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Abstract

The ecological consequences of climate change have been recognized in numer-
ous species, with perhaps phenology being the most well-documented change.
Phenological changes may have negative consequences when organisms within dif-
ferent trophic levels respond to environmental changes at different rates, potentially
leading to phenological mismatches between predators and their prey. This may be
especially apparent in the Arctic, which has been affected more by climate change
than other regions, resulting in earlier, warmer, and longer summers. During a 7-year
study near Utqiagvik (formerly Barrow), Alaska, we estimated phenological mismatch
in relation to food availability and chick growth in a community of Arctic-breeding
shorebirds experiencing advancement of environmental conditions (i.e., snowmelt).
Our results indicate that Arctic-breeding shorebirds have experienced increased phe-
nological mismatch with earlier snowmelt conditions. However, the degree of pheno-
logical mismatch was not a good predictor of food availability, as weather conditions

after snowmelt made invertebrate availability highly unpredictable. As a result, the
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food available to shorebird chicks that were 2-10 days old was highly variable among
years (ranging from 6.2 to 28.8 mg trap™* day™ among years in eight species), and
was often inadequate for average growth (only 20%-54% of Dunlin and Pectoral
Sandpiper broods on average had adequate food across a 4-year period). Although
weather conditions vary among years, shorebirds that nested earlier in relation to
snowmelt generally had more food available during brood rearing, and thus, greater
chick growth rates. Despite the strong selective pressure to nest early, advancement
of nesting is likely limited by the amount of plasticity in the start and progression of
migration. Therefore, long-term climatic changes resulting in earlier snowmelt have
the potential to greatly affect shorebird populations, especially if shorebirds are un-

able to advance nest initiation sufficiently to keep pace with seasonal advancement

KEYWORDS

1 | INTRODUCTION

The ecological consequences of climate change have been recognized
in numerous species, with documented changes occurring to mor-
phology (Gardner, Peters, Kearney, Joseph, & Heinsohn, 2011; Millien
et al., 2006; Sheridan & Bickford, 2011; Teplitsky & Millien, 2014; van
Gils et al., 2016), distributions (Austin & Rehfisch, 2005; Parmesan
& Yohe, 2003; Thomas & Lennon, 1999), and phenology (Crick,
Dudley, Glue, & Thomson, 1997; Forchhammer, Post, & Stenseth,
1998; Hovel, Carlson, & Quinn, 2017; McDermott & DeGroote, 2017
Parmesan & Yohe, 2003; Post, Forchhammer, Stenseth, & Callaghan,
2001; Stenseth et al., 2002; Walther et al., 2002). By adjusting phe-
nology, individuals can time life-history events so that peak food
demands of developing young coincide with peak prey availability
(Bronson, 1985; Durant, Hjermann, Ottersen, & Stenseth, 2007;
Visser, Holleman, & Gienapp, 2006). However, organisms within dif-
ferent trophic levels may respond to changes in their environment
at different rates (Cohen, Lajeunesse, & Rohr, 2018; Thackeray et
al., 2016), potentially resulting in phenological mismatches between
predators and their prey (Both, Asch, Bijlsma, Burg, & Visser, 2009;
Brook, Leafloor, Abraham, & Douglas, 2015; Doiron, Gauthier, &
Lévesque, 2015; Durant et al., 2007; Gaston, Gilchrist, Mallory,
& Smith, 2009; Harrington, Woiwod, & Sparks, 1999; Visser et al.,
2006; Visser, Noordwijk, Tinbergen, & Lessells, 1998).

Phenological mismatch may be especially important in the Arctic
(Bart & Johnston, 2012), which has been affected more by climate
change than other regions, resulting in earlier, warmer, and longer
summers (Callaghan et al., 2005; Hodgkins, 2014; Serreze & Francis,
2006). Shorebirds comprise a large portion of the avian fauna breed-
ing in the Arctic and are an ideal taxon to investigate phenological
mismatch. These tundra-nestinginsectivores time their long-distance
migrations using a combination of endogenous and photoperiod

of their invertebrate prey.

Arctic, chick growth rates, insect emergence, invertebrate availability, phenological mismatch,

shorebirds, trophic mismatch

cues (Karagicheva et al., 2016; Piersma, Brugge, Spaans, & Battley,
2008), but rely on a short pulse of abundant food whose seasonal
emergence is dictated by local climatic conditions on the breeding
grounds (Bolduc et al., 2013; Danks, 1999; Tulp & Schekkerman,
2008). In fact, several studies have shown that both Subarctic- and
Arctic-breeding shorebirds (Gill et al., 2014; Grabowski, Doyle,
Reid, Mossop, & Talarico, 2013; Liebezeit, Gurney, Budde, Zack, &
Ward, 2014; Saalfeld & Lanctot, 2017) and their invertebrate prey
(Braegelman, 2016; Tulp & Schekkerman, 2008) have advanced
their phenologies with recent climate change. Shorebird advance-
ment rates, however, have not kept pace with advancing conditions
(Grabowski et al., 2013; Saalfeld & Lanctot, 2017). Thus, there now
appears to be several instances of phenological mismatch between
the timing of shorebird hatch and peak invertebrate availability, al-
though variability exists among species and sites (Kwon et al., 2019;
McKinnon, Picotin, Bolduc, Juillet, & Béty, 2012; Reneerkens et al.,
2016; Senner, Stager, & Sandercock, 2017).

Past studies on phenological mismatch in Arctic-breeding
shorebirds have often focused on the timing of insect emergence
as it relates to the date of shorebird egg hatching when defining
phenological mismatch. However, this approach does not account
for the amount of food needed for adequate growth and survival
of young, and thus, may not be directly related to an individual's
fitness (Green, Greenwood, & Lloyd, 1977; Tulp & Schekkerman,
2008). Indeed, several studies have shown that shorebird chick
growth and survival rates are predominately influenced by inver-
tebrate availability—not simply timing of hatch relative to peak in-
sect emergence (McKinnon, Nol, & Juillet, 2013; Pearce-Higgins &
Yalden, 2002, 2004; Reneerkens et al., 2016; Schekkerman, Tulp,
Piersma, & Visser, 2003; Senner et al., 2017). While it is often as-
sumed that hatching shortly prior to peak insect emergence will

result in greatest food availability for chicks, this may not always
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be the case. For example, invertebrate availability in the Arctic
depends not only on the timing and magnitude of insect (largely
dipteran) emergence but also on daily invertebrate activity levels
that affect the ability of shorebirds to detect their prey (Bolduc et
al., 2013; Schekkerman, Roomen, & Underhill, 1998; Schekkerman
et al., 2003; Tulp & Schekkerman, 2008). Both factors are influ-
enced by weather—insect emergence is controlled by cumulative
temperatures or temperature thresholds (Bolduc et al., 2013;
Butler, 1980; Danks, 1999; Hgye & Forchhammer, 2008; Tulp &
Schekkerman, 2008), while invertebrate activity is controlled by
daily conditions (e.g., temperature, wind, precipitation; Bolduc
et al., 2013; Schekkerman et al., 1998; Schekkerman et al., 2003;
Tulp & Schekkerman, 2008). Therefore, variability in seasonal
weather patterns may cause fluctuations both in the timing of in-
sect emergence and in prey activity patterns, resulting in complex
and potentially quite variable patterns of food availability during
the avian breeding season. As a result, even if chicks hatch during
peak insect emergence, there is no guarantee they will be able to
find sufficient food if invertebrate activity decreases thereafter.
Thus, relying on the timing of peak insect emergence as it relates
to the date of shorebird egg hatching when defining phenological
mismatch ignores the fact that having a sufficient amount of food
for adequate growth during development is likely more important
for an individual's fitness than is timing of hatch in relation to peak
insect emergence.

To address this shortcoming, we estimated phenological mis-
match over a 7-year period in relation to food availability and chick
growth rates in a community of Arctic-breeding shorebirds experi-
encing advancement of environmental conditions (i.e., snowmelt;
Saalfeld & Lanctot, 2017). Specifically, we (a) describe the inter- and
intra-annual variation in available invertebrate biomass in relation
to snowmelt and seasonal weather conditions, (b) estimate phe-
nological mismatch between timing of peak insect emergence and
shorebird hatch relative to timing of snowmelt, (c) determine how
the degree of phenological mismatch relates to food availability and
growth rates of chicks, and (d) determine how timing of hatch with
respect to snowmelt influences food availability of chicks for eight

shorebird species.

2 | MATERIALS AND METHODS

2.1 | Study area

From 2010 to 2016, we collected data on shorebird nesting, inverte-
brate availability, and environmental variables at six 36-ha plots near
Utgiagvik (formerly Barrow), Alaska (see Saalfeld & Lanctot, 2017).
Data on chick growth were collected in 2013-2016. We divided all
plots into 144 quadrats (50 x 50 m) using wooden stakes placed
every 50 m to facilitate data collection. Habitat within the study
plots consisted mainly of tundra dominated by sedges, grasses,
and moss interspersed with small ponds. Thus, plots were a mosaic
of low, wet marsh habitat and higher, well-drained upland habitat
(Brown, Everett, Webber, MacLean, & Murray, 1980).
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2.2 | Data collection

2.2.1 | Timing of snowmelt

Timing of snowmelt affects shorebird nest initiation dates by con-
trolling when suitable habitat and food resources become available
(Grabowski et al., 2013; Green et al., 1977; Liebezeit et al., 2014;
Meltofte, 1985; Meltofte, Hgye, Schmidt, & Forchhammer, 2007;
Saalfeld & Lanctot, 2017; Smith, Gilchrist, Forbes, Martin, & Allard,
2010). Therefore, we estimated the percentage of snow cover to the
nearest 5% within thirty-six 50 x 50 m quadrats (25% of the plot)
equally spaced throughout each 36-ha study plot every 2-5 days until
<10% snow cover remained. We then determined the mean percent
snow cover across all 36 quadrats for each plot on a given date, and
linearly regressed these values through time to determine the date
when 20% snow cover was present on each plot in each year. We
chose 20%, as it could be calculated in almost all years and plots (see
exception below) and <11% of nests were initiated prior to this date.
While several studies have used 50% as their cutoff value (Grabowski
et al.,, 2013; Smith et al., 2010; but see Liebezeit et al., 2014 that
used 5%), our annual date for 20% snow cover was highly correlated
(r = 0.91) with the date of 50% snow cover for 11 years when data
were available (i.e., 2004-2014). Thus, the use of the 20% cutoff
value likely had little impact on our results in comparison to other cut-
off values. In 2016, snow was present, but covered <20% on one plot
during the first snow survey. Therefore, because winter winds keep
snow from accumulating on the tundra and snow melts rapidly once
temperatures reach 0°C, we used the date prior to the first snow sur-

vey as a conservative estimate of 20% snow cover for this plot.

