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Warming Arctic summers
unlikely to increase productivity
of shorebirds through renesting

Sarah T. Saalfeld*™, Brooke L. Hill%%3, Christine M. Hunter?*, Charles J. Frost &
Richard B. Lanctot?!

Climate change in the Arctic is leading to earlier summers, creating a phenological mismatch between
the hatching of insectivorous birds and the availability of their invertebrate prey. While phenological
mismatch would presumably lower the survival of chicks, climate change is also leading to longer,
warmer summers that may increase the annual productivity of birds by allowing adults to lay nests
over a longer period of time, replace more nests that fail, and provide physiological relief to chicks
(i.e., warmer temperatures that reduce thermoregulatory costs). However, there is little information
on how these competing ecological processes will ultimately impact the demography of bird
populations. In 2008 and 2009, we investigated the survival of chicks from initial and experimentally-
induced replacement nests of arcticola Dunlin (Calidris alpina) breeding near Utqgiagvik, Alaska. We
monitored survival of 66 broods from 41 initial and 25 replacement nests. Based on the average
hatch date of each group, chick survival (up to age 15 days) from replacement nests (5;=0.10; 95%
C1=0.02-0.22) was substantially lower than initial nests (5;=0.67; 95% Cl = 0.48-0.81). Daily survival
rates were greater for older chicks, chicks from earlier-laid clutches, and during periods of greater
invertebrate availability. As temperature was less important to daily survival rates of shorebird chicks
than invertebrate availability, our results indicate that any physiological relief experienced by chicks
will likely be overshadowed by the need for adequate food. Furthermore, the processes creating a
phenological mismatch between hatching of shorebird young and invertebrate emergence ensures
that warmer, longer breeding seasons will not translate into abundant food throughout the longer
summers. Thus, despite having a greater opportunity to nest later (and potentially replace nests),
young from these late-hatching broods will likely not have sufficient food to survive. Collectively,
these results indicate that warmer, longer summers in the Arctic are unlikely to increase annual
recruitment rates, and thus unable to compensate for low adult survival, which is typically limited by
factors away from the Arctic-breeding grounds.

The Arctic has long been recognized as an important breeding location for avian species, with ~ 200 species of
shorebirds, landbirds, ducks, geese, raptors, and grouse present’. Shorebirds are the dominant taxa across all
regions of the Arctic; many of which are experiencing population declines’. The effects of climate change in the
Arctic, including earlier, warmer, and longer summers®™, will impact avian species and their habitats in a variety
of ways'®. For insectivorous species, such as shorebirds, one of the main hypothesized effects of earlier summers
is a phenological mismatch between the timing of chick hatch and the availability of their invertebrate prey®°.
While several studies have shown that both Subarctic- and Arctic-breeding shorebirds!!-' and their invertebrate
prey'>!¢ have advanced their phenologies in recent decades, most studies have shown that advancements in
shorebird hatch dates have not kept pace with earlier availability of invertebrate prey'"'*. This disparity is likely
because shorebirds time their northward, long-distance migrations using a combination of relatively constant
endogenous and photoperiod cues'”'®, whereas the availability of their invertebrate prey is dictated by local
climate conditions'>'**°. While it is generally assumed that greater phenological mismatch will result in reduced
survival of shorebird chicks®”!? (but see McKinnon et al.?!), few studies have investigated survival of chicks
related to climatic and food conditions within the Arctic!®?*%. This is most likely due to logistical constraints
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in sampling chicks that leave nest sites within hours of hatching®, are highly mobile?, are difficult to relocate?,
and often hide or remain motionless in the presence of a predator (or researcher)?. Instead, most studies have
relied on growth rates of chicks when investigating the impacts of phenological mismatch®”2*2% However,
the relationship between growth and survival of chicks is not necessarily straightforward; the assumption that
slower growth leads to lower survival may not be true if undernourished chicks can simply grow more slowly over
a longer period without compromising survival. Other factors, such as predation rates, may also have a greater
effect on survival of chicks independent of growth rates. These uncertainties make studies of chick survival,
rather than chick growth, important for assessing impacts of a changing climate.

A complicating factor in assessing climate change effects on annual productivity is how the predicted warmer,
longer summers will affect the ability of adults to double brood (i.e., initiation of a second clutch of eggs after
successfully raising young from the first clutch) or replace a nest if the first one fails, potentially producing young
from a subsequent nest or several nests. While double brooding is not thought to occur in shorebirds breeding
in the Arctic and only rarely in the Subarctic (see e.g., Jamieson®®), ample evidence exists that many species
renest (i.e., replace nests that are lost within a breeding season; see Naves et al.** and references therein). While
the extent to which individuals replace lost nests appears dependent on the time available to nest, other factors
including parental condition, environmental conditions, and mating strategy may be also important (see Naves
et al*® and Swift et al.’ for a review of this topic). In one of the few experimental studies to address the potential
to renest, Gates et al.** found that on average, 75% (SE =6%) of female Dunlin (Calidris alpina) renested when
their first clutch was removed. While successful renesting may increase an individual’s annual reproductive suc-
cess, adults that lay a second clutch of eggs may suffer from increased energetic costs, greater predation risks, less
time to prepare for southward migration, and ultimately lower lifetime reproductive success®. Additionally, the
reproductive value (e.g., number of hatchlings or fledglings) from replacement nests may not be equal to that
of initial nests, as replacement nests in temperate and subarctic regions often have both lower nest and chick
survival as compared to initial nests'®?**!. However, additional data are needed from the Arctic, where climate
change may be increasing the ability of adults to renest*>. Warmer and longer summers may also offer physi-
ological relief to chicks (i.e., warmer temperatures that reduce thermoregulatory costs), which could enhance
the likelihood of them surviving from both initial and replacement nests*!. Given these potential outcomes, an
assessment of the reproductive value of replacement nests is vital to our understanding of the implications of
climate change on the annual productivity of shorebirds.

Understanding what factors influence survival of chicks is also important for developing accurate demo-
graphic models needed to estimate trends in shorebird populations. As shorebirds tend to be long-lived, with
rather invariable clutch size (i.e., generally 4 eggs), adult survival rates, which are typically limited by factors away
from the Arctic-breeding grounds, have larger effects on population growth than similar changes in survival of
juveniles or chicks**-*”. However, studies have also found both juvenile’**” and chick survival®® to be important
drivers (albeit to a lesser degree than adult survival) in shorebird population models. Sparse data on juvenile
and chick survival rates has necessitated the use of generalized estimates when developing shorebird population
models; weakening the validity of the models and the trend estimates they produce®. Therefore, species- and
population-specific estimates of chick survival, especially from studies that take into account potential effects
of climate change, are needed to ensure the accuracy of demographic models and resulting trends in population
growth. Indeed, climate-driven increases in chick survival might be important for compensating for low adult
survival experienced on the nonbreeding grounds. This may be especially important for many shorebird spe-
cies, such as Dunlin, in which population declines have been linked to low annual adult survival®® as a result of
non-breeding habitat loss*~*2.

In this study, we investigated survival of chicks from initial and replacement nests of the arcticola subspecies
of Dunlin breeding on Alaska’s North Slope (Fig. 1). We capitalized on an existing study wherein a portion of
initial nests were experimentally removed to determine rates of renesting®>. We used marked and radio-tagged
parents and young from both undisturbed initial nests and experimentally-induced replacement nests to monitor
chick survival. Specifically, we estimated daily survival of chicks and determined whether survival was related
to invertebrate abundance, temperature, year, chick age, and hatch date (and by association initial and replace-
ment nests).

