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Abstract. There has been relatively little study of the capacity of subarctic passerines to adjust their phe-
nologies to rapid changes on their breeding grounds. Here, we assess variation in passerine arrival timing
in Denali National Park, Alaska, from 1995 to 2015, a period that included both the warmest and coldest
recorded mean spring temperatures for the park. Using an open-population occupancy modeling approach
in which arrival events are random variables, we investigated interannual variation in the arrival distribu-
tion for 10 Nearctic-Nearctic migrants, three Nearctic-Neotropical migrants, and one Palearctic migrant.
Neotropical-Nearctic migrants varied in terms of the flexibility of their arrival timing, but generally
showed plastic phenologies, suggesting resilience under extreme spring conditions. In comparison,
Nearctic-Nearctic migrants showed similar or greater plasticity in arrival timing. A majority of species
showed synchronous-asynchronous fluctuation in arrival (i.e., synchronous arrival in some years, asyn-
chronous in others) in combination with various levels of the mean response (i.e., early, average, and late
arrival), suggesting the presence of interactions between environmental conditions at multiple scales and
inter-individual variation. The presence of synchronous—asynchronous fluctuation in arrival suggests that
weakening of the north-south temperature gradient under continued Arctic amplification may strongly
affect arrival variances. Our results also suggest that complex interactions between distributional and phe-
nological changes may be possible. For example, the arrival distribution of Fox Sparrow (Passerella iliaca)
became more synchronized over time, a pattern that coincided with a dramatic increase in occupancy
probability through expansion of its elevational distribution. Overall, our findings suggest that monitoring
of the mean-variance relationship may lead to a deeper understanding of the factors shaping phenological
responses.
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INTRODUCTION

Advances in the breeding and migratory phe-
nology of birds due to climate change are well
documented (Parmesan and Yohe 2003, Root et al.
2003, Dunn 2004). The observed shifts are gener-
ally thought to be plastic phenotypic responses
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rather than micro-evolutionary responses to selec-
tion on heritable traits (Gienapp et al. 2007, 2008,
Charmantier and Gienapp 2014). Trends toward
earlier arrival appear to be more widespread and
of greater magnitude in short-distance migrants
(e.g., Butler 2003, Mills 2005, Travers et al. 2015)
compared to long-distance migrants (but see
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Huppop and Huppop 2003, Stervander et al.
2005, Jonzén et al. 2006, Zalakevicius et al. 2006).
Long-distance migrants are thought to show rela-
tively limited plasticity in migratory timing (e.g.,
Pulido and Widmer 2005, Miller-Rushing et al.
2008, Both et al. 2009, McKinney et al. 2012), in
part due to strong control of migratory onset by
endogenous mechanisms (Berthold 1984, Gwinner
1996). On northern breeding grounds experienc-
ing rapid warming, some long-distance migrants
show insufficient adaptation of arrival timing rela-
tive to changes in the phenology of their inverte-
brate prey (Both and Visser 2001, Visser et al.
2004). The decoupling of arrival phenology and
seasonal food availability has been linked to pop-
ulation declines in long-distance migrants (Both
and Visser 2001, Visser et al. 2004).

While there appear to be constraints on
the development of plastic migratory traits in
long-distance migrants, many of these species
fine-tune their migration speed in response to
conditions encountered en route (Marra et al.
2005, Both 2010, Tettrup et al. 2010) and some
show variation in departure timing related to
conditions on wintering grounds (Gordo et al.
2005, Saino et al. 2007, Studds and Marra 2007).
Short-distance migrants, by virtue of wintering
in seasonal climates, often show comparatively
close tracking of spring phenology during migra-
tion and, consequently, tend to have more plastic
phenologies (Alerstam and Hogstedt 1980, Butler
2003). Our understanding of these relationships
in passerines comes largely from studies of
Palearctic migrants and from studies at North
American mid-latitudes. There has been rela-
tively little study of the potential capacity (or
resilience) of passerines breeding in the subarctic
to adjust their arrival phenologies to large varia-
tion in spring conditions (but see Eeva et al.
2000, Gunnarsson and Tdmasson 2011, Grabow-
ski et al. 2013, Liebezeit et al. 2014, Ward et al.
2015). In addition, studies of avian arrival phe-
nology have focused extensively on temporal
trends in first or mean arrival dates, but have lar-
gely ignored temporal patterns in the variance of
the arrival distribution (but see Moller 19945,
Ptaszyk et al. 2003, Meoller 2008, Moller et al.
2010). Intraspecific phenotypic variation plays an
integral role in ecological and evolutionary
dynamics, and sole reliance on the mean trait for
inference may underestimate the capacity of
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species to cope with environmental change (Bol-
nick et al. 2011, Violle et al. 2012). Assessments
of the relationship between the mean and vari-
ance of the arrival distribution may lead to a dee-
per understanding of the factors shaping
phenological responses and the capacity of spe-
cies to adapt their phenologies in response to
environmental change.

