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Abstract

Background: Long-distance migratory birds in North America have undergone precipitous declines over the past
half-century. Although the trend is clear, for many migrating species underpinning the exact causes poses a chal-
lenge to conservation due to the numerous stressors that they encounter. Climate conditions during all phases of
their annual cycle can have important consequences for their survival. Here, using 15 years of capture-recapture
dataset, we determined the effects of various climate factors during the breeding, wintering, and migrating stages on
the annual survival of a western yellow-breasted chat (Icteria virens auricollis) population breeding in southwestern

Canada.

Results: El Nifo effects over the entire annual cycle had little influence on the annual apparent survival of yellow-
breasted chats. However, we found evidence that wind conditions during migration, specifically average westerly
wind speed or the frequency of storm events, had significant adverse effects on adult annual apparent survival. In
comparison, precipitation levels on wintering ground had little to no influence on adult annual apparent survival,
whereas growing degree days on the breeding ground had moderate but positive effects.

Conclusions: In the face of climate change and its predicted impacts on climate processes, understanding the influ-
ence of weather conditions on the survival of migrating birds can allow appropriate conservation strategies to be

adopted for chats and other declining neotropical migrants.
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Background

Widespread declines in bird populations are evident
across much of North America, with recent findings
revealing that an alarming one-third (37%) of North
American bird species are of high conservation con-
cern [1]. Long-distance neotropical migrants have
declined more steeply than residents and short-distance
migrants [1, 2]. Longer journeys mean that these birds
encounter more potential impediments along their
migratory routes, including collisions with man-made
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infrastructures, light pollution, increased predation risk,
and inadequate food sources [3, 4]. In addition, anthro-
pogenic and environmental threats on the breeding and
wintering grounds add to the suite of stressors for neo-
tropical migrants [5, 6]. Unfavourable weather conditions
are one of the most detrimental factors that can compro-
mise their survival and reproductive phenology [7-11].
Having a more holistic understanding of the climatic pro-
cesses and their impacts on migratory birds would allow
conservation strategies to be effectively implemented for
these species [12].

Migratory birds have endured arduous and perilous
journeys between and within North, Central and South
Americas for millennia. However, with climate change
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projections predicting drastic alterations in climatic con-
ditions, uncertainty exists about the future persistence of
migratory bird populations [13]. The predicted increase
in the frequency, intensity, and duration of extreme
weather events—including droughts, intense precipi-
tation, and windstorms—are expected to have adverse
effects on avian population dynamics [8, 10, 14, 15].
Neotropical migrants may be particularly susceptible to
extreme climate variability, as climate fluctuations and
anomalies can result in direct mortality and/or impact
food availability during all stages of their annual cycle:
breeding, wintering, and migration [16]. Understanding
how climatic conditions at different stages of the annual
cycle influence the survival of neotropical migrants is
critical in evaluating how climate change will impact
migratory birds [17, 18].

The objective of this study was to examine how annual
survival of a neotropical migrant, western yellow-
breasted chat (Icteria virens auricollis; hereafter: chat),
is influenced by climatic conditions during its breeding,
wintering, and spring migratory periods. We developed
capture-mark-recapture models constrained with climate
variables to evaluate the effects of: (1) El Nifio Southern
Oscillation (ENSO) during the entire annual cycle; (2)
temperature and precipitation conditions on the breed-
ing grounds; (3) precipitation level on the wintering
grounds; and finally (4) wind speed, precipitation level,
and number of storm events on the spring migration
route. Survival was estimated using 15 years (2001-2015)
of capture-recapture data from a breeding population of
chats in southern British Columbia, Canada. Our study
presents the first comprehensive analysis on how adult
survivorship of chats in this endangered population [19]
in Canada can be influenced by climate factors through-
out three major phases of its annual cycle.