We predicted survival of shorebird chicks would (1) increase with invertebrate abundance, as chick growth
and survival often decrease with lower food availability®”!%*1-2843-45; (2) decrease with lower temperatures due
to lower invertebrate activity (i.e., less food for chicks'>***44¢) and greater thermoregulatory costs, especially
in younger chicks!®?1234447; (3) vary between years as a result of annual variation, (4) increase with chick age,
as previous studies have documented lower survival rates in younger chicks, likely a result of susceptibility to
predation and extreme weather events***, and (5) decrease later in the season (and by association be lower in
replacement nests), as chicks hatching earlier in the season often have greater growth and survival rates than
those hatching later 922474 This may be due to synchrony with food availability, although seasonal variation
in other factors such as predation, weather, or parental care may also impact seasonal survival rates'**%,

Results

Chick monitoring. We removed 89 clutches (60 during early incubation and 29 during late incubation),
from which, we found 63 replacement nests (48 from the early treatment and 15 from the late treatment). In
total, we monitored 66 broods: 41 (19 in 2008, 22 in 2009) from initial nests, 18 (13 in 2008, 5 in 2009) from early
replacement nests, and 7 (6 in 2008, 1 in 2009) from late replacement nests. Chicks hatched from 27 June to 24
July (2008: 1-24 July, 2009: 27 June-21 July), with chicks from initial nests tending to hatch earlier (27 June-15
July, mean=3 July, SE=0.7 days) than chicks from early and late replacement nests (early nests: 10-17 July,
mean = 13 July, SE =0.6 days; late nests: 21-24 July, mean =22 July, SE=0.5 days). As we present results using the
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Figure 1. Location of unmanipulated (i.e., the six 36-ha numbered plots) and experimental study areas used to
investigate Dunlin chick survival near Utqiagvik, Alaska, 2008-2009. (Generated by ArcGIS 10.8.1, URL: http://
www.esri.com/software/arcgis/arcgis-for-desktop).

average hatch date of replacement nests (i.e., 15 July; see below), it should be noted, that this value was similar
to the average hatch date of natural replacement nests found from 2003 to 2019 (i.e., 18 July). We successfully
radio tagged two chicks from all broods. However, one chick from a single brood failed to leave the nest bowl
and its death was attributed to handling and marking; therefore, it was excluded from all further analyses. We
monitored chicks from hatching to failure or fledging for a total of 30 days in 2008 (1-30 July) and 41 days in
2009 (27 June-6 August).

Overall, 61% (n=41) of initial broods had a least one radio-tagged chick survive to 15 days of age (53% in
2008, 68% in 2009), compared to only 33% (n=18) of early replacement broods (31% in 2008, 40% in 2009)
and 14% (n=7) of late replacement broods (0% in 2008, 100% in 2009). Chicks died between 1 and 14 days of
age and throughout the chick-rearing period (Fig. 2). Both radio-tagged chicks survived to 15 days of age in
29 broods. One radio-tagged chick survived to 15 days of age in 3 broods. Both chicks died in 33 broods, 21
of which had both chicks die during the same 2-day sampling period, while the remaining broods had 1 chick
live for at least one additional day (mean time between deaths+ SE=5.3+0.9 days; range: 1.5-10 days). Of the
131 chicks monitored, 70 (53%) were classified as dead, with 17 (13%) dying from exposure, 7 (5%) being dep-
redated by weasels, 1 (<1%) being eaten by an avian predator, and 4 (3%) with no obvious cause of death. The
single confirmed avian predation event and all weasel predations occurred in 2008. Predation events occurred
throughout the season, with an equal number of predation mortalities (i.e., 4 out of 4) occurring before and after
the 15 July. However, exposure mortalities were most common in late July, with 15 out of 17 exposure mortalities
occurring after the 15 July. This was especially true in 2008 when temperatures remained below 3 °C for several
days (Fig. 2). An additional 41 chicks (31%) were never found but presumed dead because radios were no longer
heard, and adults were not exhibiting behaviors indicative of a brood prior to the expected date of fledging. The
inability to find presumably dead chicks did not vary based on a chick’s age, occurring relatively consistently
from 1 to 14 days after hatch.

Environmental variables. Invertebrate biomass varied between 0.3 and 25 mg/trap/day in 2008 and
2-37 mg/trap/day in 2009 during the 27 June-4 August time period. The most common invertebrate taxa sam-
pled were from the orders Diptera (true flies, 59% of total individuals, 78% of total biomass) and Araneae (spi-
ders, 34% of total individuals, 12% of total biomass). The remaining four taxa (orders Coleoptera, Hemiptera,
Hymenoptera, and Lepidoptera) and their larvae each contributed <5.0% of the total individuals and <7% of
the total biomass. Invertebrate biomass peaked in early July in both years, after which it generally declined,
resulting in low food availability (i.e., <10 mg/trap/day) for late-hatching and replacement broods (Fig. 2). In
contrast, chicks from initial nests generally had greater food availability, especially within the first 5-10 days
after hatch. Average daily temperatures were slightly warmer in 2009 (mean * SE: 6.4+ 0.6 °C) relative to 2008
(4.4+0.4 °C), but both years were quite variable throughout the brood-rearing period (range: 2008 =0.3-9.7 °C;
2009=-0.6-13.9 °C; Fig. 2).
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Figure 2. Phenology of Dunlin broods from initial (below solid gray horizontal line) and replacement nests
(above solid gray horizontal line) in relation to invertebrate availability (background colors) and temperature
(line graph) near Utqiagvik, Alaska, 2008-2009. Each line represents phenology of a given brood from hatching
to fledging (16-day period) with broods ordered by fate (i.e., broods with mortality of both chicks are at the
top) and hatch date. White dots indicate dates when radio-tagged chicks died (i.e., median date between the last
date seen alive and date found dead). Dashed lines after white dots indicate the time till fledgling had a brood
remained alive. If death of both chicks occurred on the same day, only one dot is visible on a line. Although no
invertebrate data were available after 4 August in 2008 and 8 August in 2009, we assumed these values would be
close to zero due to prior trends.

Chick survival. Two models explaining DSR of chicks were considered plausible (AAIC <2; Table 1).
However, these models only differed by the inclusion of invertebrate abundance in the top-ranked model, for
which the 85% confidence interval did not overlap zero. Therefore, we only present results from the top-ranked
model: mean (SE): DSR=- 0.843 (1.548) + 0.244 HD (0.090) + 1.309 A (0.385) — 0.077 A% (0.023) — 0.116 HD*A
(0.029) +0.008 HD*A? (0.002) +0.082 I (0.049); where HD = hatch date, A =chick age, and I =daily invertebrate
biomass. Based on this model, DSR increased as invertebrate biomass increased for chicks at all ages and for

Scientific Reports |

(2021) 11:15277 | https://doi.org/10.1038/s41598-021-94788-z nature portfolio



www.nature.com/scientificreports/

Model* K® AIC, AAICS wi
HD*A?+1 7 196.39 0.00 0.47
HD*A? 6 197.62 1.23 0.26
HD*A?+T 7 198.78 2.39 0.14
HD*A%+Y 7 199.65 3.26 0.09
HD>A+1 7 204.86 8.47 0.01
Intercept 1 230.98 34.59 0.00

Table 1. The five most-supported models plus the intercept-only model from a set of 105 candidate models
estimating daily survival rates of Dunlin chicks near Utgiagvik, Alaska, 2008-2009. *Variables in the models
are hatch date as a linear (HD) or quadratic term (HD?), chick age as a linear (A) or quadratic term (A?),

daily invertebrate biomass (I), daily average air temperature (T), and year (Y). When a quadratic effect was
included in a model, we also included the linear effect. "No. of parameters. “Difference between models
Akaike’s Information Criterion corrected for small sample size and the lowest AIC, value. ¢ AIC, relative weight
attributed to model.
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Figure 3. Estimated daily survival rates (+ SD) of Dunlin chicks near Utqiagvik, Alaska, 2008-2009 as a
function of invertebrate biomass for chick ages (2 and 7 days) and average hatch date for initial (3 July, dashed
lines and open circles) and replacement (15 July, solid lines and closed circles) nests. Daily survival rates and
associated SDs were estimated using 10,000 simulations of the beta estimates assuming a multivariate normal
distribution and the variance-covariance matrix from the top-ranked model (HD*A?+I; where HD =hatch
date, A =chick age, and I=daily invertebrate biomass; Table 1). Symbol locations represent the same invertebrate
abundance at each combination of hatch date and age, but symbols are offset so SDs are visible.

chicks hatching earlier in the season (Fig. 3). Chick age exhibited a quadratic relationship with DSR and an
interactive effect with hatch date. For illustration, we present results using the average hatch date of initial (i.e.,
3 July) and replacement nests (i.e., 15 July). For early-hatching chicks (e.g., 3 July), DSR increased as chicks
became older with a slight decline as chicks approached fledging (Fig. 4). In contrast, the DSR of late-hatching
chicks (e.g., 15 July) was high in chicks <1 week old, decreased around 1 week of age, and then increased as they
got older (Fig. 4).