2.2.2 | Invertebrate availability

We used 10-16 modified “Malaise” pitfall traps equally distributed
among mesic and xeric tundra habitats to capture available inver-
tebrates throughout the nesting season. These traps consisted of a
38 x 5 x 7 cm plastic container placed at ground level that captured
ambulatory invertebrates, and a 36 x 36 cm mesh screen placed
perpendicular above the container to capture aerial invertebrates
that hit the screen and fell into the trap (Brown et al., 2014). These
traps act passively to measure both abundance and activity levels
of invertebrates, and as such, have been used as a proxy for inver-
tebrate availability for insectivorous birds in the Arctic (Bolduc et
al.,, 2013; Schekkerman et al., 1998, 2003). In 2010-2013, traps
were placed near one of the six plots, with five traps spaced 15 m
apart along one transect in mesic habitat and a similar arrange-
ment in xeric habitat. To validate that invertebrate abundance pat-
terns were similar across our plots, we changed this arrangement in
2014-2016 and instead placed four traps (two in mesic and two in
xeric tundra) near each of four plots spread throughout our study
area. Subsequent analyses of these 2014-2016 data showed that
invertebrate biomass was correlated (r = 0.51-0.93/year) and of
similar magnitude across these widely spaced plots, indicating that

our sampling near a single plot in 2010-2013 was reflective of the
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entire study area. We typically sampled traps every 3 days between
early June and late July, and restricted analyses to traps sampled
on the same day after the date of 20% snow cover. Individual prey
items were identified to family or order and length was measured
to the nearest 0.25 mm for individuals <2 mm and to the nearest
0.5 mm for individuals >2 mm. We calculated mass for each indi-
vidual using published length-mass regression equations based on
taxon (Ganihar, 1997; Gowing & Recher, 1984; Hawkins, Lankester,
Lautenschlager, & Bell, 1997; Hodar, 1996; Lang, Kroob, & Stumpf,
1997; Rogers, Buschbom, & Watson, 1977; Sabo, Bastow, & Power,
2002; Sage, 1982; Sample, Cooper, Greer, & Whitmore, 1993;
Schoener, 1980; Wrubleski & Rosenberg, 1990).

We estimated total biomass per trap day by combining the bio-
mass of adult Diptera, Coleoptera, and Araneae. These taxa com-
prised the majority of items in the diet of shorebird chicks in this
region (Holmes, 1966; Holmes & Pitelka, 1968). We did not consider
insect larvae as they were reported to be unimportant to chicks less
than two weeks old (Holmes, 1966; Holmes & Pitelka, 1968). We also
removed large-bodied invertebrates (i.e., >5 mg dry mass; account-
ing for 4%-9% of the total biomass in any given year) prior to bio-
mass calculations because shorebird chicks were incapable of eating
such large prey (i.e., they are gape-limited; Pearce-Higgins & Yalden,
2004, Schekkerman & Boele, 2009; D. Gerik, pers. comm.). As inver-
tebrate biomass per trap day was highly correlated (r = 0.71-0.92/
year) between habitat types (i.e., mesic or xeric), we combined infor-

mation across habitats in all analyses.

2.2.3 | Shorebird hatch dates

We located shorebird nests using single-person area searches, two-
person rope drags, and opportunistically (see Saalfeld & Lanctot,
2015 for detailed methods and effort). We visited nests found with
fewer than four eggs (modal clutch size for all species) until clutches
were completed, or until clutch size remained unchanged for two
consecutive days. We estimated nest initiation dates (i.e., date first
egg laid) assuming one egg was laid per day, and for nests found dur-
ing incubation using egg flotation to estimate the start of incubation
(i.e., date 4th egg was laid; Liebezeit et al., 2007). We checked nests
every 3-5 days until 3-4 days prior to the estimated hatch date; at
which time we checked nests every 2 days until eggs were starred
(i.e., hatching was initiated), and daily thereafter. We defined a nest
as successful when at least one egg hatched (Mayfield, 1975). See
Saalfeld and Lanctot (2015) for evidence used to determine hatch-
ing or failure. If evidence at the nest was not conclusive, we classi-
fied the nest fate as unknown. For all analyses, we used actual hatch
dates for successful nests and estimated hatch dates for unsuccess-
ful and unknown fate nests. We excluded all nests in which hatch
date was not estimated (e.g., nest depredated prior to floating eggs).

2.2.4 | Chick growth rates

We obtained growth rate data for known-aged Dunlin (Calidris alpina,
2013, 2014, 2016), Pectoral Sandpiper (C. melanotos, 2013-2016),

and Red Phalarope (Phalaropus fulicarius, 2013-2016) chicks. We
captured chicks at hatch, weighed them to the nearest 0.1 g with
an electronic scale, and marked them with a U.S. Geological Survey
metal leg band. To relocate chicks, we attached a radio transmit-
ter to one chick (Model A2414 weighing 0.3 g; Advanced Telemetry
Systems [ATS], Isanti, Minnesota or Model LB-2X weighing 0.26 g;
Holohil Systems, Ltd) and one attending adult (i.e., male for Dunlin
and Red Phalarope; female for Pectoral Sandpiper; Model A2415 or
A2435 weighing 0.5-0.75 g; ATS) per brood. Transmitters were glued
on the back of adults and chicks approximately 1 cm above the uro-
pygial gland after feather clipping (Warnock & Warnock, 1993). We
attempted to relocate and weigh chicks every 3 days. Additionally,
we opportunistically recaptured and weighed banded chicks from
other broods as encountered. We found that the attachment of the
radio transmitter had little impact on chick growth, as chicks with
transmitters weighed, on average, only 0.11 g less than the average
weight of their other brood members at the time of last recapture
(n = 34 broods; 11 Dunlin, 9 Pectoral Sandpiper, 14 Red Phalarope).

2.3 | Data analyses

2.3.1 | Invertebrate availability

To determine how inter- and intra-annual changes in weather condi-
tions influenced invertebrate availability, we modeled invertebrate
biomass in relation to timing of snowmelt, daily weather variables
(i.e., temperature, precipitation, and wind speed), and growing de-
gree days (GDD) using a general linear mixed model with year as a
random effect (PROC MIXED, SAS Institute, Inc.). More specifically,
our response variable was invertebrate biomass (calculated as total
biomass per trap day) estimated for each invertebrate sampling pe-
riod (i.e., period between invertebrate trap checks, typically 3 days).
For predictor variables, we included the annual date of 20% snow
cover calculated as the mean estimate across all plots for a given
year. To account for weather-related daily activity patterns of in-
vertebrates, we included daily estimates for temperature and wind
speed (i.e., hourly temperature and wind speed averaged across a
24-hr period; data obtained from the National Climate Data Center;
www.ncdc.noaa.gov; accessed 1 February 2017; station ID# 27502
located at the Wiley Post-Will Rogers Memorial Airport ~ 5-10 km
from our study plots) averaged across each invertebrate sampling
period, as well as the percentage of days any precipitation fell (in-
cluding days with unmeasurable “trace” amounts) during each in-
vertebrate sampling period. Finally, we calculated GDD by summing
positive average daily temperatures (i.e., >0°C) since the date of 20%
snow cover up to and including the end of each invertebrate sampling
period. We included GDD as a quadratic term to account for insect
emergence and depletion throughout the season. Prior to analyses,
we standardized all fixed effects to have a mean of O and standard
deviation of 1. We created additive models by combining nonhighly
correlated (r < 0.6) environmental variables. In this and all subse-
quent analyses involving multiple models, we considered the model
with the lowest AIC_ (Akaike's Information Criterion corrected for
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sample size) value to be the best-fitting and models with a AAIC_< 2
to be plausible (Burnham & Anderson, 2002).

2.3.2 | Estimates of phenological mismatch and
relation to snowmelt

We estimated the degree of phenological mismatch by calculat-
ing the number of days between peak insect emergence and peak
shorebird hatch. For each year, we defined peak insect emergence
using the maximum value (i.e., vertex) of the quadratic function for
GDD in the top-ranked model predicting invertebrate abundance
(see “Invertebrate availability” section in the Methods and Results),
while peak shorebird hatch was defined as the median hatch date for
all species combined (or for a given species; see Figure S1). We then
linearly regressed the degree of phenological mismatch against the
average date of 20% snow cover across all study plots in a given year
(PROC REG, SAS Institute, Inc.).

2.3.3 | Impact of phenological mismatch on food
availability

To determine the relationship between the degree of phenological
mismatch and the amount of food available to chicks, we first es-
timated the amount of invertebrate biomass available (or expected
to be available for unsuccessful and unknown fate nests) to chicks
that were 2-10 days old by averaging daily estimates (assuming in-
vertebrate biomass was the same for each day within each of our
3-day sampling periods) over the 9-day period for each brood. We
excluded the first day after hatch because chicks rely on their yolk
sac for the first day after hatching (Nice, 1962; Norton, 1973) and do
not grow during this time (see “Impact of phenological mismatch on
chick growth” section below). We focused on the first ten days after
hatch because this time period is thought to correspond to peak en-
ergetic demands of chicks. For instance, Arctic-breeding shorebird
chicks obtain 25% of adult body mass between 3 and 9 days of age
(dependent on species; Kwon et al., 2019)—a time when their basal
metabolic rate is thought to peak (Ricklefs, 1973). This is also the
time period when chicks are brooded during inclement weather, re-
ducing foraging time (Krijgsveld, Reneerkens, McNett, & Ricklefs,
2003). After determination of the average invertebrate biomass
available to broods 2-10 days old, we then linearly regressed these
values for all species combined (or for a given species; see Figure
S2) against the degree of phenological mismatch (PROC REG, SAS

Institute, Inc.).

2.3.4 | Impact of phenological mismatch on
chick growth

To determine the relationship between the degree of phenological
mismatch and chick growth, we first generated growth curves for
Dunlin, Pectoral Sandpiper, and Red Phalarope chicks for their first
18-20 days using mass from known-age individuals and two growth
models (i.e., Gompertz and logistic; PROC NLMIXED, SAS Institute,
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Inc.). The Gompertz growth model calculates age-specific mass (M)
in grams by: M = A-exp(-exp(-K-(t-i))) while the logistic model cal-
culates M by: M = A/(1 + exp(-K-(t-i))), where A = asymptotic body
mass of adults in grams, K = growth coefficient, t = age of the chick
in days, and i = age at the point of inflection (Starck & Ricklefs, 1998).
To control for repeated measurements on the same individuals, we
included individual as a random effect in all models. We then com-
pared both models using AIC_ values to determine the best-fitting
model for each species.