The costs and benefits of early arrival are phe-
notype-dependent, and optimization of individ-
ual arrival timing is thought to depend on
individual condition, the individual-specific
costs of early arrival, and the arrival timing of
competing males, which helps set the value of
arriving on a given date (Meller 19944, b, Kokko
1999). Carry-over effects often provide a mecha-
nism for inter-individual variation in migratory
and breeding timing (reviewed in Harrison et al.
2011). For example, individuals occupying
poorer and/or more distant wintering habitat
may arrive later on breeding grounds (e.g.,
Marra et al. 1998, Bearhop et al. 2004, Norris
et al. 2004). Age- and sex-related differences in
migration timing and stopover behavior are also
well documented (Yong et al. 1998, Stewart et al.
2002, Vardanis et al. 2011, McKinnon et al. 2014).
In addition to differing in their average arrival
date, individuals may also differ in the capacity
for phenotypic plasticity. Some individuals may
show the capacity for adjustments beyond their
optimal arrival date that are disproportionate to
those exhibited by others. The presence of inter-
individual variation in plasticity or an individual
by environment interaction (Nussey et al. 2007)
may be important factors underlying interannual
variation in the spread of the arrival distribution
(i.e., variance heterogeneity through time).

Previous studies have documented multiscale
influences on arrival timing (e.g., Gordo et al.
2005, MacMynowski and Root 2007, Tettrup
et al. 2010) and the interactive effects of individ-
ual variation and environmental conditions on
the arrival variance (e.g., Moller 1994b, Ptasyzk
et al. 2003, Moller 2008). Interactions between
environmental conditions at high and mid-
latitudes may affect the arrival distributions of
subarctic migrants. Over recent decades, Arctic
near-surface temperatures have increased at a
rate almost twice that of the global average, and
zonal mean temperature anomalies show larger
increases with increasing latitude (Serreze and
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Francis 2006, Serreze et al. 2009, Screen and
Simmonds 2010). Given this weakening of the
north-south temperature gradient or Arctic ampli-
fication, understanding the underlying interactions
between high- and mid-latitude environments
within migration systems is critical for predicting
the possible effects on passerine communities.

Migratory birds are under strong directional
selection for earlier breeding (Both and Visser
2001, Dingemanse et al. 2004, Visser et al. 2004,
Verhulst and Nilsson 2008). Competition for terri-
tories (e.g., Kokko 1999), seasonal variation in
food availability (e.g., Both and Visser 2001), pre-
dation (e.g., Lank and Ydenberg 2003), and mor-
tality risk during the early spring transition period
(Newton 2007) all exert strong selective pressure
on arrival and breeding timing. These pressures
are likely to be particularly acute in Arctic and
subarctic breeders due to heightened mortality
risk during the spring arrival period and to the
time demands of producing a brood, molting, and
preparing for fall migration within a highly com-
pressed breeding season (Eeva et al. 2000). Thus,
understanding the potential capacity of passerines
breeding in the subarctic to adjust their arrival
timing in response to large interannual variation
in spring conditions is of critical importance.