The probability a chick survived to 15 days of age (S, ;) was greatest for chicks hatching in late June/early July,
declining throughout the rest of the season (Fig. 5). The probability a chick survived to 15 days of age was sub-
stantially greater for initial (§,=0.67; 95% CI=0.48-0.81) than replacement nests (§,=0.10; 95% CI=0.02-0.22;
Fig. 5), based on average hatch dates of each group. Note, that we present results using an averaged insect biomass
for each day of the season for both years combined (Fig. 5).

Discussion

Similar to previous studies in subarctic and temperate regions'®*>*!, our results from an Arctic-breeding site
indicate that survival from hatching to fledging was greater for chicks from initial compared to replacement nests.
Regardless of nest type, however, our results indicate that an individual can increase their probability of success-
fully fledging young by nesting early in the season. This may be due to greater food available to chicks hatching
early, as late chicks often hatched after invertebrate biomass peaked (Fig. 2). Thus, diminished growth rates of
chicks developing during periods of low food availability®710-2122434449 Jjkely results in greater chick mortality;
these results have a direct implication under future climate change scenarios in which greater phenological
mismatch is predicted to occur (see below). In addition to benefiting from greater reproductive success, it has
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Figure 4. Estimated daily survival rates (+ SD) of Dunlin chicks near Utqiagvik, Alaska, 2008-2009 as a
function of chick age for average hatch date for initial (3 July, dashed lines and open circles) and replacement
(15 July, solid lines and closed circles) nests, and invertebrate biomass (1 and 25 mg/trap/day). Daily survival
rates and associated SDs were estimated using 10,000 simulations of the beta estimates assuming a multivariate
normal distribution and the variance-covariance matrix from the top-ranked model (HD*A?+1; where

HD =hatch date, A = chick age, and I =daily invertebrate biomass; Table 1). Symbol locations represent the same
chick age for each combination of hatch date and invertebrate abundance, but symbols are offset so SDs are
visible.
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Figure 5. Estimated probability of a Dunlin chick surviving to 15 days of age near Utqiagvik, Alaska, 2008-
2009 as a function of hatch date (solid line; 95% CI shown as dashed lines). Survival probabilities and associated
ClIs were estimated using average invertebrate biomass estimates based on date and 10,000 simulations of the
beta estimates assuming a multivariate normal distribution and the variance-covariance matrix from the top-
ranked model (HD*A?+1; where HD =hatch date, A = chick age, and I=daily invertebrate biomass; Table 1).
Although no invertebrate data were available after 4 August in 2008 and 8 August in 2009, we assumed these
values would be close to zero due to prior trends.

been previously suggested that adult birds may also experience strong selection to complete breeding as soon as
possible to allow for ample time to rebuild reserves prior to migration®!>*°. Therefore, nesting early may afford
chicks greater parental care®, as well as allow both adults and their chicks increased time to acquire sufficient
reserves prior to southbound migration'>***!. Given the numerous benefits, there appears to be strong selection
for shorebirds to nest as early as possible; however, reproductive phenology can also be influenced by other fac-
tors that can be highly variable both spatially and temporally. For example, factors such as weather conditions
or predation rates”!“*>*! that vary seasonally, but often unpredictably, provide inconsistent selection patterns for
timing reproduction, often making synchronization of reproduction with ideal conditions difficult.

Daily survival rates were consistently high across all ages for early hatching chicks, except in very young
chicks when invertebrate availability was low (Fig. 4). Reduced survival among young chicks has been reported
widely, and is presumed to be due to chicks being unable to thermoregulate, and their need to learn to forage
efficiently and avoid predators?*®52-3%, In contrast, we found young chicks from late broods to have consistently
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high survival rates, even when food was scarce. The survival of these chicks, however, plummeted as they reached
1-2 weeks of age, but then increased again as they got older (Fig. 4). While we can only speculate why these
age-specific survival rates differed between early and late broods, differences may have been due to different
environmental conditions (e.g., weather, predation rates, or invertebrate availability) experienced by developing
chicks hatching at different times in the season. We also cannot discount the possibility that environmental dif-
ferences (e.g., the composition and abundance of predators) in the experimental and unmanipulated areas were
responsible for some of these differences in age-specific survival rates. Finally, it should be noted that survival dif-
ferences, especially in the outer extremes of age (i.e., very young and very old chicks; Fig. 4) may have been due to
small sample sizes (e.g., early hatching chicks rarely experienced low invertebrate availability while late hatching
chicks rarely experienced high invertebrate availability). Despite the differences in age-related patterns in chicks
from initial and replacement clutches, it is clear that late hatching chicks survived much worse overall (Fig. 5).

Our estimate of chick survival to fledging for initial nests (67%) was similar to, but generally greater, than
those found in studies of other Dunlin subspecies (64% in Finland®, 31-60% in northern Sweden®, 33.5% in
southern Sweden®'), as well as other small Arctic shorebird species (40-60% in Ringed Plover Charadrius hiat-
icula®, 26% in Buff-breasted Sandpiper Calidris subruficollis®®, 43% in Curlew Sandpiper C. ferruginea*®, 73% in
Western Sandpiper C. marui**). However, the removal of arctic fox, an apex predator®-%°, from our study area
suggests our estimates may be artificially high. Other studies have found mixed®® or strong positive effects®” of
predator removal on shorebird chick survival, although none of these studies were conducted on Arctic-breeding
shorebirds. The effect of fox removal at our site was difficult to evaluate as the actual number of foxes present
was not determined. Further, predation by avian or other mammal (e.g., weasel) species and the abundance
of alternative prey (e.g., lemmings) may have masked any benefits from low fox numbers. Our two-year study
provides insufficient data to tease apart the relative importance of these factors in regulating chick survival.
Clearly, more work is needed to determine the relative impact of predation (by foxes as well as other species)
on shorebird chick survival.

The information provided in this study provides valuable demographic information that will help assess the
role chick survival may play in limiting population size, even if our estimates of chick survival may be inflated
from predator removal. To improve our understanding of how vital rates impact population trends in this species
and other shorebird species, additional information on other vital rates (e.g., probability of nesting and hatching,
first-year survival, adult survival partitioned by season) and how they vary with site and annual conditions is
needed**, By improving our knowledge and accuracy of shorebird vital rates, we can improve the accuracy of
demographic models, as well as determine the cumulative impacts of climate change on shorebird populations
(see below). Ultimately, this information will help us better direct where and when conservation actions should
be conducted.