Next, we determined the relative importance of timing of
hatch, weather, and food availability in explaining variation in
chick growth using linear mixed-effects models (PROC MIXED,
SAS Institute, Inc). Here, our response variable was a chick's re-
sidual mass (observed—expected mass derived from the best-fit-
ting growth model) divided by its mass at each recapture event
in which chicks were >1 day old (hereafter referred to as chick
growth index). Fixed effects included five covariates: seasonal
hatch date, temperature, percentage of days with precipitation,
wind speed, and invertebrate biomass. Seasonal hatch date was
defined as the number of days a nest hatched after the annual date
of 20% snow cover (i.e., mean estimate across all plots for a given
year). We calculated temperature, wind speed, and invertebrate
biomass for each recapture event by averaging daily values (as de-
fined above) from the date of hatch to the day before recapture.
We also calculated the percentage of days with precipitation from
the date of hatch to the day before recapture. Prior to analyses,
we standardized all fixed effects to have a mean of 0 and standard
deviation of 1. Due to nonlinear relationships, we transformed
invertebrate biomass using a negative reciprocal transformation
when this covariate was included in models for Dunlin and Red
Phalarope. For Pectoral Sandpiper, however, models performed
better (i.e., lower AIC ) when invertebrate biomass was included
as a linear effect. We created additive and interaction models by
combining nonhighly correlated (r < 0.6) variables; these models
were restricted to <2 environmental covariates to correspond with
our sample sizes. To account for nonindependence among mea-
surements, we included year and individual nested within brood
as random effects in all models.

For species in which the top-ranked model included invertebrate
biomass, we then calculated the percentage of broods that had suffi-
cient food for average growth during the time chicks were 2-10 days
old in each year. Here, the amount of food needed for average
growth was estimated for each brood using the top-ranked model
coefficients to determine the value of invertebrate biomass at which
the chick growth index was O (i.e., chick was growing at the rate pre-
dicted from the best-fitting growth curve). For 5% of the nests, we
could not determine whether sufficient food was available because
there were <10 days of posthatch invertebrate data collected. For
each species, we then linearly regressed the percentage of broods
with sufficient food for average growth against the degree of phe-
nological mismatch to determine how being mismatched with peak
insect emergence affected chick growth (PROC REG, SAS Institute,
Inc.).



6698 WI LEY—ECOlOgy and Evolution

SAALFELD ET AL.

Open Access,

2010 2011 2012

=
S

013 2014 2015 2016

167

®
S
L

-3
3
L

IS
S
L

150 160 170 180 190 200 210 150 160 170 180 190 200 210

Invertebrate biomass
(mg trap™ day™)

2
155 i 166
|
|
|

150 160 170 180 190 200 210 150 160 170 180 190 200 210 150 160 170 180 190 200 210

150

| i) | :

150 160 170 180 190 200 210 150 160 170 180 190 200 210

50

13.3 (187) 6.2 (347)

T
| 28.8 (311)

] | p
|

40 4

30 1

20 ] i ]
10 o H“!ﬂ p ] g
04 | ]

150 160 170 180 190 200 210 150 160 170 180 190 200 210 150 160 170 180 190 200 210

T T
I I
| |
! |
| 1 1 |
| |

Number of nests

16.6 (353)

150 160 170 180 190 200 210 150 160 170 180 190 200 210
Ordinal date

| 11.6 (304) 07(%9) |

T
| 27.7 (334)
| 1 | 1 1
|
|

T
|
|
|
|
|

| i |

150 160 170 180 190 200 210 150 160 170 180 190 200 210

FIGURE 1 Actual (bars) and predicted (lines) invertebrate biomass (mg trap™* day™; top row) and the number of shorebird nests hatching
or predicted to hatch (all species combined, bottom row) in relation to date near Utgiagvik, Alaska, 2010-2016. Dashed vertical lines in

top graphs correspond to the date when 107°C growing degree days was achieved each year (i.e., the predicted peak insect emergence
date from the top-ranked model; Table 1), while dashed vertical lines in the bottom graphs correspond to the median (i.e., peak) hatch date
for all shorebird species within each year. Ordinal dates in the upper left of the top graphs correspond to the average date of 20% snow
cover across all study plots. Values in the upper left of the bottom graphs correspond to the average invertebrate biomass available to
broods 2-10 days old (mg trap™ day™; sample sizes in parentheses). Ordinal date 150 = 30 May (29 May in leap years). Seasonal variation in
invertebrate biomass for major orders and the most abundant families within orders are in Figure S1

2.3.5 | Timing of hatch in relation to food
availability

To determine how timing of hatch influenced food availability, we
investigated the influence of seasonal hatch date and date of 20%
snow cover on the amount of invertebrate biomass available for
chicks that were 2-10 days old using general linear mixed-effects
models with plot as a random effect. Here, our response variable
was the average daily invertebrate biomass available to each brood
that was 2-10 days old (see “Impact of phenological mismatch on
food availability” section above), while the explanatory variables
were seasonal hatch date and date of 20% snow cover for the plot
in which the brood hatched. We included quadratic terms for both

TABLE 1 Model selection results predicting invertebrate
biomass in relation to growing degree days (GDD; included as

a quadratic term), temperature (temp), percentage of days with
precipitation (precip%), wind speed (wind), and date of 20% snow
cover (snow) near Utgiagvik, Alaska, 2010-2016

Model® Kb AAIC© w
GDD? + temp + precip% + 7 0.0 0.79
wind + snow

GDD? + temp + wind + snow 6 3.2 0.16
GDD? + temp + precip% + wind 6 6.9 0.03
GDD? + temp + precip% + snow 6 8.5 0.01
GDD? + temp + wind 5 10.5 0.00
Intercept 1 92.7 0.00

20nly the top five models and intercept-only model are shown.
PNumber of parameters.

‘Difference between model's Akaike's Information Criterion corrected
for sample size (AIC ) and the lowest AIC_value.

dAICc relative weight attributed to model.

explanatory variables to investigate nonlinear trends, as well as their
interactions. However, we did not include highly correlated (r > 0.6)

variables in the same model.

3 | RESULTS

3.1 | Invertebrate availability

From 2010 to 2016, we captured and identified >200,000 individual
invertebrates over 397 trap days. Invertebrate biomass and avail-
ability varied substantially within and among years (Figure 1). Total
invertebrate biomass was dominated by the order Diptera, which
was often >10 times the biomass of the other two orders, Araneae
and Coleoptera, combined (Figure S1). Each invertebrate order, as
well as families within orders, had their own, and often very differ-
ent patterns of availability (Figure S1). The order Araneae occurred
in low numbers throughout the season each year, whereas within
the orders Diptera and Coleoptera, the most abundant families had
very different seasonal peaks in availability across years (Figure S1).

The top-ranked model predicting invertebrate biomass included
GDD, temperature, percentage of days with precipitation, wind
speed, and date of 20% snow cover (Table 1). Based on this model,
insect emergence followed a quadratic relationship, peaking when
GDD reached 107°C; with greater invertebrate biomass occurring in
early snowmelt years (Table 2; Figure 1). Departures from this simple
quadratic relationship occurred, however, due to daily weather pat-
terns influencing invertebrate activity. Specifically, greater tempera-
tures and lower wind speeds resulted in greater invertebrate activity
(Table 2, Figure 1). The percentage of days with precipitation was
also included in the top-ranked model, however, the 95% confidence
interval included zero, suggesting it was an uninformative parameter
(Arnold, 2010).
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3.2 Estimates of phenological mismatch and
relation to snowmelt

Estimated peak insect emergence showed considerable variation
among years, ranging from 24 June to 22 July, while peak shorebird
hatch was less variable ranging from 2 to 14 July (Figure 1). When
comparing timing between peaks, peak shorebird hatch occurred an-
ywhere from 8 days before to 11 days after peak insect emergence
(median = 1 day after peak insect emergence; n = 7). In general, the
number of days between peak insect emergence and shorebird
hatch was negatively related to timing of snowmelt (FL5 = 15.81;
B = -0.985), so that shorebirds tended to hatch after peak insect
emergence in early snowmelt years, but before peak insect emer-
gence in late snowmelt years (Figure 2). Similar trends were also

noted within individual species (Figure S2).

TABLE 2 Parameter estimates, standard errors, and 95%
confidence intervals from the top-ranked linear mixed-effects
model predicting invertebrate biomass in relation to growing
degree days (GDD; included as a quadratic term), temperature
(temp), percentage of days with precipitation (precip%), wind speed
(wind), and date of 20% snow cover (snow) near Utqgiagvik, Alaska,
2010-2016

Parameter Estimate SE 95% Cl
Intercept 17.924 1.995 14.015 21.833
GDD -0.620 1.543 -3.645 2.405
GDD? -4.095 1.185 -6.419 -1.772
Temp 7.506 1.355 4.851 10.161
Wind -2.816 1.097 -4.966 -0.666
Precip% -1.191 1.053 -3.255 0.873
Snow -3.738 1.685 -7.040 -0.436
15
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3.3 | Impact of phenological mismatch on food
availability

We found that the average invertebrate biomass available to broods
that were 2-10 days old was highly variable among years rang-
ing from 6.2 to 28.8 mg trap™* day™ (n = 162-495 nests per year,
Figure 1), but was unrelated to the degree of phenological mismatch
(p > 0.05; Figure 2). Similar trends were also noted within individual
species, with all species having similar estimates of average inver-
tebrate biomass available to broods when averaged across years
(13-17 mg trap™* day™; Figure S2).

3.4 | Impact of phenological mismatch on
chick growth

We obtained 118 mass measurements from Dunlin chicks (70 re-
captures of 49 chicks from 23 broods; individuals captured 2-7
times), 116 mass measurements from Pectoral Sandpiper chicks (71
recaptures of 45 chicks from 23 broods; individuals captured 2-6
times), and 243 mass measurements from Red Phalarope chicks (131
recaptures of 115 chicks from 44 broods; individuals captured 2-3
times) when they were between 0 and 20 days of age. The logis-
tic growth curve (Figure 3) was the best-fitting model to describe
variation in chick mass by age for all species (AIC_ = 451.3 vs. 470.1
for Gompertz growth curve in Dunlin, 555.5 vs. 558.2 for Pectoral
Sandpiper, 844.1 vs. 852.7 for Red Phalarope).