In this study, we investigated interannual vari-
ation in passerine arrival timing in Denali
National Park, Alaska (hereafter, Denali), from
1995 to 2015. Our sampling period included both
the warmest (1995) and coldest (2013) mean
spring (April-May) temperatures recorded in
Denali (1926-2015; Fig. 1), providing the oppor-
tunity to assess the effects of a range of spring
conditions on the arrival process. We used an
open-occupancy modeling approach in which
arrival events are random variables. Our objec-
tives were to (1) assess patterns of interannual
variation in the mean and variance of the arrival
distribution of individual species and (2) com-
pare and contrast the observed patterns between
short- and long-distance migrants. We predicted
that long-distance migrants would show limited
variation in mean arrival, relatively homogenous
variance across time, and compressed arrival dis-
tributions overall, because long-distance migr-
ants generally exhibit smaller passage variances
than short-distance migrants (Mills 2005, Van
Buskirk et al. 2009, La Sorte et al. 2013) and high
repeatability in arrival (e.g., Conklin and Battley
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Fig. 1. Average April-May temperature (°C) from a
weather station at Denali National Park Headquarters,
1926-2015. The fitted (loess) curve is shown as a solid
line. The dotted vertical line indicates the first year of
our study.

2011, Vardanis et al. 2011, Stanley et al. 2012). In
contrast, we expected that short-distance
migrants would show greater variation in the
mean response and pronounced variance hetero-
geneity across time.

METHODS

Data collection

We conducted passerine surveys along the east-
ernmost 118 km of the 144-km Denali Park Road
(DPR), a narrow, unpaved road transecting
upland forest, treeline, shrubline, and open alpine
habitats in the northeastern portion of Denali
(63°35.8' N, 149°38.2" W; Fig. 2). We established
three roadside survey routes each comprising 50
points with 0.8 km spacing. Trained observers
conducted repeated surveys from mid-April to
early July during 12 years (1995-1998, 2006, and
2009-2015), and routes were surveyed 2-18 times
in each year (mean = 6.5 visits/year). Standard
three-minute point count surveys were conducted
during favorable weather from 0.5 hours before
sunrise to approximately 6 hours thereafter (Bys-
track 1981). All birds seen or heard within ~400 m
during the count period were recorded (Bystrack
1981), but only detections of singing males were
used for our analyses. The same routes were gen-
erally surveyed by multiple observers in each
year, and some observers conducted surveys in
multiple years (Schmidt et al. 2013, Mizel et al.
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Fig. 2. Survey routes 1-3 along the park road in Denali National Park and Preserve (Denali), Alaska (modified

from Mizel et al. 2016).

2016). For additional detailed descriptions of the
study area and sampling scheme, see Schmidt
et al. (2013) and Mizel et al. (2016).

Analyses

We restricted analysis to species detected at
>10% of sites in most years to provide sufficient
data to adequately model arrival, observation,
and occupancy processes. We also excluded Lin-
coln’s Sparrow (Melospiza lincolnii) which had
detection probability <0.2 in all years, making it
difficult to separate the arrival and observation
processes. Our final data set included 14 species,
namely 10 Nearctic-Nearctic migrants, three
Nearctic-Neotropical migrants, and one Palearctic
migrant (Appendix S1). We classified species as
short- or long-distance migrants if their wintering
grounds lie primarily north or south of the Tropic
of Cancer, respectively (Rappole et al. 1983).

We used the open-population occupancy
modeling approach of Roth et al. (2014) to esti-
mate arrival events. In this approach, arrival dates
are random variables conditional on detection
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probability and the true occupancy state. In our
data structure, the y;; observations corresponded
to detection/non-detection of a given species at
each pointi =1, 2, ..., I, during each repeat sur-
veyj=1,2, ..., ] ineachyeart=1,2, ..., T The
true occupancy states z; were Bernoulli random
variables with occupancy probability

zis ~ Bernoulli(\; )

Based on the results of Mizel et al. (2016), we
assumed \; was a linear function of year, eleva-
tion (linear and quadratic), two interaction terms,
and random site-level adjustments o; around pu:

logit(;;) = u+ o; + oyyear, + opelev; + azelev?
+ auyear, x elev; + asyear, x elev;