Rapid warming at northern latitudes has led to earlier, warmer, longer, and more seasonally-variable
summers*>®, Such climate change effects may have several positive effects on shorebirds and their young. First,
warmer and longer summers might be expected to extend the availability of invertebrate prey. However, entomo-
logical studies investigating climate change effects on invertebrate timing and availability suggest otherwise!®*’.
This is because the emergence of most invertebrates begins with the onset of snowmelt and is ultimately deter-
mined by the accumulation of temperature degree-days above freezing’®”!; once adequate temperatures are
reached, invertebrates emerge in large pulses that are present for only 1-2 weeks due to their finite life span.
Even when invertebrate taxa are combined, invertebrates are only available for about 1-2 months of the 4-month
Arctic summer!®7% As warmer temperatures occur earlier, the period of prey availability is expected to also shift
earlier, but the window of availability will likely remain similar or may even reduce if cumulative temperature
degree-days for multiple taxa are reached faster. Furthermore, warmer temperatures may affect the invertebrates
themselves, leading to the development of smaller individuals that develop faster but are less fecund®7>. Smaller
and fewer invertebrates would mean less food available to shorebirds. Second, warmer and longer summers may
decrease the energy needed by chicks to thermoregulate?’, as well as the amount of time adults need to spend
brooding. This could increase the time available for chicks to forage**”*7>. However, our results and others®*
suggest that temperature is less important to shorebird growth and survival than invertebrate availability. Thus,
any positive effects warmer temperatures may provide in physiological relief are likely to be negated by increased
phenological mismatch between timing of shorebird hatch and invertebrate availability. Lastly, climate change
may benefit shorebirds by lengthening the nesting season. This would allow adults to lay nests over a longer
period of time®, as well as replace more nests that fail*? (but see Cosgrove et al.”®). However, given the strong
relationship between chick survival and invertebrate availability, a longer breeding season is likely to be more
detrimental than beneficial due to the increased phenological mismatch with their invertebrate prey (as discussed
above). Indeed, a longer, warmer summer may actually result in a shorter period of time in which nesting can be
productive. Collectively, these results indicate that any positive effects from warmer, longer summers are unlikely
to provide any substantial reproductive benefits to shorebird populations living in the Arctic.

Methods

Study species. The arcticola Dunlin breeds in northern Alaska (and rarely in northwestern Canada) and
winters in Asia, along the coasts of China, Japan, Taiwan, North Korea, and South Korea’”’8. This subspecies is
thought to be declining®*”?, with recent evidence suggesting the loss of non-breeding habitat**-** is causing low
annual adult survival®®. As a result, this subspecies is of conservation concern in Alaska®*®! and throughout its
nonbreeding grounds in the East Asia-Australasian Flyway®2. Dunlin are a monogamous, ground-nesting shore-
bird that normally lay a 4-egg clutch®. While both parents incubate, females typically abandon a few days after
hatch, leaving the male to rear the brood. The young are precocial, leaving the nest within a few hours after the
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last egg hatches. The adults aid in chick thermoregulation, predator detection and evasion, and lead chicks to
good foraging habitat, although chicks forage independently.

StUdy area. In 2008 and 2009, we monitored chick survival near Utqiagvik, Alaska (71° 18" N, 156° 45" W;
Fig. 1). Initial (unmanipulated) nests were predominately located in or near six 36-ha plots in a study area situ-
ated to the southeast of Utqgiagvik (hereafter termed unmanipulated area)®*. The authors have monitored nests
and banded adult birds in the study area since 2003 to explore potential limiting factors affecting nest and adult
survival and by association shorebird population growth?*3$5485 Nests used in our experimental clutch replace-
ment study, as well as a few initial nests, were located ~ 5-10 km west of these plots (hereafter termed experimen-
tal area) to minimize human disturbance to our long-term study. Seasonal phenology and habitat within both
study areas were similar. Vegetative structure included a mosaic of low, wet marshes and higher, well-drained
uplands (see references in Villarreal et al.®¢).

Potential predators of chicks in Utqiagvik included Pomarine (Stercorarius pomarinus), Parasitic (S. parasiti-
cus), and Long-tailed (S. longicaudus) Jaegers; Glaucous Gulls (Larus hyperboreus); Snowy Owls (Bubo scandia-
cus); Peregrine Falcons (Falco peregrinus); Common Raven (Corvus corax); least (Mustela nivalis) and short-tailed
(M. erminea) weasels; and arctic foxes (Vulpes lagopus). Fox removal occurred throughout the study area in both
years to increase the productivity of threatened Steller’s Eiders (Polysticta stelleri), although trapping success was
lower in 2009 due to a change in fox trapping methods. A summary of how avian predators, lemmings, snow
cover, and fox removal varied between the two years can be seen in Figure 6 of Saalfeld and Lanctot®. Briefly,
the mean number of avian predators observed per plot on point counts, as well as the mean number of lemmings
observed per researcher per day were greater in 2008 (avian predators =9.1 +2.4; lemmings=21.3+3.1) compared
t0 2009 (avian predators =3.3+0.8; lemmings =0.03 £ 0.01)**. As we only had two years of data, we were unable
to tease apart the relative importance of these factors in regulating chick survival.

Field methods. Between early June and mid-July we located Dunlin nests by following adults back to nests
or by flushing adults as we walked or rope-dragged the study area (see Saalfeld and Lanctot® for more details on
methodology). We revisited nests found during laying to determine final clutch size and the start of incubation.
We determined the start of incubation by floating eggs for nests found after clutch completion®”. We predicted
hatch date by adding 21 days (incubation period for this species*) to the estimated incubation start date (day
0=date last egg laid). We checked nests every four days during the first 17 days of incubation, and daily near the
estimated hatch date to ensure capture of chicks.

We captured adults on nests using a bow-net® and marked them with a single U.S. Geological Survey (USGS)
metal leg band, unique combinations of color bands, and a single leg flag. We used morphological measurements
to sex adults in the field (females are generally larger than males®), and later verified sex assignment with genetic
analysis. We attached radio transmitters (Model A2455, 1.2 g, Advanced Telemetry Systems, Isanti, Minnesota; or
Model BD-2, 1.4 g, Holohil Systems Ltd., Ontario, Canada) to adults by clipping feathers~ 1 cm above the uropy-
gial gland and then gluing the radio to the skin with Loctite 454 glue®. Radio transmitters were placed on both
males and females in the experimental area to determine whether mates remained together to nest again after
experimental clutch removal® (see below). We only radio tagged males in the unmanipulated area because males
typically care for the young longer, and we were only interested in determining chick survival from these nests.

We removed eggs from initial clutches in the experimental area after both adults were radio tagged during
early (3-8 d; n=60) or late (12-16 d; n=29) incubation. Experimental nests were assigned to the early or late
removal treatment using a systematic random design to minimize any potential differences in mean initiation
dates between groups®*. No clutches were removed from the unmanipulated area. Although we cannot be certain
the first nest found for a pair was their initial nest, it seems likely given these nests were generally found at the
beginning of the breeding season, and the large number of banded adults within the unmanipulated area helped
us monitor nesting activities. We followed radio-tagged adults in the experimental area after clutch removal to
locate respective replacement nests (1 =48 for early replacement nests; n = 15 for late replacement nests), which
we then monitored as described above until chicks hatched.

We caught chicks by hand at or near the nest within 24 h of hatch. We marked chicks with a single USGS
metal leg band covered with a single thin piece of colored tape for individual identification within a brood, as
previous studies have shown color bands to have little to no effect on chick survival or growth®'. We attached
radio transmitters (Model A2414, 0.3 g, Advanced Telemetry Systems, Isanti, Minnesota; or Model LB-2N, 0.35 g,
Holohil Systems Ltd., Ontario, Canada) to two randomly selected chicks per brood using the same technique as
for adults®. We glued surrounding down feathers over the top of the transmitter to camouflage it and increase tag
retention®’. Transmitters weighed 4.3% or 5.0% (depending on model) of the body mass of a typical 7.0 g chick
at hatch. We do not believe transmitter attachment impacted chick survival, given prior studies that indicate
impacts are minimal when transmitters are attached with glue and tag weights are minimized®>**. We kept chicks
warm during handling by placing them in a small cooler heated with chemical packs.