We found that seasonal hatch date and food availability were
the most influential factors on chick growth indices, although the
importance of these variables differed among species (Table 3).
Specifically, we found that chick growth indices were negatively
related to seasonal hatch date in Dunlin (8 = -0.07 + 0.02) and
Red Phalarope (5 = -0.14 = 0.03; Figure 4), and positively related
to invertebrate biomass in Dunlin ( = 0.14 + 0.03) and Pectoral

Sandpiper (= 0.18 + 0.02; Figure 5). Further, we found that average
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Degree of phenological mismatch

FIGURE 2 Degree of phenological mismatch (i.e., number of days between peak insect emergence and peak shorebird hatch) for all
species combined relative to timing of snowmelt (left graph) and average invertebrate biomass available to broods (mg trap~* day ™) that were
2-10 days old (right graph) near Utgiagvik, Alaska, 2010-2016. The dashed line in the left graph indicates when peak shorebird hatch and
insect emergence occurred at the same time; values above the line (positive values) indicate peak shorebird hatch occurred after peak insect
emergence, while values below the line (negative values) indicate peak shorebird hatch occurred before peak insect emergence. Each point

represents a year. Ordinal date 145 = 25 May (24 May in leap years)
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FIGURE 3 Observed (points) and predicted (lines) mass from logistic growth models predicting chick mass in relation to age in three

shorebird species near Utgiagvik, Alaska, 2013-2016

growth for Dunlin and Pectoral Sandpiper chicks occurred when in-
vertebrate biomass was 21 and 15.5 mg trap™* day™, respectively
(estimate for Dunlin based on average hatch date; see vertical dotted
lines on Figure 5).

For Dunlin and Pectoral Sandpipers, where our top-ranked
model predicting chick growth indices included food availability, we
found that the percentage of broods 2-10 days old that had suffi-
cient food for average growth was highly variable among years,
ranging from 0% to 100% in both species, but was unrelated to the
degree of phenological mismatch (Figure 6). Averaging across years,
we found fewer Dunlin broods (22.8 + 36.1%) had sufficient food for
average growth as compared to Pectoral Sandpipers (54.1 + 33.1%).
It should be noted, however, that both average invertebrate biomass
and percentage of broods with sufficient food for average growth
would likely have been lower had we had invertebrate data for the
late-hatching broods (5% of total).

3.5 | Timing of hatch in relation to food availability

For all species, we found that the best predictor of invertebrate bio-
mass available to broods that were 2-10 days old was the interaction
between the quadratic terms for seasonal hatch date and the date of
20% snow cover (Table 4). Broods from earlier-laid nests generally
had more invertebrate biomass available than later-laid nests, espe-
cially in early snowmelt years (Figure 7). However, in both early and
late snowmelt years, broods hatching late in the season (~ 40 days
after the date of 20% snow cover) had very little food available to
them (Figure 7).

4 | DISCUSSION

Our results indicate that Arctic-breeding shorebirds have expe-

rienced increased phenological mismatch under earlier snowmelt

conditions, with shorebirds tending to hatch after peak insect
emergence in early snowmelt years, but before peak insect emer-
gence in late snowmelt years. Previous studies have also noted
high, but variable levels of phenological mismatch within shore-
bird species breeding throughout the Arctic (Kwon et al., 2019;
McKinnon et al.,, 2012; Reneerkens et al., 2016; Senner et al.,
2017). Although recent studies suggest shorebirds have some ca-
pacity to advance laying dates (Gill et al., 2014; Grabowski et al.,
2013; Liebezeit et al., 2014; Saalfeld & Lanctot, 2017), advance-
ment rates are likely limited by low plasticity in the start and
progression of migration, which is controlled by a combination
of endogenous and photoperiod cues (Karagicheva et al., 2016;
Piersma et al., 2008). Therefore, advancing egg laying may be re-
stricted to birds’ ability to increase their speed of migration (Ely,
McCaffery, & Gill, 2018; La Sorte & Fink, 2017) or to reduce the
time between arrival and egg laying (Visser, Both, & Lambrechts,
2004). However, migration rates are limited by flight speeds, food
availability at migration stop-over sites, and weather conditions
encountered during migration (La Sorte & Fink, 2017; Zhang et al.,
2018). Similarly, reducing the time between arrival and egg laying
may be difficult for shorebirds, as they are generally income breed-
ers that must obtain food resources for egg development after ar-
rival (Klaassen, Lindstrém, Meltofte, & Piersma, 2001; Morrison &
Hobson, 2004). These facts are likely to prevent shorebirds from
keeping pace with rising temperatures that are causing earlier
snowmelt, thus precluding them from exploiting the progressively
earlier availability of their invertebrate prey (Braegelman, 2016;
Grabowski et al., 2013; Saalfeld & Lanctot, 2017).

While there is a very clear relationship between the degree
of phenological mismatch and the timing of annual snowmelt, we
failed to find any relationship between the degree of phenological
mismatch and the amount of food available to chicks (Figure 2).
This is likely the result of unpredictable weather conditions in-

fluencing the activity of invertebrates on the tundra surface, and
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TABLE 3 Linear mixed-effects models predicting shorebird
chick growth indices (see text for definition) in relation to
seasonal hatch date, temperature (temp), percentage of days
with precipitation (precip%), wind speed (wind), and invertebrate
biomass (invert biomass) near Utgiagvik, Alaska, 2013-2016

Model® K® AAIC w!

Dunlin

Seasonal hatch date + invert 3 0.0 0.65
biomass

Seasonal hatch date*invert 4 2.8 0.16
biomass

Invert biomass 2 4.8 0.06

Invert biomass + precip% 3 5.6 0.04

Temp*seasonal hatch date 4 6.5 0.03

Intercept 1 13.4 0.00

Pectoral Sandpiper

Invert biomass 2 0.0 0.77

Seasonal hatch date 2 3.9 0.11

Temp + invert biomass 3 5.6 0.05

Temp*invert biomass 4 6.5 0.03

Wind*seasonal hatch date 4 7.4 0.02

Intercept 1 28.6 0.00

Red Phalarope

Seasonal hatch date 2 0.0 0.73

Seasonal hatch date + temp 3 4.5 0.08

Seasonal hatch date + invert 3 4.9 0.06
biomass

Seasonal hatch date + wind 3 5.4 0.05

Seasonal hatch 3 5.5 0.05
date + precip%

Intercept 1 19.4 0.00

20nly the top five models and intercept-only model are shown.
PNumber of parameters.

‘Difference between model's Akaike's Information Criterion corrected
for sample size (AIC ) and the lowest AIC_ value.

dAICc relative weight attributed to model.

thus, the ability of shorebird young to detect prey (Bolduc et
al., 2013; Schekkerman et al., 1998, 2003; Tulp & Schekkerman,
2008). Even if shorebird chicks hatch during peak insect emer-
gence, there is no guarantee they will be able to find sufficient
food if invertebrate activity is low. We found that food available
to 2-10 day old shorebird chicks was highly variable among years,
and often inadequate for average growth. For example, average
food ranged from 6.2 to 28.8 mg trap * day* across all species and
years. For Dunlin and Pectoral Sandpiper, at least, only 20%-54%
of broods had, on average across 7 years, sufficient food for aver-
age growth (Figure 6). We would expect similar estimates for the
other six species in our study where no chick growth data were
available, although larger species such as American Golden-Plover

and Long-billed Dowitcher may require more food than the other,
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smaller species. Indeed, we found that only 36%-49% of broods of
the other 6 species had sufficient food for average growth when
assuming 15 mg trap_1 day_1 of invertebrate biomass was needed
for average growth; these percentages decreased to 3%-24%
when using 25 mg trap™? day™?, which may be more realistic for
larger species (Figure S3). Such results indicate that Arctic-breed-
ing shorebirds (at least currently, and potentially historically) expe-
rience highly variable levels of food availability even when hatching
during peak insect emergence, potentially resulting in high annual
variability in fledgling and first-year survival rates. As a result,
Arctic-breeding shorebirds may be particularly vulnerable to any
additional changes or stressors present away from the breeding
grounds that decrease the ability of shorebirds to time their brood
hatch with sufficient prey availability. It should be noted, however,
that the average growth rates observed in this study were de-
pendent upon the annual conditions experienced by the sampled
chicks during our 4-year study, and may be below growth rates
that would have been obtained if environmental conditions were
better, or food more plentiful (Loonstra, Verhoeven, & Piersma,
2018). This may explain why we observed lower growth rates and
food requirements for Pectoral Sandpiper broods as compared to
Dunlin, despite Pectoral Sandpipers reaching larger sizes in adult-
hood than Dunlin. The average growth rates documented here for
Pectoral Sandpiper chicks may well be lower than what might be
expected under ideal conditions. As such, the use of an average
chick growth index as a benchmark to gauge whether broods have
sufficient food may in fact be inadequate to determine chick fit-
ness; additional data are needed to better understand how chick
survival rates relate to food availability and seasonal weather pat-
terns (see below).

Numerous researchers have postulated that shorebirds
would benefit the most by hatching their young as early as pos-
sible (Meltofte et al., 2007; Schekkerman et al., 2003; Tulp &
Schekkerman, 2008). Early nesting has been shown to maximize
the probability of a brood hatching during peak invertebrate avail-
ability, enhancing the growth and survival of chicks (Loonstra et
al., 2018; McKinnon et al., 2013, 2012; Pearce-Higgins & Yalden,
2004; Reneerkens et al., 2016; Schekkerman et al., 2003; Senner
et al., 2017). Our results reaffirm these benefits, as early hatch
dates resulted in greater food availability and greater chick
growth, especially in early to average snowmelt years (Figure 7).
Early egglaying may also increase the chances for adults to re-nest
should their first nest fail (Gates, Lanctot, & Powell, 2013), and in-
crease the time available for adults and chicks to acquire sufficient
reserves prior to southbound migration, potentially allowing for
earlier migrations (Meltofte et al., 2007; Taylor, Lanctot, Powell,
Kendall, & Nigro, 2011; Tulp & Schekkerman, 2008).

The ability of shorebirds to nest early, however, is likely to
depend on other selective pressures, such as seasonal variabil-
ity in predation rates (Johansson, Kristensen, Nilsson, & Jonzén,
2015). For example, Reneerkens et al. (2016) suggested that
greater predation on early-hatching nests in Sanderling (Calidris
alba) inhibited advancement of this species’ nesting phenology. In
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FIGURE 4 Dunlin and Red Phalarope chick growth indices (see text for definition) relative to seasonal hatch date (i.e., number of days a
nest hatched after the date of 20% snow cover) from top-ranked linear mixed-effects models (see Table 3) near Utgiagvik, Alaska, 2013-
2016. For Dunlin, we illustrate the effect of invertebrate biomass (present as an additive effect in the top-ranked model along with seasonal
hatch date) at three levels representing the minimum (dot-dashes), average (solid), and maximum (dashes) values during the 2-10 day
posthatch period. The horizontal dotted line in each graph indicates average growth
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FIGURE 5 Dunlin and Pectoral Sandpiper chick growth indices (see text for definition) relative to invertebrate biomass from top-ranked
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peak insect emergence and shorebird
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TABLE 4 Linear mixed-effects models predicting invertebrate
biomass for shorebird broods that were 2-10 days old in relation
to seasonal hatch date (humber of days after the date of 20% snow
cover a nest hatched) and date of 20% snow cover (snow) near
Utqiagvik, Alaska, 2010-2016

Model® K® AAIC © w!