Roth et al. (2014) treated arrival dates as
overdispersed Poisson random variables. Given
severe time constraints on breeding in the subarc-
tic, we did not expect a need for accommodating
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additional variation in the right tail of the arrival
distribution. In addition, given the relatively ext-
reme interannual variation in spring conditions
that occurred during our study period, we thou-
ght it necessary to account for variance hetero-
geneity across time. Therefore, we described
arrival dates a;; as normal random variables with
a year-specific variance and a random mean that
varied by year:

ai; ~ Normal(y,, 67)

We specified an arrival indicator variable [;;; as
an outcome of the relation of a; to the survey
date (i.e., date;):

L 1 whena; <date;;
710 whenay > datejj

The y;;; observations were considered to be
Bernoulli random variables with success proba-
bility specified such that detection probability p;;
was conditional on the true occupancy state z;
and the arrival indicator [;;:

vijt ~Bernoulli(zi x pij x Lijt)

Based on the findings of Mizel et al. (2016), we
assumed detection probability was a linear func-
tion of date;; and time after sunrise, time;;:

logit(p;jt) = By + Bydatey + Bzdatez-zjt + Bytimey;
+ B4timefjt

We included the linear and quadratic effects of
survey timing (relative to sunrise) to account for
variation in the probability of availability or diur-
nal patterns of singing frequency. We included
the linear and quadratic effects of survey date to
account for variation in availability due to sea-
sonal variation in singing frequency (Schmidt
et al. 2013). See Roth et al. (2014) for additional
details on model structure.

We were unable to estimate arrival in the years
1997 and 1998 because each of the three survey
routes received <2 visits. However, we did not
exclude data from these years as they contained
detection and occupancy information. Instead, the
arrival variance term for these years was fixed at
25, which corresponded to a mean standard
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deviation of 5 d in many species, and the year-
specific random mean was set equal to the overall
mean of this distribution. The surveys that did
occur in these years were conducted in early June
(between Julian dates 154-160), that is, after
all arrival events were expected to occur for all
short-distance migrants and most long-distance
migrants. Thus, fixing arrival at reasonable values
would be expected to have minimal effect on
estimates of other parameters. However, we per-
formed a series of sensitivity analyses on all long-
distance migrants in which the arrival variance
was set equal to 100 instead of 25. The effect was
negligible in all cases.

We fit models using OpenBugs (Lunn et al.
2009) via the R20penBUGS package (Sturtz et al.
2005) in program R 3.2.2 (R Core Development
Team 2015). We used diffuse priors on all occu-
pancy and detection parameters (i.e., uniform
distributions from 0 to 100 for the standard devi-
ations of the random effects; uniform distribu-
tions —10 to 10 for all fixed occupancy and
detection covariates). We used diffuse priors for
all arrival parameters including uniform distri-
butions from 0 to 30 for all standard deviations
and normal distributions with mean 0 and preci-
sion 0.01 for the overall mean. Summaries of the
posterior distribution were calculated from two
independent Markov chains run for 60,000 itera-
tions with a 10,000 iteration burn-in and thinning
every four draws. We used the Gelman-Rubin
diagnostic (Brooks and Gelman 1998) to assess
convergence and scaled continuous covariates
(mean =0, SD =1) to improve convergence
properties. From posterior distributions for arri-
val dates at occupied sites, we calculated poste-
rior distributions for the proportion of sites with
an arrival event on or prior to each date within
the survey season (i.e., cumulative arrival pro-
portions). We also calculated the dates at which
5%, 50%, and 95% of occupied sites first showed
an arrival event. This allowed us to assess the
synchronicity of the arrival process (i.e., the inter-
val between the arrival of the first and last 5% of
individuals), as well as the timing of the bulk of
the arrivals (i.e., arrival of 50% of the individu-
als). Estimates for the year-specific mean arrival
dates p; were nearly equivalent to the 50 per-
centile estimates (i.e., the median) for all species.
For clarity, we refer to the 50 percentile estimates
as mean arrival. All estimates are presented as
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posterior means with 95% Bayesian credible
intervals. We considered arrival to be synchro-
nous in a particular year if the ratio of its stan-
dard deviation to the mean standard deviation
for that species was <0.5. Arrival was considered
asynchronous if this ratio was >2.0.