We located chicks every other day until they were found dead or were 15 days of age (hatch day=age 0, so
16 days total, or age of first flight). We located chicks by locating the adult(s) presumably attending the brood,
as adult radios emitted a stronger signal and could be heard from a farther distance than chick radio signals. On
the rare occasions when the attending parent did not have a radio (e.g., failure to tag the male or when males
deserted), we relied solely on chick radio signals to locate them. We retreated after visually locating the radio-
tagged adult until it stopped alarm calling and resumed calling to its chicks (similar to ‘gather call’ in Johnson
et al.”®). We then conducted a 5-min observation of the brood to determine the number and identity of chicks,
and to confirm the presence of one or both adults. We also recorded whether or not an adult exhibited behaviors
indicative of a brood at any time during the visit. Behaviors indicative of a brood included adults sounding alarm
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calls or performing a “rodent run” distraction display’® when an observer approached the brood, then initiat-
ing calling with chicks when the perception of “danger” abated. In contrast, behaviors not indicative of a brood
included foraging rapidly, preening, roosting, and allowing observers to approach without alarm calling. If a
chick was not observed visually, but the radio signal was in the direction of the parent, we considered the chick
to be alive and did not approach it. If the radio signal was not in the direction of the parent, we tried to locate
the chick to confirm it was alive. If a chick radio signal was not heard, we listened for it in the surrounding area
and elsewhere for the remainder of the season to maximize the possibility of relocating a chick that was alive,
but separated from its brood, or that had died and whose radio was still transmitting.

We classified chicks as alive if visually observed, if a radio signal was detected near the adult, or if the radio
signal was not heard but the attending adult demonstrated behaviors indicative of a brood (we assumed the chick
radio fell off or malfunctioned). We classified chicks as dead if a carcass was found, if the radio signal was missing
and the attending adult did not exhibit behaviors indicative of a brood for two consecutive visits, or if the radio
signals for both the adult and chick went missing prior to 15 days of age and were not heard for the remainder
of the season. We considered chicks found dead but intact on the surface of the tundra with no apparent flesh
wounds to have died of exposure, chicks found in burrows with gashes or bite marks to have been depredated by
weasels, and any chick whose radio was found in an avian pellet to be depredated by an avian predator. Unfortu-
nately, it was not possible to determine whether a chick died from exposure before being depredated. For chicks
found dead, we assumed date of death was the median date between the last date seen alive and date found dead.

We used pitfall traps to estimate available invertebrate biomass during the chick-rearing period following
Tulp and Schekkerman'>. We established one transect in each of the experimental and unmanipulated study
areas and placed 10 traps along each transect spaced 20 m apart, five in mesic habitat and five in xeric habitat. We
constructed traps out of 473 ml (16 oz) clear plastic drinking cups that were cut to ~ 9 cm in height, resulting in
an 8 cm diameter opening. We filled each trap with ~2 cm of water and a few drops of laundry detergent, which
reduced surface tension and prevented invertebrates from escaping. We then placed each trap into the tundra so
that the rim was flush with the ground. We collected invertebrates from the traps every other day from 23 June
to 4 August in 2008 and 21 June-8 August in 2009. We measured invertebrate lengths to the nearest 0.5 mm
for individuals < 5.0 mm and to the nearest 1.0 mm for individuals > 5.0 mm'3. We identified adult and larval
invertebrates to order, and converted lengths to a dry mass weight (mg) using regression models developed for
Araneae, Coleoptera, Diptera, Hemiptera, Hymenoptera, and Lepidoptera by Rogers et al.””. We then summed
individual biomasses daily for all invertebrate taxa across all 20 traps, and then divided this by 20 (total number
of traps) and 2 (to control for the 2-day sampling period) to estimate total invertebrate biomass per trap day. This
approach assumes equal invertebrate biomass on the collection and non-collection days. We calculated average
daily air temperatures (i.e., average of the minimum and maximum temperature for a given day) using values
from the Wiley Post-Will Rogers Memorial Airport in Utqiagvik, which was located between 2 and 10.5 km
from the experimental and unmanipulated study areas (National Climate Data Center; www.ncdc.noaa.gov).

All procedures were performed in accordance with relevant guidelines and regulations, approved by the Insti-
tutional Animal Care and Use Committee at the University of Alaska, Fairbanks, USA (IACUC Assurance 08-12),
the Alaska Department of Fish and Game, Juneau, USA (Scientific Permit 08-122 [2008] and 09-011 [2009]),
and the U.S. Fish and Wildlife Service (Permit MB088686-0), as well as in adherence to the ARRIVE guidelines.

Data analysis. We used a generalized linear model with logit link for nest survival implemented in program
MARK (Version 8.2)%® to estimate daily survival rates (DSR) of chicks®:

exp (ﬁo +2 ﬁjxji)

DSR; =
1+ exp (/30 + Zj ﬁjxji)

where By;j are coefficients to be estimated from the data and x;; are measurements of covariate j on day i. Nest
survival models are a type of known fate model (i.e., detection probability is not estimated), which allows stag-
gered observations and an unknown day of death!®. Nest survival models assume that: (1) chicks are correctly
aged on the first visit, (2) fates are known with certainty, (3) chicks are independent, (4) brood checks do not
influence survival, and (5) survival among chicks is homogeneous'®. We are confident that the first assumption
was met because we checked nests daily near the expected hatch date, and chicks were banded in the nest bowl
or close by. Certainty of fates may not have been met in all cases, but we attempted to minimize error in assigning
fates by basing fate on a combination of indicators: presence of a carcass, adult behavior, and presence/absence
of a radio signal. Although this may have failed in some instances (e.g., where chicks were adopted by another
brood or abandoned by their parents causing parents not to exhibit behaviors indicative of a brood, or if parents
continued to exhibit behaviors indicative of a brood after chicks had died); these situations were likely rare (see
Hill' for more discussion on this topic). Additionally, we may have incorrectly classified the fate of a chick in
instances where we relied only on adult behavior (i.e., adult exhibited behaviors indicative of a brood but no
chick radio signal was heard). In these instances, at least one chick within the brood was likely alive, although
the monitored chick may have died. As the majority of chicks within a brood died on the same day (see “Results”
section), we believe this method accurately classified fate in most instances. However, to ensure independence in
the sample and reduce the likelihood of under-inflated sampling variances, we randomly selected one of the two
monitored chicks from each brood to include in the analysis. We chose this approach rather than including brood
as a random effect in our analysis, as the majority of chicks within a brood had identical encounter histories. We
assumed brood checks did not influence survival because most brood checks were conducted at a distance that
appeared not to cause disturbance (e.g., after contact calling resumed, chicks performed normal behaviors). To
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account for non-homogeneity in chick survival, we included covariates expected to cause differences in survival
among chicks such as invertebrate biomass, temperature, year, age, and hatch date.

We used an information-theoretic approach!®? for model development and selection. We developed a set of
models using five variables observed to influence chick survival in prior studies: daily invertebrate biomass (I),
daily average air temperature (T), year (Y), chick age as a linear (A) or quadratic (A?) function, and hatch date as
alinear (HD) or quadratic (HD?) function. Although we predicted chick survival to increase as chicks aged and
earlier in the season, we included quadratic effects for age and hatch date to test for any non-linear relationships
in which survival declines for the earliest- or latest-laid nests, or for the youngest and oldest chicks. Note that
when a quadratic effect was included in a model, we also always included the linear effect. We used hatch date
rather than a categorical variable of the three nest categories (i.e., initial, early replacement, or late replacement)
to maximize the use of information in the data. Year was included to account for any potential annual variation.