Seasonal hatch date?*snow? 9 0.0 1.00
Seasonal hatch dateZ*snow 6 52.9 0.00
Seasonal hatch date*snow 4 200.6 0.00
Seasonal hatch date*snow? 6 202.2 0.00
Seasonal hatch date? + snow? 5 375.1 0.00
Intercept 1 1,251.9 0.00

20nly the top five models and intercept-only model are shown.
PNumber of parameters.

“Difference between model's Akaike's Information Criterion corrected
for sample size (AIC ) and the lowest AIC_ value.

dAICC relative weight attributed to model.

contrast, Senner et al. (2017) suggested that greater predation on
late-hatching nests in Hudsonian Godwit (Limosa haemastica) se-
lected for earlier nesting. Weiser et al. (2017) also documented a
seasonal decline in daily nest survival in 8 of 22 Arctic-breeding
shorebirds at 16 sites spread across Russia, Alaska, and Canada.
Similarly, a limited number of studies on brood survival indicate
survival rates are often lower later in the nesting season (Hill,
2012; Ruthrauff & McCaffery, 2005). Thus, notwithstanding the
Reneerkens et al. (2016) findings, greater survival rates of both
early laid nests and early-hatching chicks likely provide strong se-
lection for Arctic-breeding shorebirds to initiate nests as early as
possible (although this is limited by the amount of plasticity in the
start and progression of migration; see above).

Previous studies have suggested that warmer summer tem-
peratures associated with climate change may provide physiolog-
ical relief to shorebird chicks even though prey availability may
decline (McKinnon et al., 2013). This is because warmer tempera-
tures decrease energy expenditure of chicks needed for thermo-
regulation and the time chicks need to be brooded, increasing the
amount of time available for chicks to forage (Krijgsveld et al., 2003;
Schekkerman & Boele, 2009; Schekkerman et al., 2003). As a result,
warmer temperatures can result in faster growth rates of shorebird
chicks (McKinnon et al., 2013; Pearce-Higgins & Yalden, 2002, 2004;
Schekkerman et al., 1998, 2003; Senner et al., 2017). However, our
results and others (Machin, Fernandez-Elipe, & Klaassen, 2018) sug-
gest that daily weather is less important to shorebird chick growth
than is invertebrate availability. Any positive effects warmer tem-
peratures may provide could be negated by increased phenologi-
cal mismatch between timing of shorebird hatch and invertebrate
availability.

Additional studies are needed to better understand how chick
survival rates relate to food availability and seasonal weather pat-
terns. While we have assumed that poor chick growth indices lead
to lower survival, it is unknown whether undernourished chicks
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FIGURE 7 Predicted invertebrate biomass (mg trap™* day™)
available to shorebird broods that were 2-10 days old relative to
seasonal hatch date (i.e., number of days after 20% snow cover that
a nest hatched) and date of 20% snow cover (illustrated at three
levels representing early [dot-dashes], average [solid], and late
[dashes] snowmelt conditions) from the top-ranked linear mixed-
effects model (see Table 4) near Utgiagvik, Alaska, 2010-2016

can compensate for reduced food levels by growing more slowly
over a longer period of time without compromising their survival.
Additionally, we do not know how food availability relates to growth
and survival of older chicks (i.e., >10 days old). Indeed, greater food
requirements of older, larger chicks may make them even more vul-
nerable to food shortages. However, older chicks are more mobile
and have additional foraging strategies (e.g., probing for insect lar-
vae; Holmes, 1966, Holmes & Pitelka, 1968) that may allow them to
access more food. Furthermore, little information is available con-
cerning sex-specific growth (especially in sexually dimorphic species)
and how it relates to their susceptibility to changing environmental
conditions. For example, Loonstra et al. (2018) documented that
female Black-tailed Godwits (Limosa limosa) grew faster than males
during the prefledging period, suggesting a greater need for food,
and thus, a greater vulnerability of females to poor environmental
conditions.

Better data on shorebird diets will also improve our under-
standing of the potential implications of phenological mismatch
on shorebird populations. While it is generally assumed that
shorebird chicks consume all surface-dwelling invertebrates,
particular prey taxa and sizes are likely preferred, and some prey
are potentially more nutritionally valuable (Twining et al., 2016).
Additionally, prey consumed by various shorebird species may
differ because of differences in how and where different shore-
bird species forage (e.g., preferred brood-rearing habitat). In
this study, we restricted the invertebrates used in our analyses
to taxa and sizes previously documented as being consumed by
shorebird young near Utgiagvik (Holmes, 1966; Holmes & Pitelka,
1968; Pearce-Higgins & Yalden, 2004). However, those data are
based on a limited number of individuals from a few species where

gut-content analyses were conducted. Although these stomach
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analyses included Dunlin and Pectoral Sandpipers, no information
was available for Red Phalarope chicks, which prefer more aquatic
habitats than the other species. Thus, the importance of prey items
may differ for Red Phalaropes and may not have been adequately
sampled by our more terrestrial invertebrate traps. In addition,
dietary analyses based on gut contents can have several draw-
backs, including unequal digestion and retention of prey (Tollit,
Wong, Winship, Rosen, & Trites, 2003), errors in identification of
prey (Clare, Fraser, Braid, Fenton, & Herbert, 2009), and over-sim-
plification of prey composition due to difficult visual identifica-
tion of closely related taxa. While new genetic techniques may
improve our understanding of the prey items consumed (Gerik,
2018; Gerwing, Kim, Hamilton, Barbeau, & Addison, 2016; Novcic,
Mizrahi, Veit, & Symondson, 2015; Symondson, 2002; Wirta et al.,
2015), care must be used in implementing and interpreting these
techniques as well (Oehm, Juen, Nagiller, Neuhauser, & Traugott,
2011; Valentini, Pompanon, & Taberlet, 2009). As different in-
sect taxa have different emergence patterns (Butler, 1980, Haye
& Forchhammer, 2008, Braegelman, 2016; and see Figure S1),
dietary information is crucial to developing accurate prey avail-
ability curves (Vatka, Orell, & Rytkdnen, 2016). Answers to these
and other questions surrounding climate change effects on adult
survival during the nonbreeding season are needed before we can
determine the cumulative impacts of climate change on shorebird

populations.

ACKNOWLEDGMENTS

We thank the many field assistants that helped on this project
throughout the years. Logistical support was provided by the Barrow
Arctic Science Consortium and Umiaq, LLC. Funding for this study
was provided by the Arctic Landscape Conservation Cooperative,
U.S. Fish and Wildlife Service (Alaska Region, Migratory Bird
Management Division; and Alaska Region and National Avian Health
Programs), National Fish and Wildlife Foundation, Neotropical
Migratory Bird Conservation Act, Manomet, Inc., Minnesota State
University Moorhead, North Dakota State University, University
of Alaska Fairbanks, University of Colorado Denver, Kansas State
University, and the University of Missouri Columbia. The Ukpeagvik
IAupiat Corporation and the North Slope Borough kindly permitted
us to conduct this research on their lands. This is published contribu-
tion number 625 of the Institute for Bird Populations. The findings
and conclusions in this article are those of the author(s) and do not

necessarily represent the views of the U.S. Fish and Wildlife Service.

CONFLICT OF INTEREST

None declared.

AUTHOR'S CONTRIBUTIONS

STS, RBL, DCM, DCK, and MGB designed the study. STS, RBL, JAC,
ACD, WBE, DEG, KG, PH, BLH, and BJL collected field data. STS and

DCM performed statistical analyses. STS, DCM, and RBL wrote the

paper with contributions from remaining authors.

DATA ACCESSIBILITY

Data are available from the National Science Foundation's Arctic
Data Center at https://doi.org/10.18739/A2VT1GP7Q.

ORCID

Sarah T. Saalfeld https://orcid.org/0000-0002-6837-9729

REFERENCES

Arnold, T. W. (2010). Uninformative parameters and model selection
using Akaike's Information Criterion. Journal of Wildlife Management,
74, 1175-1178. https://doi.org/10.1111/j.1937-2817.2010.tb012
36.x

Austin, G. E., & Rehfisch, M. M. (2005). Shifting nonbreeding distributions
of migratory faunainrelation to climatic change. Global Change Biology,
11, 31-38. https://doi.org/10.1111/j.1529-8817.2003.00876.x

Bart, J., & Johnston, V. (2012). Arctic shorebirds in North America: A de-
cade of monitoring. Studies in Avian Biology Monograph Series No.
44, Berkeley, California, USA.

Bolduc, E., Casajus, N., Legagneux, P., McKinnon, L., Gilchrist, H. G,
Leung, M., ... Béty, J. (2013). Terrestrial arthropod abundance and
phenology in the Canadian Arctic: Modelling resource availability
for Arctic-nesting insectivorous birds. Canadian Entomologist, 145,
155-170. https://doi.org/10.4039/tce.2013.4

Both, C., van Asch, M., Bijlsma, R. G., van den Burg, A. B, &
Visser, M. E. (2009). Climate change and unequal phenolog-
ical changes across four trophic levels: Constraints or ad-
aptations? Journal of Animal Ecology, 78, 73-83. https://doi.
org/10.1111/j.1365-2656.2008.01458.x

Braegelman, S. D. (2016). Seasonality of some Arctic Alaskan chironomid.
PhD dissertation, North Dakota State University, Grand Forks, North
Dakota, USA.

Bronson, F. H. (1985). Mammalian reproduction: An ecological perspec-
tive. Biology of Reproduction, 32, 1-26.

Brook, R. W., Leafloor, J. O., Abraham, K. F., & Douglas, D. C. (2015).
Density dependence and phenological mismatch: Consequences
for growth and survival of sub-arctic nesting Canada Geese.
Avian Conservation and Ecology, 10(1). https://dx.doi.org/10.5751/
ACE-00708-100101

Brown, S. C., Gates, H. R., Liebezeit, J. R., Smith, P. A, Hill, B. L., &
Lanctot, R. B. (2014). Arctic Shorebird Demographics Network breeding
camp protocol, Version 5, April 2014. Unpubl. paper by U.S. Fish and
Wildlife Service and Manomet Center for Conservation Sciences.
Retrieved from <https://www.manomet.org/sites/default/files/
publications_and_tools/ASDN_Protocol_V5_20Apr2014.pdf>.