Methods

Study species and area

The yellow-breasted chat is a neotropical migratory song-
bird with a transcontinental distribution extending from
southern Canada, the United States, Mexico, to Central
America (Fig. 1). The western auricollis subspecies has
a fragmented breeding distribution in the west, which
includes our study area in the south Okanagan valley
of British Columbia, Canada, at the northern tip of the
geographic range for this subspecies (Fig. 1). Genetic
evidence indicates that the western subspecies overwin-
ters on the westcoast of Mexico (southern Baja Califor-
nia, Sinaloa to Oxaca) [20]. Chats in the south Okanagan
valley nest in low elevation (>500 m) riparian thickets
dominated by wild rose (Rosa spp.), snowberry, and other
native shrub species [21]. Their diet consists primarily
of insects, but also includes fruits and rose petals [22,
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23]. We colour-banded, monitored, and resighted birds
breeding in the Okanagan valley from Penticton (49° 27’
N, 119° 36’ W) to Osoyoos (49° 1’ N, 119° 26’ W) on the
USA border, a distance of 66 km between 2001 and 2015.
To ensure that resighted individuals were accurately
determined, colour combos were confirmed upon multi-
ple observations and by at least two observers (see McK-
ibbin and Bishop [23, 44] for details). Birds were sexed
and aged (second-year [SY] or after second-year [ASY])
based on plumage characteristics and molt limits [24]).

Climate data and models

El Nifio Southern Oscillation (ENSO)

ENSO is known to influence a broad spectrum of climate
factors in North America including precipitation anoma-
lies in Mexico and southern California [25-27], tem-
perature fluctuations [28], and wind conditions [7, 29].
Climate indices describing ENSO conditions (e.g. El Nifio-
Southern Oscillation Precipitation Index [ESPI], Southern
Oscillation Index [SOI]) have been found to influence the
survival rate of several neotropical migrants (e.g. Swain-
son’s Thrush Catharus ustulatus [9]; Black-throated Blue
Warblers Setophaga caerulescenes [18]; Yellow Warblers
Setophaga petechia [30, 31]). We examined the combined
effects of ENSO on the survival rate of chats using the
average SOI from May to April (“Model set 17; Table 1).
SOI is a standard index that measures large-scale fluc-
tuations in air pressure occurring between the western
and eastern tropical Pacific, and provides a robust index
for tracking ENSO phases. We obtained standardized
monthly SOI values from the Climate Prediction Center:
http://www.cpc.ncep.noaa.gov/data/indices/soi.

Climate conditions on breeding ground

Precipitation and temperature in the Pacific northwest
are influenced by ENSO. When ENSO is in its strong
phase (i.e. El Nino), jet stream becomes diverted into
California, resulting in low precipitation and increased
frequency of summer droughts in the Pacific Northwest
[6, 32]. Growing degree days (GDD), a measure of heat
accumulation, and precipitation level both influence pri-
mary productivity and insect emergence [33-36], and in
turn food availability for animals in subsequent trophic
levels [37-39]. We therefore predicted that precipita-
tion in two periods (October—April and May-July) and
GDD prior to start of breeding (January—May) would
have positive effects on the survival of chats (“Model set
2”; Table 1). Climate variables on the breeding ground of
south Okanagan valley were extracted and averaged from
two local weather stations: “Penticton A” (WMO ID:
71889; 49°27’36" N, 119°36'0" W; elevation 344.4 m) and
“Osoyoos CS” (WMO ID: 71215; 49°1’48" N, 119°26'24”
W; elevation 282.9 m).
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Fig. 1 Location points used to collect climate data from the approximated migration route (wind = circle; precipitation = triangle), wintering
ground (diamond), and breeding ground/study site (star) of yellow-breasted chats (western subspecies). Shaded in light and dark grey are the breed-
ing and overwintering ranges of yellow-breasted chats (both subspecies), respectively, adapted from IUCN (April 2016)