Our model set included all combinations of single, two, and three variable models with additive and/or
interactive effects, with the following exceptions. We excluded models with an interactive effect of year and
invertebrate biomass as we assumed invertebrate biomass would have the same effect on chicks regardless of year.
Second, we excluded models with interactive effects of daily average temperature with all variables other than
chick age as we assumed young chicks were disproportionately affected by cold temperatures, but temperature
was likely to affect the remaining variables similarly. We did not consider models with >3 factors, with > 3-way
interactions, or that had quadratic functions for both age and hatch date in an effort to avoid overfitting. Inverte-
brate biomass and daily average air temperature were not highly correlated in our data set (r=0.063; VIF =1.00)
and were therefore allowed to occur in the same model. The final model set included 105 models. We considered
the model with the lowest AIC, (Akaike’s Information Criterion corrected for sample size) value to be the best-
fitting and models with a AAIC_ <2 to be plausible!®. Variables within models were considered important if 85%
confidence intervals for the beta estimates did not overlap zero'®.

To estimate DSR for nests in relation to predictor variables, we conducted 10,000 multivariate normal distri-
bution draws using the estimated beta means and variance-covariance matrix from the top-ranked model. This
approach was similarly used to estimate survival from hatch to fledging (i.e., age 15 days) throughout the season:

Si15 = DSR;9oDSR; 1 DSR;, ... DSR; 15,

where i is hatch day and subscripts 0-15 are chick ages.

Data availability

Long-term shorebird data from Utgiagvik, Alaska from 2003 to 2018 are available from the National Science
Foundation’s Arctic Data Center at https://doi.org/10.18739/A23R0PT35. For specific data pertaining to this
paper please contact the authors.

Received: 23 February 2021; Accepted: 16 July 2021
Published online: 27 July 2021

References
1. Smith, P. A. et al. Status and trends of tundra birds across the circumpolar Arctic. Ambio 49, 732-748 (2020).
2. Callaghan, T. V. et al. Arctic tundra and polar desert ecosystems. In Arctic Climate Impact Assessment (eds Symon, C. et al.)
243-352 (Cambridge University Press, 2005).
3. Serreze, M. C. & Francis, J. A. The Arctic amplification debate. Clim. Change 76, 241-264 (2006).
4. Hodgkins, R. The twenty-first-century Arctic environment: Accelerating change in the atmospheric, oceanic and terrestrial
spheres. Geogr. J. 180, 429-436 (2014).
5. Meltofte, H. et al. Effects of climate variation on the breeding ecology of Arctic shorebirds. Medd. Gronl. Biosci. 59, 1-48 (2007).
6. Saalfeld, S. T. et al. Phenological mismatch in Arctic-breeding shorebirds: Impact of snowmelt and unpredictable weather condi-
tions on food availability and chick growth. Ecol. Evol. 9, 6693-6707 (2019).
7. McKinnon, L., Picotin, M., Bolduc, E., Juillet, C. & Béty, J. Timing of breeding, peak food availability, and effects of mismatch
on chick growth in birds nesting in the High Arctic. Can. J. Zool. 90, 961-971 (2012).
8. Kwon, E. et al. Geographic variation in the intensity of warming and phenological mismatch between Arctic shorebirds and
invertebrates. Ecol. Monogr. https://doi.org/10.1002/ecm.1383 (2019).
9. Reneerkens, J. et al. Effects of food abundance and early clutch predation on reproductive timing in a high Arctic shorebird
exposed to advancements in arthropod abundance. Ecol. Evol. 6, 7375-7386 (2016).
10. Senner, N. R, Stager, M. & Sandercock, B. K. Ecological mismatches are moderated by local conditions for two populations of
a long-distance migratory bird. Oikos 126, 61-72 (2017).
11. Grabowski, M. M., Doyle, E. L, Reid, D. G., Mossop, D. & Talarico, D. Do Arctic-nesting birds respond to earlier snowmelt? A
multi-species study in north Yukon, Canada. Polar Biol. 36, 1097-1105 (2013).
12. Gill, ]. A. et al. Why is timing of bird migration advancing when individuals are not?. Proc. R. Soc. Biol. Sci. Ser. B https://doi.
0rg/10.1098/rspb.2013.2161 (2014).
13. Liebezeit, J. R., Gurney, K. E. B., Budde, M., Zack, S. & Ward, D. Phenological advancement in Arctic bird species: Relative
importance of snow melt and ecological factors. Polar Biol. 37, 1309-1320 (2014).
14. Saalfeld, S. T. & Lanctot, R. B. Multispecies comparisons of adaptability to climate change: A role for life- history characteristics?.
Ecol. Evol. 7, 10492-10502 (2017).
15. Tulp, I. & Schekkerman, H. 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 (2008).
16. Braegelman, S. D. Seasonality of Some Arctic Alaskan Chironomids (North Dakota State University, 2016).
17. Piersma, T., Brugge, M., Spaans, B. & Battley, P. E. Endogenous circannual rhythmicity in body mass, molt, and plumage of Great
Knots (Calidris tenuirostris). Auk 125, 140-148 (2008).
18. Karagicheva, J. et al. Seasonal time keeping in a long-distance migrating shorebird. J. Biol. Rhythms 31, 509-521 (2016).
19. Danks, H. V. Life cycles in polar arthropods—Flexible or programmed?. Eur. J. Entomol. 96, 83-102 (1999).
20. Boldug, E. et al. Terrestrial arthropod abundance and phenology in the Canadian Arctic: Modelling resource availability for
Arctic-nesting insectivorous birds. Can. Entomol. 145, 155-170 (2013).

Scientific Reports |

(2021) 11:15277 | https://doi.org/10.1038/s41598-021-94788-z nature portfolio


https://doi.org/10.18739/A23R0PT35
https://doi.org/10.1002/ecm.1383
https://doi.org/10.1098/rspb.2013.2161
https://doi.org/10.1098/rspb.2013.2161

www.nature.com/scientificreports/

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

60.

61.

McKinnon, L., Nol, E. & Juillet, C. Arctic-nesting birds find physiological relief in the face of trophic constraints. Sci. Rep. https://
doi.org/10.1038/srep01816 (2013).

Ruthrauff, D. R. & McCaftery, B. ]. Survival of Western Sandpiper broods on the Yukon-Kuskokwim Delta, Alaska. Condor 107,
597-604 (2005).

Pearce-Higgins, J. W. & Yalden, D. W. Variation in the growth and survival of Golden Plover Pluvialis apricaria chicks. Ibis 144,
200-209 (2002).

Holmes, R. T. Breeding ecology and annual cycle adaptations of the Red-backed Sandpiper (Calidris alpina) in northern Alaska.
Condor 68, 3-46 (1966).

Lanctot, R. B. Blood sampling in juvenile Buff-breasted Sandpipers: Movement, mass change and survival. J. Field Ornithol. 65,
534-542 (1994).

Jamieson, S. E. Pacific Dunlin Calidris alpina pacifica show a high propensity for second clutch production. J. Ornithol. 152,
1013-1021 (2011).

Colwell, M. A. Shorebird Ecology, Conservation, and Management (University of California Press, 2010).

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

Corkery, C. A., Nol, E. & McKinnon, L. No effects of asynchrony between hatching and peak food availability on chick growth
in Semipalmated Plovers (Charadrius semipalmatus) near Churchill, Manitoba. Polar Biol. 42, 593-601 (2019).

Naves, L. C., Lanctot, R. B., Taylor, A. R. & Coutsoubos, N. P. How often do Arctic shorebirds lay replacement clutches?. Wader
Study Gr. Bull. 115, 2-9 (2008).

Swift, R. J., Anteau, M. ], Ring, M. M., Toy, D. L. & Sherfy, M. H. Low renesting propensity and reproductive success make
renesting unproductive for the threatened Piping Plover (Charadrius melodus). Condor https://doi.org/10.1093/condor/duz066
(2020).

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

Richter-Menge, J., Druckenmiller, M. L. & Jeftries, M. (eds.) Arctic Report Card 2019. https://www.arctic.noaa.gov/Report-Card.
(2019).