Brown, J., Everett, K. R., Webber, P. J., MacLean, S. F. Jr, & Murray, D. F.
(1980). The coastal tundra at Barrow. In J. Brown, P. C. Miller, L. L.
Tieszen, & F. L. Bunnell (Eds.), An Arctic Ecosystem: The Coastal Tundra
at Barrow, Alaska (pp. 1-29). Stroudsburg, PA: Dowden, Hutchinson,
and Ross.

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel
inference: A practical information-theoretic approach, 2nd ed. New
York, NY: Springer.

Butler, M. G. (1980). Emergence phenologies of some Arctic Alaskan
Chironomidae. In D. A. Murray (Ed.), Chironomidae: Ecology, systemat-
ics, cytology, and physiology (pp. 307-314). ElImsford, NY: Pergamon
Press.


https://doi.org/10.18739/A2VT1GP7Q
https://orcid.org/0000-0002-6837-9729
https://orcid.org/0000-0002-6837-9729
https://doi.org/10.1111/j.1937-2817.2010.tb01236.x
https://doi.org/10.1111/j.1937-2817.2010.tb01236.x
https://doi.org/10.1111/j.1529-8817.2003.00876.x
https://doi.org/10.4039/tce.2013.4
https://doi.org/10.1111/j.1365-2656.2008.01458.x
https://doi.org/10.1111/j.1365-2656.2008.01458.x
http://dx.doi.org/10.5751/ACE-00708-100101
http://dx.doi.org/10.5751/ACE-00708-100101
https://www.manomet.org/sites/default/files/publications_and_tools/ASDN_Protocol_V5_20Apr2014.pdf
https://www.manomet.org/sites/default/files/publications_and_tools/ASDN_Protocol_V5_20Apr2014.pdf

SAALFELD ET AL.

Callaghan, T. V., Bjorn, L. O., Chernov, Y. I., Chapin, T., Christensen,
T. R., Huntley, B., ... Oechel, W. (2005). Arctic tundra and polar
desert ecosystems. In C. Symon, L. Arris, & B. Heal (Eds.), Arctic cli-
mate impact assessment (pp. 243-352). Cambridge, UK: Cambridge
University.

Clare, E. L., Fraser, E. E., Braid, H. E., Fenton, M. B., & Herbert, P. D. N.
(2009). Species on the menu of a generalist predator, the eastern red
bat (Lasiurus borealis): Using a molecular approach to detect arthro-
pod prey. Molecular Ecology, 18, 2532-2542.

Cohen, J. M., Lajeunesse, M. J., & Rohr, J. R. (2018). A global synthesis
of animal phenological responses to climate change. Nature Climate
Change, 8, 224-228. https://doi.org/10.1038/s41558-018-0067-3

Crick,H.Q.P.,Dudley,C.,Glue,D.E.,& Thomson, D. L.(1997). UK birds are
laying eggs earlier. Nature, 388, 526. https://doi.org/10.1038/41453

Danks, H. V. (1999). Life cycles in polar arthropods - flexible or pro-
grammed? European Journal of Entomology, 96, 83-102.

Doiron, M., Gauthier, G., & Lévesque, E. (2015). Trophic mismatch and its
effects on the growth of young in an Arctic herbivore. Global Change
Biology, 21, 4364-4376. https://doi.org/10.1111/gcb.13057

Durant, J. M., Hjermann, D. @., Ottersen, G., & Stenseth, N. C. (2007).
Climate and the match or mismatch between predator requirements
and resources availability. Climate Research, 33, 271-283.

Ely, C. R., McCaffery, B. J., & Gill, R. E. Jr. (2018). Shorebirds adjust
spring arrival schedules with variable environmental conditions:
Four decades of assessment on the Yukon-Kuskokwim Delta,
Alaska. In W. D. Shuford, R. E. Gill Jr, & C. M. Handel (Eds.), Trends
and Traditions: Avifaunal Change in Western North America. Studies
in Western Birds 3 (pp. 296-311). Camarillo, CA: Western Field
Ornithologists.

Forchhammer, M. C., Post, E., & Stenseth, N. C. (1998). Breeding phenol-
ogy and climate. Nature, 391, 29-30.

Ganihar, S. R. (1997). Biomass estimates of terrestrial arthropods based
on body length. Journal of Biosciences, 22, 219-224. https://doi.
org/10.1007/BF02704734

Gardner, J. L., Peters, A., Kearney, M. R., Joseph, L., & Heinsohn, R. (2011).
Declining body size: A third universal response to warming? Trends
in Ecology and Evolution, 26, 285-291. https://doi.org/10.1016/j.
tree.2011.03.005

Gaston, A. J., Gilchrist, H. G., Mallory, M. L., & Smith, P. A. (2009).
Changes in seasonal events, peak food availability, and conse-
quent breeding adjustment in a marine bird: A case of progres-
sive mismatching. Condor, 111, 111-119. https://doi.org/10.1525/
cond.2009.080077

Gates, H. R., Lanctot, R. B., & Powell, A. N. (2013). High renesting rates
in Arctic-breeding Dunlin (Calidris alpina): A clutch-removal experi-
ment. The Auk, 130, 372-380.

Gerik, D. E. (2018). Assessment and application of DNA metabarcoding for
characterizing Arctic shorebird chick diets. M.S. thesis, University of
Alaska Fairbanks, Fairbanks, Alaska, USA.

Gerwing, T. G., Kim, J.-H., Hamilton, D. J., Barbeau, M. A., & Addison,
J. A. (2016). Diet reconstruction using next-generation sequencing
increases the known ecosystem usage by a shorebird. The Auk, 133,
168-177. https://doi.org/10.1642/AUK-15-176.1

Gill, J. A., Alves, J. A, Sutherland, W. J,, Appleton, G. F., Potts, P. M.,
& Gunnarsson, T. G. (2014). Why is timing of bird migration ad-
vancing when individuals are not? Proceedings of the Royal Society
Biological Sciences Series B, 281, 20132161. https://doi.org/10.1098/
rspb.2013.2161

Gowing, G., & Recher, H. F. (1984). Length-weight relationships for in-
vertebrates from forests in south-eastern New South Wales. Austral
Ecology, 9, 5-8. https://doi.org/10.1111/j.1442-9993.1984.tb016
12.x

Grabowski, M. M., Doyle, F. I, Reid, D. G., Mossop, D., & Talarico, D.
(2013). Do Arctic-nesting birds respond to earlier snowmelt? A

Fcology and Evolution o 6705
& WILEY- %

multi-species study in north Yukon, Canada. Polar Biology, 36, 1097~
1105. https://doi.org/10.1007/s00300-013-1332-6

Green, G. H., Greenwood, J. J. D., & Lloyd, C. S. (1977). The influence
of snow conditions on the date of breeding of wading birds in
north-east Greenland. Journal of Zoology, 183, 311-328. https://doi.
org/10.1111/j.1469-7998.1977.tb04190.x

Harrington, R., Woiwod, 1., & Sparks, T. (1999). Climate change and tro-
phic interactions. Trends in Ecology and Evolution, 14, 146-150. https
://doi.org/10.1016/50169-5347(99)01604-3

Hawkins, J. W., Lankester, M. W., Lautenschlager, R. A., & Bell, F. W.
(1997). Length-biomass and energy relationships of terrestrial gas-
tropods in northern forest ecosystems. Canadian Journal of Zoology,
75, 501-505. https://doi.org/10.1139/297-061

Hill, B. L. (2012). Factors affecting survival of Arctic-breeding Dunlin
(Calidris alpina arcticola) adults and chicks. M.S. thesis, University of
Alaska Fairbanks, Fairbanks, Alaska, USA.

Hédar, J. A. (1996). The use of regression equations for estimation of
arthropod biomass in ecological studies. Acta Ecologica, 17,421-433.

Hodgkins, R. (2014). The twenty-first century Arctic environment:
Accelerating change in the atmospheric, oceanic and terrestrial
spheres. Geographic Journal, 180, 429-436. https://doi.org/10.1111/
geoj.12112

Holmes, R. T. (1966). Feeding ecology of the Red-Backed Sandpiper
(Calidris alpina) in Arctic Alaska. Ecology, 47, 32-45. https://doi.
org/10.2307/1935742

Holmes, R. T., & Pitelka, F. A. (1968). Food overlap among coexisting
sandpipers on northern Alaskan tundra. Systematic Zoology, 17, 305-
318. https://doi.org/10.2307/2412009

Hovel, R. A, Carlson, S. M., & Quinn, T. P. (2017). Climate change alters
the reproductive phenology and investment of a lacustrine fish, the
three-spine stickleback. Global Change Biology, 23, 2308-2320. https
://doi.org/10.1111/gcbh.13531

Haye, T. T., & Forchhammer, M. C. (2008). Phenology of high-Arctic ar-
thropods: Effects of climate on spatial, seasonal, and inter-annual
variation. Advances in Ecological Research, 40, 299-324.

Johansson, J., Kristensen, N. P., Nilsson, J.-A., & Jonzén, N. (2015). The
eco-evolutionary consequences of interspecific phenological asyn-
chrony - A theoretical perspective. Oikos, 124, 102-112. https://doi.
org/10.1111/0ik.01909

Karagicheva, J., Rakhimberdiev, E., Dekinga, A., Brugge, M., Koolhaas, A,
ten Horn, J., & Piersma, T. (2016). Seasonal time keeping in a long-dis-
tance migrating shorebird. Journal of Biological Rhythms, 31, 509-521.
https://doi.org/10.1177/0748730416655929

Klaassen, M., Lindstrém, A., Meltofte, H., & Piersma, T. (2001). Arctic
waders are not capital breeders. Nature, 413, 794. https://doi.
org/10.1038/35101654

Krijgsveld, K. L., Reneerkens, J. W. H., McNett, G. D., & Ricklefs, R. E.
(2003). Time budgets and body temperatures of American Golden-
Plover chicks in relation to ambient temperature. Condor, 105, 268-
278.  https://doi.org/10.1650/0010-5422(2003)105[0268:TBABT
0]2.0.CO;2

Kwon, E., Weiser, E. L., Lanctot, R. B., Brown, S. C., Gates, H. R., Gilchrist,
H. G., ... Sandercock, B. K. (2019). Geographic variation in the inten-
sity of phenological mismatch between Arctic shorebirds and their
invertebrate prey. Ecological Monographs, in review.

La Sorte, F. A., & Fink, D. (2017). Migration distance, ecological barriers
and en-route variation in the migratory behaviour of terrestrial bird
populations. Global Ecology and Biogeography, 26, 216-227. https://
doi.org/10.1111/geb.12534

Lang, A., Kroob, S., & Stumpf, H. (1997). Mass-length relationships of
epigeal arthropod predators in arable land (Araneae, Chilopoda,
Coleoptera). Pedobiologia, 41, 327-333.