Lastly, we did not include weather covariates
on arrival because our approach was to estimate
the latent arrival events for each site in each year
and a weather covariate would be expected to
affect parts of this distribution differently often
with minimal effect on later arrival events. How-
ever, we accounted for interannual variation
in weather by describing arrival in terms of a
random mean and variance that varied by year.
We also conducted a post hoc linear regression of
the annual arrival shift as a function of the aver-
age April-May temperature. The annual arrival
shift for species i in year j was the mean arrival
date for species i in year j minus the multiyear
median for species j. We excluded Arctic Warbler
(Phylloscopus borealis), a Palearctic migrant, from
this analysis because this species did not appear
to respond to spring temperatures (see Results).

REsuLTs

Long-distance migrants varied in terms of flex-
ibility in arrival timing. Among Neotropical-
Nearctic migrants, Orange-crowned Warbler
(Oreothlypis celata) and Wilson’s Warbler (Wilso-
nia pusilla) showed interannual variation in mean
arrival that was comparable to that exhibited by
short-distance migrants; that is, estimates for
their year-specific mean arrival dates spanned 13
and 17 days, respectively (Fig. 3a). The remain-
ing Neotropical-Nearctic migrant, Swainson’s
Thrush (Catharus ustulatus), showed limited vari-
ation in mean arrival except for a relatively large
advance in 2011 (Fig. 3a). However, contrary to
theoretical predictions, all Neotropical-Nearctic
migrants exhibited large interannual variation
in arrival of the 5 percentile cohort, with year-
specific estimates spanning 19-27 days for the
three species (Fig. 3b). In addition, all Neotropi-
cal-Nearctic migrants showed unexpected and
pronounced variance heterogeneity across time
(Fig. 4), the result of synchronous—asynchronous
fluctuation in arrival (i.e., synchronous arrival in
some years, asynchronous in others; Fig. 5a—c).
Across these species, we observed asynchronous
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arrival and synchronous arrival in combination
with all levels of the mean response (i.e., early,
average, and late arrival; Fig. 5a—c). In contrast,
Arctic Warbler, a Palearctic migrant, showed
almost no interannual and intrapopulation varia-
tion in its arrival timing (Fig. 5d).

As predicted, short-distance migrants exhibited
modest to large interannual variation in mean
arrival and arrival of the 5 percentile cohort.
Across the 10 short-distance migrants that we
considered, interannual variations in mean arrival
and arrival of the 5 percentile cohort spanned
13-26 and 14-32 days, respectively (Fig. 3). Short-
distance migrants exhibited individualistic pat-
terns of interannual variation in the dispersion
of arrival dates (Fig. 4). Some species had small
variances that were relatively homogenous across
time and others showed pronounced variance
heterogeneity across time (Fig. 4), the result of
synchronous—asynchronous fluctuation in arrival
(Figs. 6¢c—d and 7b, e). The arrival of Fox Sparrow
(Passerella iliaca) became more synchronized over
time (Fig. 7a) in concert with dramatic expansion
of its elevational distribution at both low and high
elevations (Mizel et al. 2016).

Arrival timing of Nearctic-Nearctic and
Neotropical-Nearctic migrants showed an app-
arent relationship with local temperature (App-
endix S2). Correspondingly, the extremely late
spring of 2013 synchronized the arrival of the
entire community. With the exception of Savan-
nah Sparrow (Passerculus sandwichensis) and Arc-
tic Warbler, mean arrival dates spanned only
three and five days for long- and short-distance
migrants, respectively (Fig. 3a). During the early
spring of 1995, most species had advanced mean
arrival, but the effect tended to be greatest in
the 5 percentile cohort with advances (relative
to each species’” multiyear median) of 15, 18,
and 20 days in Orange-crowned Warbler, Fox
Sparrow, and Wilson’s Warbler, respectively
(Fig. 3b).

DiscussioN

Long-distance migrants are expected to have rel-
atively inflexible phenologies, making them sus-
ceptible to trophic mismatches and corresponding
population declines under climate change (e.g.,
Both and Visser 2001, Both et al. 2009). However,
we found that two Neotropical-Nearctic migrants,
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See Appendix S1 for species names and codes.