Weiser, E. L. et al. Annual adult survival drives trends in Arctic-breeding shorebirds but knowledge gaps in other vital rates
remain. Condor https://doi.org/10.1093/condor/duaa026 (2020).

Sandercock, B. K. Estimation of survival rates for wader populations: A review of mark-recapture methods. Wader Study Gr.
Bull. 100, 163-174 (2003).

Ottvall, R. & Hirdling, R. Sensitivity analysis of a migratory population of Redshanks Tringa totanus: A forewarning of a popula-
tion decline?. Wader Study Gr. Bull. 107, 40-45 (2005).

Hitchcock, C. L. & Gratto-Trevor, C. Diagnosing a shorebird local population decline with a stage-structured population model.
Ecology 78, 522-534 (1997).

Weiser, E. L. et al. Environmental and ecological conditions at Arctic breeding sites have limited effects on true survival rates
of adult shorebirds. Auk 135, 29-43 (2018).

Studds, C. E. et al. Rapid population decline in migratory shorebirds relying on Yellow Sea tidal mudflats as stopover sites. Nat.
Commun. 8, 14895 (2017).

Piersma, T. et al. Simultaneous declines in summer survival of three shorebird species signals a flyway at risk. J. Appl. Ecol. 53,
479-490 (2016).

Amano, T., Székely, T., Koyama, K., Amano, H. & Sutherland, W. J. A framework for monitoring the status of populations: An
example from wader populations in the East Asian-Australasian flyway. Biol. Conserv. 143, 2238-2247 (2010).

Amano, T., Székely, T., Koyama, K., Amano, H. & Sutherland, W. J. Addendum to “A framework for monitoring the status
of populations: An example from wader populations in the East Asian-Australasian flyway”. Biological Conservation, 143,
2238-2247. Biol. Conserv. 145, 278-295 (2012).

Pearce-Higgins, J. W. & Yalden, D. W. Habitat selection, diet, arthropod availability and growth of a moorland wader: The ecol-
ogy of European Golden Plover Pluvialis apricaria chicks. Ibis 146, 335-346 (2004).

Schekkerman, H., Tulp, L, Piersma, T. & Visser, G. H. Mechanisms promoting higher growth rate in Arctic than in temperate
shorebirds. Oecologia 134, 332-342 (2003).

Tulp, I. & Schekkerman, H. Studies on Breeding Shorebirds at Medusa Bay, Taimyr, in Summer 2000 (Alterra, Green World
Research, 2001).

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

Tjorve, K. M. C. et al. Growth and energetics of a small shorebird species in a cold environment: The Little Stint Calidris minuta
on the Taimyr Peninsula, Siberia. J. Avian Biol. 38, 552-563 (2007).

Pearce-Higgins, J. W. & Yalden, D. W. Golden Plover Pluvialis apricaria breeding success on a moor managed for shooting Red
Grouse Lagopus lagopus. Bird Study 50, 170-177 (2003).

Loonstra, A. H. J., Verhoeven, M. A. & Piersma, T. Sex-specific growth in chicks of the sexually dimorphic Black-tailed Godwit.
Ibis 160, 89-100 (2018).

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

Meltofte, H., Hoye, T. T., Schmidt, N. M. & Forchhammer, M. C. Differences in food abundance cause inter-annual variation in
the breeding phenology of High Arctic waders. Polar Biol. 30, 601-606 (2007).

Visser, G. H. & Ricklefs, R. E. Development of temperature regulation in shorebirds. Physiol. Zool. 66, 771-792 (1993).
Colwell, M. A, Hurley, S. J., Hall, J. N. & Dinsmore, S. J. Age-related survival and behavior of Snowy Plover chicks. Condor 109,
638-647 (2007).

Powell, A. N. The Effects of Early Experience on the Development, Behavior, and Survival of Shorebirds (University of Minnesota,
1992).

Ackerman, J. T., Herzog, M. P., Takekawa, J. Y. & Hartman, C. A. Comparative reproductive biology of sympatric species: Nest
and chick survival of American Avocets and Black-necked Stilts. J. Avian Biol. 45, 609-623 (2014).

Catlin, D. H., Fraser, J. D. & Felio, ]. H. Demographic responses of Piping Plovers to habitat creation on the Missouri River.
Wildl. Monogr. 192, 1-42 (2015).

Dinsmore, S. J., Gaines, E. P, Pearson, S. F, Lauten, D. J. & Castelein, K. A. Factors affecting Snowy Plover chick survival in a
managed population. Condor 119, 34-43 (2017).

Dinsmore, S. J. Influence of drought on annual survival of the Mountain Plover in Montana. Condor 110, 45-54 (2008).
Soikkeli, M. Breeding cycle and population dynamics in the Dunlin (Calidris alpina). Ann. Zool. Fenn. 4, 158-198 (1967).
Blomgvist, D. & Johansson, O. C. Distribution, reproductive success, and population trend in the Dunlin Calidris alpina schinzii
on the Swedish west coast. Ornis Svec. 1, 39-46 (1991).

Jonsson, P. E. Reproduction and survival in a declining population of the southern Dunlin Calidris alpina schinzii. Wader Study
Gr. Bull. 61, 56-68 (1991).

Scientific Reports |

(2021) 11:15277 |

https://doi.org/10.1038/s41598-021-94788-z nature portfolio


https://doi.org/10.1038/srep01816
https://doi.org/10.1038/srep01816
https://doi.org/10.1007/s00265-018-2457-y
https://doi.org/10.1093/condor/duz066
https://www.arctic.noaa.gov/Report-Card
https://doi.org/10.1093/condor/duaa026

www.nature.com/scientificreports/

62. Pienkowski, M. W. Behaviour of young Ringed Plovers Charadrius hiaticula and its relationship to growth and survival to
reproductive age. Ibis 126, 133-155 (1984).

63. Liebezeit, J. R. & Zack, S. Point counts underestimate the importance of arctic foxes as avian nest predators: Evidence from
remote video cameras in Arctic Alaskan oil fields. Arctic 61, 153-161 (2008).

64. Bentzen, R. et al. Assessing development impacts on Arctic nesting birds using real and artificial nests. Polar Biol. 40, 1527-1536
(2017).

65. McKinnon, L. & Béty, J. Effect of camera monitoring on survival rates of High-Arctic shorebird nests. J. Field Ornithol. 80,
280-288 (2009).

66. Bolton, M., Tyler, G., Smith, K. & Bamford, R. The impact of predator control on Lapwing Vanellus vanellus breeding success
on wet grassland nature reserves. J. Appl. Ecol. 44, 534-544 (2007).

67. Fletcher, K., Aebischer, N. J., Baines, D., Foster, R. & Hoodless, A. N. Changes in breeding success and abundance of ground-
nesting moorland birds in relation to the experimental deployment of legal predator control. J. Appl. Ecol. 47, 263-272 (2010).

68. McGuire, R. L., Lanctot, R. B,, Saalfeld, S. T., Ruthrauff, D. R. & Liebezeit, J. R. Shorebird reproductive response to exceptionally
early and late springs varies across sites in Arctic Alaska. Front. Ecol. Evol. https://doi.org/10.3389/fev0.2020.577652 (2020).

69. Lackmann, A. R. Chironomids Then and Now: Climate Change Effects on a Tundra Food Web in the Alaskan Arctic (North Dakota
State University, 2019).

70. McEwen, D. C. & Butler, M. G. Growing-season temperature change across four decades in an Arctic tundra pond. Arctic 71,
281-291 (2018).

71. Shaftel, R. et al. Predictors of invertebrate biomass and rate of advancement of invertebrate phenology across eight sites in the
North American Arctic. Polar Biol. 44, 237-257 (2021).

72. Butler, M., Miller, M. C. & Mozley, S. Macrobenthos. In Limnology of Tundra Ponds, Barrow, Alaska (ed. Hobbie, J. E.) 297-339
(Dowden, Hutchinson, and Ross, Inc., 1980).