Climate conditions on wintering grounds

ENSO has divergent effects on precipitation in western
Mexico: El Nifo is associated with more rainfall during
the winter/spring in northwestern Mexico, whereas La
Nifa is associated with more summer monsoon rain-
fall in southwestern Mexico [27]. Rainfall is expected
to influence biological productivity on the wintering
grounds, and as a result affect the overwinter survival
and mass gain of migratory birds prior to spring migra-
tion [5, 7]. We therefore predicted that precipitation level

on the wintering grounds during the monsoon and/or the
late winter would influence the survival of chats (“Model
set 3”; Table 1). Modeled rainfall data on the winter-
ing grounds was obtained from the National Center of
Environmental Prediction (NCEP)/National Center for
Atmospheric Research (NCAR) Reanalysis database,
as provided by the NOAA-CIRES Climate Diagnostic
Center at Boulder, CO, USA, using R package RNCEP
[40]. Precipitation data from the wintering ground was
extracted from 12 location points (Fig. 1).
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Table 1 Annual and region-specific climate data used to examine climate effects on annual apparent survival of western
yellow-breasted chats breeding in the south Okanagan valley, British Columbia, Canada

Model set# Life cyclestage  Climate variable Calculated by
1 Annual Southern Oscillation Index (SOlyay_apr)  Average monthly standardized Southern Oscillation Index (SOI)
2 Breeding ground  Growing degree days (GDDs_yay) Sum positive GDD, where GDD = ([Tyjay + Tynl/2)—10
Precipitationgcy_apr Sum daily rainfall (mm)
Precipitationyay_ju.
3 Wintering ground  Precipitationyay_nov Sum daily rainfall (mm)
Precipitationpec_apr
4 Migration route Precipitationyoy_mav(ari) Sum daily rainfall (mm)

Precipitationyoy-wav(pesern)
Westerly wind speed (U-wind apg_yay)

Southerly wind speed (V-wind ypg_pay)

Number of storm nights (Storm pg_pay)

Sum daily rainfall (mm)
Average mean daily U-wind speed (m/s) from 6 p.m.—6 a.m.? at 850 and

925 mb?®

Average mean daily U-wind speed (m/s) from 6 pm - 6am? at 850mb and

925mb?

Sum of days with extreme (>95 percentile) U or V wind speeds

@ Within the altitudinal range of migrant songbirds [67, 68]

® Includes 6 p.m., 12 and 6 a.m. (12 pm was excluded) as most migrants begin migration after dusk, peak at midnight, and end before dawn

Climate conditions on spring migration route

Wind conditions and storm events during the migration
period are expected to influence flight costs and survival
during flight [7, 8]. In addition, habitat quality at stopover
sites can also be affected by precipitation that falls in the
winter and spring (November—May). Rainfall in arid and/
or desert regions within the flyway may have a dispropor-
tionate effect on survival, and variation in precipitation
in the desert region of the western flyway was associ-
ated with variation in the annual survival of Swainson’s
Thrush [9]. We predicted that westerly (U) and southerly
(V) wind speeds and the number of storm nights on the
migratory flyway during the migratory period (April-
May) would have negative effects, and that precipitation
in either the desert region or arid region of the flyway
would have positive effects on the annual survival of
chats (“Model set 4”; Table 1). Modeled climate data on
the migration route was also obtained from the NCEP/
NCAR Reanalysis database using RNCEP [40]. Pre-
cipitation data were extracted from “arid” (N = 52) and
“desert” (N = 23) zones within the western flyway [41],
whereas wind speed data was extracted from the entire
flyway (N = 49; Fig. 1).

Analysis

We estimated apparent annual adult survival from 2001
to 2015 using the Cormack-Jolly-Seber model. We cal-
culated the probability of an adult returning to the study
site (¢) after controlling for the probability that banded
individuals were resighted or recaptured, hereafter
described as resighting probability (p), using program
MARK 5.1 [42, 43]. Probability of return (¢) reflects
both survival and emigration, and our apparent annual

survival estimates therefore underestimate annual sur-
vival. The global model that allowed adult survival to vary
as a function of gender, age and year and the resighting
probability to vary as a function of gender and year fit
the data well and showed no evidence of overdispersion
(median procedure, ¢ < 1).