Orange-crowned and Wilson’s warblers, showed
unexpectedly plastic phenologies, suggesting resi-
lience under extreme spring conditions. Swain-
son’s Thrush, the remaining Neotropical-Nearctic
migrant, showed limited interannual variation in
mean arrival, but greater variation in the arrival
of the 5 percentile cohort, suggesting the capacity
for plastic adjustments in arrival timing. Short-
distance migrants showed similar or greater
plasticity in arrival timing, indicating an ability to
closely track the emergence of spring along their
migration routes. Overall, our findings suggest
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that both Neotropical-Nearctic and Nearctic—
Nearctic migrants breeding in interior Alaska are
able to adjust arrival in response to relatively
large interannual variation in spring conditions.

The onset of spring in Denali is rapid and unpre-
dictable in its timing. Further, it comprises large
temperature variation and is often interrupted by
periods of cold weather and snow, thereby repre-
senting substantial risk for early-arriving individu-
als. Thus, all but the latest arriving species in our
study area may have undergone selection for plas-
ticity in arrival.
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Fig. 4. Boxplot of year-specific standard deviations
for migrants breeding in Denali National Park, Alaska
(1995-2015). The thick black line separates short-
distance from long-distance migrants (bottom). Within
migration groups, species were ordered according to
the standard deviation of the year-specific standard
deviations. Arctic Warbler is not shown because of a
lack of variability in arrival dates.

All Neotropical-Nearctic and several Nearctic—
Nearctic migrants showed variance heterogeneity
across time, the result of synchronous—
asynchronous fluctuation in arrival. With the
notable exception of Fox Sparrow, the degree of
synchronicity in arrival did not appear to be
strongly associated with annual occupancy, sug-
gesting little support for interannual variation in
density-dependent competition driving fluctua-
tion in arrival variances. Instead, many species
exhibited temporal trends in occupancy (Mizel
et al. 2016), indicating the presence of temporal
correlation in annual density amidst random
interannual fluctuations in the arrival variance.
Thus, the fact that we observed synchronous and
asynchronous arrival in combination with vari-
ous levels of the mean response (i.e., early, aver-
age, and late arrival) suggests the presence of
interactions between environmental conditions
at multiple scales and inter-individual variation
in average arrival and, potentially, in phenotypic
plasticity. That is, these interactions were likely
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involved in order for the variance to be large or
small, irrespective of the mean response.

This may be conceptualized by decomposing
the migration systems of high-latitude breeders
into three basic environments: the wintering
ground environment (Ey), the migration route or
mid-latitude environment (Er), and the near-
breeding ground environment (Eg). Given its
potential severity, the high-latitude environment
(Eg) often mediates the conflated effect of the
wintering ground-migration route environment
(EwEg) on arrival timing. Early-asynchronous
arrival may result when conditions on the EwEr
are near average, but an unusually favorable Eg
releases the vanguard cohort to show a dispro-
portionately large advance relative to the rest of
the population. For example, in 1995, Wilson's
and Orange-crowned warblers showed early
arrival overall, but the shift in the 5 percentile
cohort was disproportionate to that exhibited by
the rest of their respective populations, resulting
in early-asynchronous arrival.

Early-synchronous arrival may arise when a
favorable EwERg (e.g., mid-latitude conditions) rel-
axes the costs of early arrival sufficiently to induce
early passage of most individuals and Ep condi-
tions also align favorably. In 2010 and 2015,
Wilson’s and Orange-crowned warblers exhibited
early arrival overall, but the 5 percentile cohort
did not realize a disproportionate response, res-
ulting in early-synchronous arrival. The frequency
dependence of migratory timing may also under-
lie early-synchronous arrival (Kokko 1999). Arri-
val timing is thought to be optimized on the basis
of individual-specific costs and benefits which
themselves are a function of individual condition
and the arrival timing of other males in the popu-
lation (Meller 19944, Kokko 1999). Thus, when
spring conditions are ameliorated and risk is
reduced to a certain degree, average and lower-
quality males may anticipate the early arrival of
competing males, possibly through assessment
along the migration route, triggering them to
advance their arrival beyond their particular
“cost-minimizing date” (Kokko 1999) or optimal
migratory timing, leading to early-synchronous
arrival.

