/rspb.2004.2713

Zockler, C., Lanctot, R., Brown, S., & Syroechkovskiy, E. (2013).
Waders (Shorebirds). Arctic Report Card 2012. National Oceanic and
Atmospheric Administration. Retrieved from http://www.Arctic.noaa.
gov/reportcard

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Canham R, Flemming SA, Hope DD,
Drever MC. Sandpipers go with the flow: Correlations
between estuarine conditions and shorebird abundance at an
important stopover on the Pacific Flyway. Ecol Evol.
2021;11:2828-2841. https://doi.org/10.1002/ece3.7240



https://doi.org/10.5751/ACE-00953-120108
https://doi.org/10.5751/ACE-00953-120108
https://doi.org/10.1111/j.1469-1795.2006.00029.x
https://doi.org/10.1111/j.1469-1795.2006.00029.x
https://doi.org/10.1002/hyp.8225
https://doi.org/10.1002/hyp.8225
https://ibis.geog.ubc.ca/~achristn/data.html#download
https://ibis.geog.ubc.ca/~achristn/data.html#download
https://doi.org/10.1016/S0065-2504(08)60192-0
https://doi.org/10.1016/S0065-2504(08)60192-0
https://doi.org/10.1007/s002489900066
https://doi.org/10.1007/s002489900066
https://doi.org/10.2307/1369711
https://doi.org/10.2307/1369711
https://doi.org/10.2307/3677014
https://www.wetlands.org/publications/waterbird-populations-estimates-fifth-edition/
https://www.wetlands.org/publications/waterbird-populations-estimates-fifth-edition/
https://www.wetlands.org/publications/waterbird-populations-estimates-fifth-edition/
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1007/s10144-015-0502-5
https://doi.org/10.1098/rspb.2004.2713
https://doi.org/10.1098/rspb.2004.2713
http://www.Arctic.noaa.gov/reportcard
http://www.Arctic.noaa.gov/reportcard
https://doi.org/10.1002/ece3.7240