We first determined the best model structure for the
resighting rate, and then modeled survival rates with can-
didate models containing gender, age, year, and all pos-
sible interactions (Table 1). We then developed a series
of candidate model sets to examine whether annual
apparent survival varied with annual ENSO (Model
set 1), breeding ground conditions (Model set 2), win-
ter conditions (Model set 3), or migration conditions
(Model set 4). Model set 2 included models with both
Precipitationgcy_apr, Precipitationyzy iy, and GDD,
the precipitation variables combined or alone, and GDD
alone, in addition to the best model in the earlier tempo-
ral analysis (n = 6 models). Model set 3 included models
with Precipitationy;,y_noy Or Precipitationppe_spr and
the best model in the earlier temporal analysis (n = 3
models). Both variables were not included because they
were highly correlated. Model set 4 included models with
both U + V-wind, U and V-wind alone, the number of
storm nights in April and May, Precipitationygy_pay On
either the desert or arid region of the migratory flyway,
and the best model from the earlier temporal analysis
(n = 7 models). Finally, we asked whether overall ENSO
conditions or conditions on the breeding grounds, win-
tering grounds or on migration best described variation
in annual apparent survival. In this candidate set we
included the top model in each of Model sets 1-4 and
the best model in the earlier temporal analysis. We used
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a hierarchical modelling approach so that we can evalu-
ate climate effects that operate in a single season allow-
ing comparison with other studies focused on one season
alone, and then compete the best models from within
each season to assess which period plays the most impor-
tant role in explaining variation in annual survival. With
the exception of the annual SOI, all climate variables
were standardized by subtracting the mean and divid-
ing the standard deviation allowing estimated effect sizes
to be compared directly. At each stage of the analysis we
used Akaike’s Information Criterion to rank competing
models. Model weights and beta estimates of effect sizes
were used to compare models and assess the importance
of individual climate variables.

Results

We colour-banded a total of 313 chats (118 females, 195
males) between 2001 and 2015. Ninety-four birds were
resighted or recaptured at least once a year or more after
banding with one male resighted for 6 consecutive years
after being banded as an SY bird in 2005. Out of the 148
re-encounters, 93 (63%) were resighted but not recap-
tured; the remaining 55 (37%) were predominantly both
recaptured and resighted, with a few individuals being
recaptured but not resighted.

Apparent survival rate

The best resighting model indicated that resighting
varied with gender (Table 2); males were more likely
to be resighted on the breeding grounds than females
(male = 0.59 =+ 0.05; female = 0.39 £ 0.09). This model
received marginally more support than a model where
resighting of males and females did not differ and sub-
stantially more support than a model where resighting
varied with both gender and year.

The best model examining temporal variation in
the annual apparent survival of chats suggested that
annual apparent survival was relatively constant across
the 15 years of the study. The top (i.e. the null model)
received slightly more support than models indicating
that survival varied with gender and/or age, and sub-
stantially more support than models indicating that sur-
vival varied across years (Table 2). The estimated annual
apparent survival from the top model was 0.57 £+ 0.03,
similar to the estimate of 0.65 from a previous study [44].
See Additional file 1: Table S1 for estimates of annual
survival from the simple temporal model.

Climate variables predicting survival rates

Relationship between climate variables

ENSO conditions over the course of the year, measured
using the average SOI from May to April (SOlyay_apr)s
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Table 2 Summary of models examining gender (g), age
(a), and temporal (t) variation in (a) resighting probability,
and (b) apparent annual survival of the western yellow-
breasted chats breeding in south Okanagan valley, British
Columbia (n = 313 individuals, 461 encounters

Model AIC, AAIC. Weight K

(a) Resighting models
Phi(g*a*t) p(q) 77428 0 0.51 58
Phi(g*a*t) p() 774.30 0.02 049 57
Phi(g*a*t) p(g + t) 794.37 20.09 0 71
Phi(g*a*t) p(g*t) 830.29 56.01 0 84

(b) Apparent annual survival models
Phi(.) 708.67 0 0.24 3
Phi(qg) 709.22 0.55 0.18 4
Phi(a) 70942 0.75 0.17 4
Phi(g + a) 70947 0.80 0.16 5
Phi(g + a+ga) 709.57 0.90 0.16 6
Phi(g + a+t) 713.22 4.55 0.02 18
Phi(g 4+ a+ga + 1) 713.32 467 0.02 19
Phi(g + 1) 713.97 530 0.02 17
Phi(a + t) 714.68 6.01 0.01 17
Phi(t) 714.97 6.30 0.01 16
Phi(g*a*t) 774.28 65.61 0 58