Liebezeit, J. R., Gurney, K. E. B., Budde, M., Zack, S., & Ward, D. (2014).
Phenological advancementin Arctic bird species: Relative importance


https://doi.org/10.1038/s41558-018-0067-3
https://doi.org/10.1038/41453
https://doi.org/10.1111/gcb.13057
https://doi.org/10.1007/BF02704734
https://doi.org/10.1007/BF02704734
https://doi.org/10.1016/j.tree.2011.03.005
https://doi.org/10.1016/j.tree.2011.03.005
https://doi.org/10.1525/cond.2009.080077
https://doi.org/10.1525/cond.2009.080077
https://doi.org/10.1642/AUK-15-176.1
https://doi.org/10.1098/rspb.2013.2161
https://doi.org/10.1098/rspb.2013.2161
https://doi.org/10.1111/j.1442-9993.1984.tb01612.x
https://doi.org/10.1111/j.1442-9993.1984.tb01612.x
https://doi.org/10.1007/s00300-013-1332-6
https://doi.org/10.1111/j.1469-7998.1977.tb04190.x
https://doi.org/10.1111/j.1469-7998.1977.tb04190.x
https://doi.org/10.1016/S0169-5347(99)01604-3
https://doi.org/10.1016/S0169-5347(99)01604-3
https://doi.org/10.1139/z97-061
https://doi.org/10.1111/geoj.12112
https://doi.org/10.1111/geoj.12112
https://doi.org/10.2307/1935742
https://doi.org/10.2307/1935742
https://doi.org/10.2307/2412009
https://doi.org/10.1111/gcb.13531
https://doi.org/10.1111/gcb.13531
https://doi.org/10.1111/oik.01909
https://doi.org/10.1111/oik.01909
https://doi.org/10.1177/0748730416655929
https://doi.org/10.1038/35101654
https://doi.org/10.1038/35101654
https://doi.org/10.1650/0010-5422(2003)105%5B0268:TBABTO%5D2.0.CO;2
https://doi.org/10.1650/0010-5422(2003)105%5B0268:TBABTO%5D2.0.CO;2
https://doi.org/10.1111/geb.12534
https://doi.org/10.1111/geb.12534

SAALFELD ET AL.

6706 WI LEY—ECOlOgy and Evolution

Open Access,

of snow melt and ecological factors. Polar Biology, 37(%), 1309-1320.
https://doi.org/10.1007/s00300-014-1522-x

Liebezeit, J. R., Smith, P. A., Lanctot, R. B., Schekkerman, H., Tulp, 1.,
Kendall, S. J., ... Zack, S. W. (2007). Assessing the development of
shorebird eggs using the flotation method: Species-specific and
generalized regression models. Condor, 109, 32-47. https://doi.org
/10.1650/0010-5422(2007)109[32:ATDOSE]2.0.CO;2

Loonstra, A. H. J., Verhoeven, M. A., & Piersma, T. (2018). Sex-specific
growth in chicks of the sexually dimorphic Black-tailed Godwit. Ibis,
160, 89-100. https://doi.org/10.1111/ibi.12541

Machin, P., Fernandez-Elipe, J., & Klaassen, R. H. G. (2018). The relative
importance of food abundance and weather on the growth of a sub-
arctic shorebird chick. Behavioral Ecology and Sociobiology, 72, 42.
https://doi.org/10.1007/s00265-018-2457-y

Mayfield, H. F. (1975). Suggestions for calculating nest success. Wilson
Bulletin, 87, 456-466.

McDermott, M. E., & DeGroote, L. W. (2017). Linking phenological
events in migratory passerines with a changing climate: 50 years in
the Laurel Highlands of Pennsylvania. PLoS ONE, 12, e0174247. https
://doi.org/10.1371/journal.pone.0174247

McKinnon, L., Nol, E., & Juillet, C. (2013). Arctic-nesting birds find phys-
iological relief in the face of trophic constraints. Scientific Reports, 3,
1-6. https://doi.org/10.1038/srep01816

McKinnon, L., Picotin, M., Bolduc, E., Juillet, C., & Béty, J. (2012). Timing
of breeding, peak food availability, and effects of mismatch on
chick growth in birds nesting in the High Arctic. Canadian Journal of
Zoology, 90, 961-971. https://doi.org/10.1139/22012-064

Meltofte, H. (1985). Populations and breeding schedules of waders,
Charadrii, in high Arctic Greenland. Meddelelser Om Grgnland,
Bioscience, 16, 1-43.

Meltofte, H., Haye, T. T., Schmidt, N. M., & Forchhammer, M. C. (2007).
Differences in food abundance cause inter-annual variation in the
breeding phenology of High Arctic waders. Polar Biology, 30, 601-
606. https://doi.org/10.1007/s00300-006-0219-1

Millien, V., Lyons, S. K., Olson, L., Smith, F. A., Wilson, A. B., & Yom-
Tov, Y. (2006). Ecotypic variation in the context of global climate
change: Revisiting the rules. Ecology Letters, 9, 853-869. https://doi.
org/10.1111/j.1461-0248.2006.00928.x

Morrison, R. I. G., & Hobson, K. A. (2004). Use of body stores in shore-
birds after arrival on high-arctic breeding grounds. The Auk, 121,
333-344. https://doi.org/10.2307/4090397

Nice, M. M. (1962). Development of behavior in precocial birds.
Transactions of the Linnaean Society of New York, 8, 1-211.

Norton, D. W. (1973). Ecological energetics of Calidrine Sandpipers breeding
in northern Alaska. PhD thesis, University of Alaska Fairbanks.

Novcic, I., Mizrahi, D. S., Veit, R. R., & Symondson, W. O. C. (2015).
Molecular analysis of the value of horseshoe crab eggs to migrat-
ing shorebirds. Avian Biology Research, 8, 210-220. https://doi.
org/10.3184/175815515X14455290976316

Oehm, J., Juen, A., Nagiller, K., Neuhauser, S., & Traugott, M. (2011).
Molecular scatology: How to improve prey DNA detection success in
avian faeces? Molecular Ecology Resources, 11, 620-628. https://doi.
org/10.1111/j.1755-0998.2011.03001.x

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421, 37-42.
https://doi.org/10.1038/nature01286

Pearce-Higgins, J. W., & Yalden, D. W. (2002). Variation
in the growth and survival of Golden Plover Pluvialis
apricaria chicks. Ibis, 144, 200-209. https://doi.
org/10.1046/j.1474-919X.2002.00048.x

Pearce-Higgins, J. W., & Yalden, D. W. (2004). Habitat selection, diet, ar-
thropod availability and growth of a moorland wader: The ecology of
European Golden Plover Pluvialis apricaria chicks. Ibis, 146, 335-346.
https://doi.org/10.1111/j.1474-919X.2004.00278.x

Piersma, T., Brugge, M., Spaans, B., & Battley, P. F. (2008). Endogenous
circannual rhythmicity in body mass, molt, and plumage of Great
Knots (Calidris tenuirostris). The Auk, 125, 140-148.

Post, E., Forchhammer, M. C,, Stenseth, N. C., & Callaghan, T. V. (2001).
The timing of life-history events in a changing climate. Proceedings of
the Royal Society of London. Series B: Biological Sciences, 268, 15-23.

Reneerkens, J., Schmidt, N. M., Gilg, O., Hansen, J., Hansen, L. H., Moreau,
J., & Piersma, T. (2016). Effects of food abundance and early clutch
predation on reproductive timing in a high Arctic shorebird exposed
to advancements in arthropod abundance. Ecology and Evolution, 6,
7375-7386. https://doi.org/10.1002/ece3.2361

Ricklefs, R. E. (1973). Patterns of growth in birds. Il. Growth rate and
mode of development. Ibis, 115, 177-201.

Rogers, L. E., Buschbom, R. L., & Watson, C. R. (1977). Length-weight re-
lationships of shrub-steppe invertebrates. Annals of the Entomological
Society of America, 70, 51-53.

Ruthrauff, D. R., & McCaffery, B. J.(2005). Survival of Western Sandpiper
broods on the Yukon-Kuskokwim Delta, Alaska. Condor, 107, 597-
604. https://doi.org/10.1650/0010-5422(2005)107[0597:SOWSB
0]2.0.C0O;2

Saalfeld, S. T., & Lanctot, R. B. (2015). Conservative and opportunistic
settlement strategies in Arctic-breeding shorebirds. The Auk, 132,
212-234. https://doi.org/10.1642/AUK-13-193.1

Saalfeld, S. T., & Lanctot, R. B. (2017). Multispecies comparisons of
adaptability to climate change: A role for life- history characteristics?
Ecology and Evolution, 7(24), 10492-10502. https://doi.org/10.1002/
ece3.3517

Sabo, J. L., Bastow, J. L., & Power, M. E. (2002). Length-mass relation-
ships for adult aquatic and terrestrial invertebrates in a California
watershed. Journal of the North American Benthological Society, 21,
336-343. https://doi.org/10.2307/1468420

Sage, R. D. (1982). Wet and dry-weight estimates of insects and spiders
based on length. American Midland Naturalist, 108, 407-411. https://
doi.org/10.2307/2425505

Sample, B. E., Cooper, R. J., Greer, R. D., & Whitmore, R. C. (1993).
Estimation of insect biomass by length and width. American Midland
Naturalist, 129, 234-240. https://doi.org/10.2307/2426503

Schekkerman, H., & Boele, A. (2009). Foraging in precocial chicks of the
Black-tailed Godwit Limosa limosa: Vulnerability to weather and prey
size. Journal of Avian Biology, 40, 369-379.

Schekkerman, H., Tulp, I., Piersma, T., & Visser, G. H. (2003). Mechanisms
promoting higher growth rate in Arctic than in temperate
shorebirds. Oecologia, 134, 332-342. https://doi.org/10.1007/
s00442-002-1124-0

Schekkerman, H., van Roomen, M. W. J., & Underhill, L. G. (1998). Growth,
behaviour of broods and weather-related variation in breeding pro-
ductivity of Curlew Sandpipers Calidris ferruginea. Ardea, 86, 153-168.