Because we lack data on individuals, our und-
erstanding of inter-individual variation in pheno-
typic plasticity in these populations is limited and
further complicated by multiscale environmental

February 2017 ** Volume 8(2) ** Article e01680

35U801 SUOWILIOD BAITERID 2[Rl idde 2L Aq peuenoB 2. SSPIR YO 88N JO S9INI 0 ARIGIT 2UIIUO AB{IM UO (SUOIPUOD-PL-SLLLIBYLID A3 1 AReic)1jou|uo//Scil) SUORIPUOD PUE UL | 33 05 *[S202/80/E0] U0 A1 8UIIUO A8]IM ‘ILewweBeue \ pue-] JO neaing Ag 08T 2S08/Z00T OT/I0p/W0d" 8| IM AIq1puIUO'S UINO fesa//Sdy o1 pepeojumod 2 *£T0Z ‘SZ680STZ



160 1

140 1

120 1

100 1

160 1

140 1

120 1

100

Julian date

160+

140

120 1

100

160 1

140 1

120 1

100-(d)
H HL © O Q90NN Vv Do N b
> O O O N N N N N N
TP FFF S & @

MIZEL ET AL.

Cumulative arrival

100 120 140 160
Julian date

Fig. 5. Arrival distributions of long-distance migrants in Denali National Park, Alaska (1995-2015). Only years
in which sampling occurred and arrival was estimable are shown. Right panels show cumulative arrival curves,
and left panels show species-specific posterior means for the Julian dates in which 5% (open circles), 50% (gray
squares), and 95% of occupied sites had shown an arrival event. Bayesian 95% credible intervals are also shown.
Species include (a) Wilson’s Warbler, (b) Orange-crowned Warbler, (c) Swainson’s Thrush, and (d) Arctic Warbler.
We considered arrival to be synchronous (dashed red lines) if the ratio of the standard deviation of that year to
the average standard deviation was <0.5. Arrival was considered asynchronous (blue lines) if this ratio was >2.0.

interactions, the role of stochastic influences (e.g.,
wind patterns), and potential non-linear res-
ponses to environmental variation. However, the
fact that we observed interannual changes in the
mean—variance relationship including instances of
early-synchronous and early-asynchronous arri-
val suggests the presence of an individual by
environment interaction (I x EwEgr x Eg), or
inter-individual variation in phenotypic plasticity
(Nussey et al. 2007). That is, in response to
environmental variation, some males may make
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adjustments from their average arrival timing that
are disproportionate to those made by other
males. The shape of the arrival distribution may
then depend on which individuals (e.g., high or
average quality) make these adjustments and in
which environment(s) they are made, EwEgr and/
or Eg. At a minimum, the observed pattern sug-
gests a population-level capacity in these species
to adjust their arrival timing to large variation in
spring conditions. If, hypothetically, the potential
for a phenological mismatch exists in these
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Fig. 6. Arrival distributions of short-distance migrants in Denali National Park, Alaska (1995-2015). Only
years in which sampling occurred and arrival was estimable are shown. Right panels show cumulative arrival
curves, and left panels show species-specific posterior means for the Julian dates in which 5% (open circles), 50%
(gray squares), and 95% of occupied sites had shown an arrival event. Bayesian 95% credible intervals are also
shown. Species include (a) Dark-eyed Junco, (b) Varied Thrush, (c) Ruby-crowned Kinglet, (d) American Tree
Sparrow, and (e) American Robin. We considered arrival to be synchronous (dashed red lines) if the ratio of the
standard deviation of that year to the average standard deviation was <0.5. Arrival was considered asyn-

chronous (blue lines) if this ratio was >2.0.

species, then the affected segment of the migrant
population could vary considerably on an annual
basis given the observed variation in the mean—
variance relationship.