We show all models in the resighting candidate set and all models with

AAIC. < 10 and the global Phi model in the apparent annual survival candidate
set. In all apparent annual survival models resighting probability varies with
gender

Phi(.) null model, Phi(g*a*t) global model

was postively correlated with average westerly wind
speeds and the frequency of storms in April and May
(U-windzpg_pmays T = 0.605, p = 0.02; Stormypr_pay,
r = 0.522, p = 0.06). SOl ay_apr Was not significantly
correlated with any of the other climate variables (Addi-
tional file 1: Table S2). Breeding season climate variables
(GDDjsn_may: Precipitationger_pr, Precipitationyay.
juL) were not significantly intercorrelated (all r < 0.45,
Additional file 1: Table S2). Precipitation on the winter-
ing grounds from May to November was correlated with
precipitation on the wintering grounds from December
to April (r = 0.816, p = 0.004). Unsurprisingly, average
westerly wind speeds on the migration flyway in April
and May increased as the frequency of storms increased
(r =0.841, p = 0.002), and precipitation in desert regions
of the migration flyway from November to May was
highly correlated with precipitation in arid regions of
the flyway (r = 0.927, p < 0.001). Across periods the only
climate variables that were significantly intercorrelated
were precipitation on the breeding grounds from May to
July and the frequency of storms on migration (r = 0.615,
p = 0.02, Additional file 1: Table S2).
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El Nifio Southern Oscillation (ENSO)

Annual apparent survival of chats was not related to the
average ENSO conditions experienced over the course of
the year. The model that included the SOIy;,y.apr term
received less support than the model indicating that
annual apparent survival was constant, and the beta esti-
mate for the SOl ay_apr term had 95% CI intervals that
spanned zero (—0.28 + 0.20, —0.68 to 0.12).

Climate conditions on breeding ground

The number of growing degree days was positively
associated, and precipitation on the breeding grounds
between May and July was negatively associated, with
the annual apparent survival of chats. The top model
in Model set 2, that examined breeding ground effects
on annual survival, included both GDDj,y pay and
Precipitationy;sy jy;- This model received slightly more
support than the model with only the GDDj,y_pay term
and 15 times the support of the null model (Table 3). Beta
estimates for the GDDjy_yay term had 95% CI that did
not span zero (0.30 = 0.13, 0.06-0.55), whereas those
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for Precipitationy;y ;. were lower and had 95% CI that
spanned zero (—0.23 £ 0.16, —0.53 to 0.08).

Climate conditions on wintering ground

Precipitation on the wintering grounds was not asso-
ciated with variation in the annual apparent survival of
chats. Models containing the Precipitationppc_,pr and/
or the Precipitationy ,y_nov terms received less support
than the null model in Model set 3 (Table 3).

Climate conditions on spring migration route

Wind speed on the migration flyway during April and
May was negatively associated with the annual apparent
survival of chats (Fig. 2). Three models in Model set 4 that
examined migration effects on annual survival received
strong support, and all three models included terms asso-
ciated with wind speed and/or frequency of storm events
(Table 3). The top model in Model set 4, that included
only the westerly wind speed term (U-wind,pg_nmay)
received over 20 times the support of the null model.
Beta estimates for the U-wind term had confidence

Table 3 Models examining the relationship between climate variables on the breeding grounds, wintering grounds,
and on migration and the apparent annual survival of western yellow-breasted chats breeding in the Okanagan valley,
British Columbia, Canada (n = 313 individuals, 461 encounters)