Schoener, T. W. (1980). Length-weight regressions in tropical and tem-
perate forest-understory insects. Annals of the Entomological Society
of America, 73, 106-109. https://doi.org/10.1093/aesa/73.1.106

Senner, N. R., Stager, M., & Sandercock, B. K. (2017). Ecological mis-
matches are moderated by local conditions for two populations
of a long-distance migratory bird. Oikos, 126, 61-72. https://doi.
org/10.1111/0ik.03325

Serreze, M. C., & Francis, J. A. (2006). The Arctic amplification de-
bate. Climatic Change, 76, 241-264. https://doi.org/10.1007/
$s10584-005-9017-y

Sheridan, J. A., & Bickford, D. (2011). Shrinking body size as an ecologi-
cal response to climate change. Nature Climate Change, 1, 401-406.
https://doi.org/10.1038/nclimate1259

Smith, P. A., Gilchrist, H. G., Forbes, M. R, Martin, J.-L., & Allard, K. (2010).
Inter-annual variationin the breeding chronology of Arctic shorebirds:
Effects of weather, snow melt and predators. Journal of Avian Biology,
41, 292-304. https://doi.org/10.1111/j.1600-048X.2009.04815.x


https://doi.org/10.1007/s00300-014-1522-x
https://doi.org/10.1650/0010-5422(2007)109%5B32:ATDOSE%5D2.0.CO;2
https://doi.org/10.1650/0010-5422(2007)109%5B32:ATDOSE%5D2.0.CO;2
https://doi.org/10.1111/ibi.12541
https://doi.org/10.1007/s00265-018-2457-y
https://doi.org/10.1371/journal.pone.0174247
https://doi.org/10.1371/journal.pone.0174247
https://doi.org/10.1038/srep01816
https://doi.org/10.1139/z2012-064
https://doi.org/10.1007/s00300-006-0219-1
https://doi.org/10.1111/j.1461-0248.2006.00928.x
https://doi.org/10.1111/j.1461-0248.2006.00928.x
https://doi.org/10.2307/4090397
https://doi.org/10.3184/175815515X14455290976316
https://doi.org/10.3184/175815515X14455290976316
https://doi.org/10.1111/j.1755-0998.2011.03001.x
https://doi.org/10.1111/j.1755-0998.2011.03001.x
https://doi.org/10.1038/nature01286
https://doi.org/10.1046/j.1474-919X.2002.00048.x
https://doi.org/10.1046/j.1474-919X.2002.00048.x
https://doi.org/10.1111/j.1474-919X.2004.00278.x
https://doi.org/10.1002/ece3.2361
https://doi.org/10.1650/0010-5422(2005)107%5B0597:SOWSBO%5D2.0.CO;2
https://doi.org/10.1650/0010-5422(2005)107%5B0597:SOWSBO%5D2.0.CO;2
https://doi.org/10.1642/AUK-13-193.1
https://doi.org/10.1002/ece3.3517
https://doi.org/10.1002/ece3.3517
https://doi.org/10.2307/1468420
https://doi.org/10.2307/2425505
https://doi.org/10.2307/2425505
https://doi.org/10.2307/2426503
https://doi.org/10.1007/s00442-002-1124-0
https://doi.org/10.1007/s00442-002-1124-0
https://doi.org/10.1093/aesa/73.1.106
https://doi.org/10.1111/oik.03325
https://doi.org/10.1111/oik.03325
https://doi.org/10.1007/s10584-005-9017-y
https://doi.org/10.1007/s10584-005-9017-y
https://doi.org/10.1038/nclimate1259
https://doi.org/10.1111/j.1600-048X.2009.04815.x

SAALFELD ET AL.

Starck, J. M., & Ricklefs, R. E. (1998). Avian growth and development:
Evolution within the altricial-precocial spectrum. New York, NY: Oxford
University Press.

Stenseth, N. C., Mysterud, A., Ottersen, G., Hurrell, J. W., Chan, K.-S., &
Lima, M. (2002). Ecological effects of climate fluctuations. Science,
297,1292-1296. https://doi.org/10.1126/science.1071281

Symondson, W. O. C. (2002). Molecular identification of prey in
predator diets. Molecular Ecology, 11, 627-641. https://doi.
org/10.1046/j.1365-294X.2002.01471.x

Taylor, A. R., Lanctot, R. B, Powell, A. N., Kendall, S. J., & Nigro, D. A.
(2011). Residence time and movements of postbreeding shorebirds
on the northern coast of Alaska. Condor, 113, 779-794. https://doi.
org/10.1525/cond.2011.100083

Teplitsky, C., & Millien, V. (2014). Climate warming and Bergmann's rule
through time: Is there any evidence? Evolutionary Applications, 7,
156-168. https://doi.org/10.1111/eva.12129

Thackeray, S. J., Henrys, P. A., Hemming, D., Bell, J. R., Botham, M. S.,
Burthe, S., ... Wanless, S. (2016). Phenological sensitivity to climate
across taxa and trophic levels. Nature, 535, 241-245. https://doi.
org/10.1038/nature18608

Thomas, C. D., & Lennon, J. J. (1999). Birds extend their ranges north-
wards. Nature, 399, 213. https://doi.org/10.1038/20335

Tollit, D. J., Wong, M., Winship, A. J., Rosen, D. A. S., & Trites, A. W.
(2003). Quantifying errors associated with using prey skeletal struc-
tures from fecal samples to determine the diet of Steller's sea lion
(Eumetopias jubatus). Marine Mammal Science, 19, 724-744. https://
doi.org/10.1111/j.1748-7692.2003.tb01127.x

Tulp, 1., & Schekkerman, H. (2008). Has prey availability for Arctic birds
advanced with climate change? Hindcasting the abundance of tundra
arthropods using weather and seasonal variation. Arctic, 61, 48-60.

Twining, C. W., Brenna, J. T., Lawrence, P., Shipley, J. R., Tollefson, T.
N., & Winkler, D. W. (2016). Omega-3 long-chain polyunsaturated
fatty acids support aerial insectivore performance more than food
quantity. Proceedings of the National Academy of Sciences of the United
States of America, 113, 10920-10925. https://doi.org/10.1073/
pnas.1603998113

Valentini, A., Pompanon, F., & Taberlet, P. (2009). DNA barcoding for
ecologists. Trends in Ecology and Evolution, 24, 110-117. https://doi.
org/10.1016/j.tree.2008.09.011

van Gils, J. A, Lisovski, S., Lok, T., Meissner, W., OZarowska, A., de Fouw,
J., ... Klaassen, M. (2016). Body shrinkage due to Arctic warming
reduces Red Knot fitness in tropical wintering range. Science, 352,
819-821. https://doi.org/10.1126/science.aad6351

Vatka, E., Orell, M., & Rytkénen, S. (2016). The relevance of food peak
architecture in trophic interactions. Global Change Biology, 22, 1585-
1594. https://doi.org/10.1111/gcb.13144

Visser, M. E., Both, C., & Lambrechts, M. M. (2004). Global climate
change leads to mistimed avian reproduction. Advances in Ecological
Research, 35, 89-110.

Fcology and Evolution o 6707
& WILEY- -7

Visser, M. E., Holleman, L. J. M., & Gienapp, P. (2006). Shifts in caterpil-
lar biomass phenology due to climate change and its impact on the
breeding biology of an insectivorous bird. Oecologia, 147, 164-172.
https://doi.org/10.1007/s00442-005-0299-6

Visser, M. E., van Noordwijk, A. J., Tinbergen, J. M., & Lessells, C. M.
(1998). Warmer springs lead to mistimed reproduction in Great
Tits (Parus major). Proceedings of the Royal Society of London. Series
B: Biological Sciences, 265, 1867-1870. https://doi.org/10.1098/
rspb.1998.0514

Walther, G.-R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee,
T. J. C., ... Bairlein, F. (2002). Ecological responses to recent climate
change. Nature, 416, 389-395. https://doi.org/10.1038/416389%a

Warnock, N., & Warnock, S. (1993). Attachment of radio-transmitters
to sandpipers: Review and methods. Wader Study Group Bulletin, 70,
28-30.

Weiser, E. L., Brown, S. C., Lanctot, R. B., Gates, H. R., Abraham, K. F.,
Bentzen, R. L., ... Sandercock, B. K. (2017). Life-history tradeoffs re-
vealed by seasonal declines in reproductive traits in Arctic-breed-
ing shorebirds. Journal of Avian Biology, 49, https://doi.org/10.1111/
jav.01531

Wirta, H. K., Vesterinen, E. J., Hambéck, P. A., Weingartner, E., Ramussen,
C., Reneerkens, J., ... Roslin, T. (2015). Exposing the structure of an
Arctic food web. Ecology and Evolution, 5, 3842-3856. https://doi.
org/10.1002/ece3.1647

Wrubleski, D. A., & Rosenberg, D. M. (1990). The Chironomidae (diptera)
of bone pile pond, Delta Marsh, Manitoba, Canada. Wetlands, 10,
243-275. https://doi.org/10.1007/BF03160835

Zhang, S.-D., Ma, Z., Choi, C.-Y., Peng, H.-B., Bai, Q-Q., Liu, W.-L., ...
Piersma, T. (2018). Persistent use of a shorebird staging site in the
Yellow Sea despite severe declines in food resources implies a lack of
alternatives. Bird Conservation International, 28(4), 534-548. https://
doi.org/10.1017/50959270917000430

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Saalfeld ST, McEwen DC, Kesler DC,
et al. Phenological mismatch in Arctic-breeding shorebirds:
Impact of snowmelt and unpredictable weather conditions
on food availability and chick growth. Ecol Evol. 2019;9:6693-
6707. https://doi.org/10.1002/ece3.5248



https://doi.org/10.1126/science.1071281
https://doi.org/10.1046/j.1365-294X.2002.01471.x
https://doi.org/10.1046/j.1365-294X.2002.01471.x
https://doi.org/10.1525/cond.2011.100083
https://doi.org/10.1525/cond.2011.100083
https://doi.org/10.1111/eva.12129
https://doi.org/10.1038/nature18608
https://doi.org/10.1038/nature18608
https://doi.org/10.1038/20335
https://doi.org/10.1111/j.1748-7692.2003.tb01127.x
https://doi.org/10.1111/j.1748-7692.2003.tb01127.x
https://doi.org/10.1073/pnas.1603998113
https://doi.org/10.1073/pnas.1603998113
https://doi.org/10.1016/j.tree.2008.09.011
https://doi.org/10.1016/j.tree.2008.09.011
https://doi.org/10.1126/science.aad6351
https://doi.org/10.1111/gcb.13144
https://doi.org/10.1007/s00442-005-0299-6
https://doi.org/10.1098/rspb.1998.0514
https://doi.org/10.1098/rspb.1998.0514
https://doi.org/10.1038/416389a
https://doi.org/10.1111/jav.01531
https://doi.org/10.1111/jav.01531
https://doi.org/10.1002/ece3.1647
https://doi.org/10.1002/ece3.1647
https://doi.org/10.1007/BF03160835
https://doi.org/10.1017/S0959270917000430
https://doi.org/10.1017/S0959270917000430
https://doi.org/10.1002/ece3.5248