73. Kingsolver, J. G. & Huey, R. B. Size, temperature, and fitness: Three rules. Evol. Ecol. Res. 10, 251-268 (2008).

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

75. Krijgsveld, K. L., Reneerkens, J. W. H., McNett, G. D. & Ricklefs, R. E. Time budgets and body temperatures of American Golden-
Plover chicks in relation to ambient temperature. Condor 105, 268-278 (2003).

76. Cosgrove, J., Dugger, B. & Lanctot, R. B. No renesting observed after experimental clutch removal in Red Phalaropes breeding
near Utqgiagvik, Alaska. Wader Study 127, 236-243 (2020).

77. Fernandez, G., Buchanan, J. B,, Gill, R. E. Jr., Lanctot, R. & Warnock, N. Conservation Plan for Dunlin with Breeding Populations
in North America (Calidris alpina arcticola, C. a. pacifica, and C. a. hudsonia), Version 1.1 (Manomet Center for Conservation
Sciences, 2010).

78. Lagassé, B. ]. et al. Dunlin subspecies exhibit regional segregation and high site fidelity along the East Asian-Australasian flyway.
Condor https://doi.org/10.1093/condor/duaa054 (2020).

79. Andres, B. A. et al. Population estimates of North American shorebirds, 2012. Wader Study Gr. Bull. 119, 178-194 (2012).

80. Warnock, N. The Alaska WatchList 2017 (Audubon Alaska, 2017).

81. Alaska Shorebird Group. Alaska Shorebird Conservation Plan. Version III (Alaska Shorebird Group, 2019).

82. CAFE. Arctic Migratory Birds Initiative (AMBI): Workplan 2019-2023. CAFF Strategies Series No. 30. (Conservation of Arctic
Flora and Fauna, ISBN: 978-9935-431-79-0, 2019).

83. Warnock, N. D. & Gill, R. E. Dunlin (Calidris alpina), version 1.0. In Birds of the World (ed. Billerman, S. M.) (Cornell Lab of
Ornithology, 2020).

84. Saalfeld, S. T. & Lanctot, R. B. Conservative and opportunistic settlement strategies in Arctic-breeding shorebirds. Auk 132,
212-234 (2015).

85. Weiser, E. L. et al. Life-history tradeoffs revealed by seasonal declines in reproductive traits of Arctic-breeding shorebirds. J.
Avian Biol. https://doi.org/10.1111/jav.01531 (2017).

86. Villarreal, S. et al. Tundra vegetation change near Barrow, Alaska (1972-2010). Environ. Res. Lett. https://doi.org/10.1088/1748-
9326/7/1/015508 (2012).

87. Liebezeit, J. R. et al. Assessing the development of shorebird eggs using the flotation method: Species-specific and generalized
regression models. Condor 109, 32-47 (2007).

88. Priklonsky, S. G. Application of small automatic bows for catching birds. Zool. Zh. 39, 623-624 (1960).

89. Gates, H. R. et al. Differentiation of subspecies and sexes of Beringian Dunlin using morphometric measures. J. Field Ornithol.
84, 389-402 (2013).

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

91. Bart, J., Battaglia, D. & Senner, N. Effects of color bands on Semipalmated Sandpipers banded at hatch. J. Field Ornithol. 72,
521-526 (2001).

92. Whittier, J. B. & Leslie, D. M. Jr. Efficacy of using radio transmitters to monitor Least Tern chicks. Wilson Bull. 117, 85-91 (2005).

93. Lees, D. et al. An assessment of radio telemetry for monitoring shorebird chick survival and causes of mortality. Wildl. Res. 46,
622-627 (2019).

94. Schekkerman, H., Teunissen, W. & Oosterveld, E. Mortality of Black-tailed Godwit Limosa limosa and Northern Lapwing Vanel-
lus vanellus chicks in wet grasslands: Influence of predation and agriculture. J. Ornithol. 150, 133-145 (2009).

95. Johnson, M., Aref, S. & Walters, J. R. Parent-offspring communication in the Western Sandpiper. Behav. Ecol. 19, 489-501 (2008).

96. Brown, R. G. B. The aggressive and distraction behavior of the Western Sandpiper Ereunetes mauri. Ibis 104, 1-12 (1962).

97. Rogers, L. E., Buschbom, R. L. & Watson, C. R. Length-weight relationships of shrub-steppe invertebrates. Ann. Entomol. Soc.
Am. 70,51-53 (1977).

98. Cooch, E. G. & White, G. C. (eds.) Program MARK: A Gentle Introduction, 19th ed. http://www.phidot.org/software/mark/docs/
book/ (2019).

99. Rotella, J. ., Dinsmore, S. J. & Shaffer, T. L. Modeling nest-survival data: A comparison of recently developed methods that can
be implemented in MARK and SAS. Anim. Biodivers. Conserv. 27, 187-205 (2004).

100. Dinsmore, S. J., White, G. C. & Knopf, E L. Advanced techniques for modeling avian nest survival. Ecology 83, 3476-3488 (2002).

101. Hill, B. L. Factors Affecting Survival of Arctic-Breeding Dunlin (Calidris alpina arcticola) Adults and Chicks (University of Alaska
Fairbanks, 2012).

102. Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel Inference: A Practical Information-theoretic Approach 2nd
edn. (Springer, 2002).

103. Arnold, T. W. Uninformative parameters and model selection using Akaike’s Information Criterion. J. Wildl. Manag. 74, 1175-
1178 (2010).

Acknowledgements

This study was funded by the Bureau of Land Management, the U.S. Fish and Wildlife Service, the University of
Alaska Fairbanks, the Angus Gavin Migratory Bird Research Grant, and Arctic Audubon. We would like to thank

Scientific Reports|  (2021) 11:15277 |

https://doi.org/10.1038/s41598-021-94788-z nature portfolio


https://doi.org/10.3389/fevo.2020.577652
https://doi.org/10.1093/condor/duaa054
https://doi.org/10.1111/jav.01531
https://doi.org/10.1088/1748-9326/7/1/015508
https://doi.org/10.1088/1748-9326/7/1/015508
http://www.phidot.org/software/mark/docs/book/
http://www.phidot.org/software/mark/docs/book/

www.nature.com/scientificreports/

all the Utqiagvik field technicians and volunteers for their hard work, enthusiasm, and field technique sugges-
tions. We especially thank Ruby Baxter, Fabrice Chevreux, River Gates, Jean-Francois Lamarre, David Pavlik, and
Stephen Yezerinac for their assistance banding chicks and chick-tracking. We would also like to thank Malcolm
Butler, Mark Lindberg, Dan McEwen, Abby Powell, Dan Ruthrauff, Margaret Short, Audrey Taylor, and Ingrid
Tulp for advice and/or field gear. Finally, we wish to thank the Barrow Arctic Science Consortium and Umiaq
LLC for logistic support in Utqiagvik. The Ukpeagvik Itupiat Corporation and the North Slope Borough kindly
permitted us to conduct this research on their lands. Any use of trade, product, or firm names is for descriptive
purposes only and does not imply endorsement by the U.S. Government. 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.

Author contributions

B.L.H.,R.B.L., and C.M.H. conceptualized the project, B.L.H. and R.B.L. conducted field work, S.T.S. and B.L.H.
analyzed the data with input from C.J.E. and C.M.H., and S.T.S. and B.L.H. wrote the paper with input from R.B.L.
All authors approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.T.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection
may apply 2021

Scientific Reports |

(2021) 11:15277 | https://doi.org/10.1038/s41598-021-94788-z nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Warming Arctic summers unlikely to increase productivity of shorebirds through renesting
	Results
	Chick monitoring. 
	Environmental variables. 
	Chick survival. 

	Discussion
	Methods
	Study species. 
	Study area. 
	Field methods. 
	Data analysis. 

	References
	Acknowledgements