Variables AIC, AAIC, Weight K
a. Breeding ground
GDD jan-_may + precipitationyay_u. 704.09 0 0.30 5
GDD)an_may 704.34 0.25 0.26 4
GDD jpn_may + precipitationger_apr 705.14 1.05 0.17 5
GDD)pn-may + precipitationger_apg + precipitationy,u. 705.85 1.76 0.12 6
Precipitationgcr_apr 707.78 3.69 0.05 4
Precipitationyay_jut 708.24 4.15 0.04 4
Precipitationgcr_apg + precipitationyay_ut 708.52 444 0.03 5
Phi() 708.67 4.58 0.02 3
Phi(g*a*t) 774.28 70.19 0 58
b. Wintering ground
Phi() 708.67 0 044 3
Precipitationpec_apg 709.10 042 0.36 4
Precipitationyay_nov 710.28 1.61 0.20 4
Phi(g*a*t) 774.28 65.61 0 58
¢. Migration route
U-wind spr_may 702.88 0 043 4
STOrM app_may 70343 0.55 033 4
U-wind appvay + V-Wind apr_may 704.78 1.90 0.17 5
Precipitationyoy_may(ario) 708.57 5.69 0.03 4
Phi() 708.67 579 0.02 3
Precipitationyoy_mav(oeserT) 710.06 7.19 0.01 4
V-windpg wiay 71031 743 001 4
Phi(g*a*t) 774.28 714 0 58

K number of parameters, GDD growing degree days, Phi(.) null model, Phi(g*a*t) global model
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Fig. 2 Annual apparent survival (£SE) of adult western yellow-
breasted chats in the south Okanagan valley, British Columbia,
Canada from 2001 to 2015 in relation to standardized westerly wind
speed during migration. Solid lines and shaded area represent pre-
dicted apparent annual survival £95% Cl from the top model

intervals that did not span zero (—0.36 &+ 0.13, —0.61 to
—0.1). The second ranked model that received a similar
level of support contained the Stormypr_pay term, and
the third ranked- model included both the U-wind,pg_
Mmay and the V-wind,pr_pay terms. Models with terms
associated with precipitation at stopover habitat in desert
or arid regions of the migration flyway received negligible
support (Table 3).

Strongest predicting climate conditions on annual survival
When competing models examining different hypoth-
eses for climate effects on annual apparent survival
were tested, the top model indicated that annual appar-
ent annual survival rates were best predicted by west-
erly wind on the migratory flyway during April and
May. This model received nearly twice the support of
the model linking annual survival and conditions on the
breeding grounds that contained the Precipitationyy_
ju + GDDjsn_may terms (Table 4). See Additional file 1:
Table S3 for beta estimates, standard errors and 95% con-
fidence intervals for logit link function parameters in cli-
mate and null models in Table 4).

Discussion

Large-scale climatic phenomenon such as ENSO have
profound impacts on regional weather conditions,
including temperature, rainfall patterns, and wind condi-
tions. These climate regimes influence the survival and
breeding phenology of neotropical migratory birds [7, 9,
31, 45]. Temperature and precipitation have major impli-
cations on foliage productivity and insect abundance,
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Table 4 Comparison of best-supported climate models
from the candidate sets examining apparent annual sur-
vival of western yellow-breasted chats during each stage
of the annual cycle (migration, breeding, wintering), the
annual ENSO model and the null model (n = 313 individu-
als, 461 encounters)

Stage Model AIC, AAIC. Weight K

Migration  U-wind pg_may 70288 0 0.59 4
Breeding  GDD ja\_way + Precipita- 70409 1.1 0.32 5

tionyay-juL

Annual Phi() 70868 58 0.03 3
Annual SOlyav-arr 70886 598 0.03 4
Wintering  Precipitationpgc_apr 709.097 6.22 0.03 4
Annual Phi(g*a*t) 77428 754 0 58

K number of parameters, GDD growing degree days, SOl Southern Oscillation
Index, Phi(.) null model, Phi(g*a*t) global model

which in turn can affect the survival of migrating song-
birds during all stages of their annual cycle [33-39].
Adverse wind conditions and extreme storm events, in
comparison, can either cause direct mortality or result
in higher energetic cost for migrating individuals [7, 8].
In this study, we found evidence that the annual adult
survival rate of a neotropical migrant, the western yel-
low-breasted chat, was negatively and most strongly
associated with westerly wind speed during the spring
migration from the central west coast of Mexico to south-
western Canada. Further, the frequency of storm events
in their spring migration route had a negative effect on
their annual survival, whereas GDD from January to May
on their breeding ground had a positive effect.