In general, the arrival variances of short-distance
migrants were not larger than those of Neotropical-
Nearctic migrants. This was in contrast to studies
conducted at North American mid-latitudes show-
ing larger passage variances for short-distance
migrants compared to Neotropical-Nearctic
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migrants (Mills 2005, Van Buskirk et al. 2009, La
Sorte et al. 2013), potentially indicating that inter-
actions between high and mid-latitude environ-
ments may alter the shape of arrival distributions
(Moller 2008). However, the arrival distributions
of short-distance migrants were also individualis-
tic. Several short-distance migrants showed pro-
nounced variance heterogeneity across time or
synchronous—asynchronous fluctuation. In con-
trast, a subset of short-distance migrants showed
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Fig. 7. Arrival distributions of short-distance migrants in Denali National Park, Alaska (1995-2015). Only
years in which sampling occurred and arrival was estimable are shown. Right panels show cumulative arrival

curves, and left panels show species-specific posterior means for the Julian dates in which 5% (open circles), 50%

(gray squares), and 95% of occupied sites had shown an arrival event. Bayesian 95% credible intervals are also
shown. Species include (a) Fox Sparrow, (b) Yellow-rumped (Myrtle) Warbler, (c) White-crowned Sparrow, (d)
Golden-crowned Sparrow, and (e) Savannah Sparrow. We considered arrival to be synchronous (dashed red
lines) if the ratio of the standard deviation of that year to the average standard deviation was <0.5. Arrival was

considered asynchronous (blue lines) if this ratio was >2.0.

weak variance heterogeneity and relatively com-
pressed arrival distributions. The latter pattern
could be indicative of limited inter-individual
variation in plasticity which would synchronize
arrival (Kokko 1999). However, many other fac-
tors likely underlie interspecific variation in the
behavior of the arrival variance, including the
intensity of competition for territories (Kokko
1999, Jonzén et al. 2007), the breadth of a species’
foraging niche, the temporal variance of resource
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availability (Jonzén et al. 2007), variation between
migration routes in spatio-temporal patterns of
vegetation phenology (La Sorte et al. 2013), the
distance of the migratory journey, and species-
specific flight strategies including the degree of
selectivity for favorable winds in timing migration
flights (Karlsson et al. 2011, Nilsson et al. 2014).
Fox Sparrow, a short-distance migrant, was
unique in that its arrival distribution became more
synchronized over time. This pattern coincided
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with a 250% increase in its abundance within the
study area (Schmidt et al. 2013) and dramatic
expansion of its elevational distribution (Mizel
et al. 2016). Synchronization of its arrival phenol-
ogy could have been driven by density-dependent
intensification of competition for territories
(Kokko 1999) although other explanations are
possible. This unique pattern emphasizes the
importance of considering other factors, such as
changes in population size, when assessing varia-
tion in phenology to avoid possibly erroneous
conclusions (Tryjanowski and Sparks 2001,
Miller-Rushing et al. 2008).

In contrast to the rest of the species that we
considered, Arctic Warbler, a Palearctic long-
distance migrant, showed little plasticity in arrival
timing. The entire local population arrived within
a few days of June 6 each year, thereby circum-
venting variation in spring onset entirely but cre-
ating a highly compressed breeding season. Such
inflexibility in their phenology would theoreti-
cally make them susceptible to tropic mismatches.
However, the degree of specialization in their diet
and the temporal breadth of peak prey availabil-
ity are unknown in our study area, limiting our
ability to make predictions about the potential for
a phenological mismatch.

With the exception of Arctic Warbler, the arri-
val phenologies of the subarctic migrants that
we considered appear to be relatively flexible.
However, they were subject to synchronous—
asynchronous fluctuation, suggesting that arrival
variances may respond strongly to weakening of
the north—south temperature gradient. We found
that extremes in local spring temperatures have
the potential to synchronize arrival across the
bird community (as in the late spring of 2013)
and to induce substantial advances in arrival
among both long- and short-distance migrants
(as in the early spring of 1995). Although the ulti-
mate effects of climate warming on bird popula-
tions are unknown, our findings suggest that
some Neotropical migrants breeding in the sub-
arctic may have greater capacity for plastic arri-
val timing than was previously expected.
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