The negative effect of wind conditions was either as a
result of higher average westerly wind speed or the high
frequency of storm events on the migration route of
yellow breasted chats. These two climate indices were
correlated, and both described variation in annual appar-
ent survival, making it hard to distinguish between the
effects of extended periods with high crosswinds and the
effects of less frequent extreme events. Previous studies
have similarly shown that wind conditions during migra-
tion negatively influenced the annual apparent survival
of other migratory birds [46], including yellow warblers
(Setophaga petechial [7]), and chimney swifts (Chaetura
pelagica [10]). Our 15 years of long-term study cor-
roborated the findings of other shorter term studies
that varied from 3 to 9 years [7, 10]. Favourable tailwind
conditions facilitate migratory flight, and thereby allow
birds to expend less energy per unit distance. On the
other hand, turbulences and strong winds against the
direction of their flight path can result in less efficient
migratory flights, leading to greater energy expenditure
[47, 48]. Adverse wind conditions deplete their energy
reserves, potentially rendering individuals to either die of
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exhaustion or become more susceptible to depredation
risks. Although most migrants stay grounded until wind-
storms have abated, individuals in the midst of migrat-
ing are at most risk of perishing or becoming displaced
from these extreme storm events. The effects of wind-
storms are likely even more detrimental to the survival
of migrants when they are flying across long stretches of
landmass or waterbodies without suitable stopover sites
[9]. In the case of chats, the Great Basin, the Sonoran
Desert, and the Gulf of Mexico may all act as migratory
barriers.

An alternative explanation for the negative association
between westerly wind speed and annual apparent sur-
vival is that strong westerly crosswinds cause migrating
chats to stray off course and breed elsewhere, likely in the
eastern or southern parts of their breeding range [7, 49].
When faced with prevailing crosswinds, migrants may
be pushed off their flight path, or compensate by reori-
enting their flight to offset the drift in order to remain
philopatric to their breeding site at the cost of higher
energy expenditure [49-53]. Migrants are more likely to
opt for the latter strategy in situations where being blown
off course means encountering inhospitable terrains
such as oceans and deserts [49]. In our study, chats that
experienced strong westerly crosswinds on the pacific
flyway could potentially afford to deviate eastward and
still encounter potentially suitable stopover or breeding
sites. Alternatively, chats may have also settled for more
southern breeding grounds when unable to overcome
the strong winds or storms, leading to individuals from
the Okanagan (northern edge population) to shift further
south in years where migratory conditions were unfa-
vourable. This potential population dynamic shift can be
confirmed by conducting similar survival estimates in the
other populations across its range. Recent technological
advances allowing tracking of small birds (e.g. MOTUS
towers [54]) may provide an opportunity to assess how
chats and other species on different flyways respond to
variation in wind conditions during flight [11].

Our study provided evidence that GDD on the breeding
ground prior to the breeding season had a positive effect
on the annual survival of chats. GDD has strong influ-
ences on primary productivity and insect biomass [33,
34], and has been shown to be a key driver of avian distri-
bution and diversity [55, 56]. Plant productivity positively
predicts insect abundance [57], which in turn, affects the
breeding phenology and success of insectivorous passer-
ines, including dusky flycatchers (Empidonax oberholseri
[58]), tit species (Parus spp. [59]), and horned larks (Ere-
mophila alpestris [60]). Further, increased plant growth
means denser foliage, potentially allowing for nests to
be better concealed from predators and harsh weather
[58, 60, 61]. In years where GDD promoted ample food
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source and possibly better nest concealment in our study
area, adult chats may have perceived the breeding habitat
as high quality, and as a result demonstrated higher site
fidelity.

Abundant rainfall facilitates plant growth and insect
biomass, and thereby has the potential to increase the
survival of birds that use these areas for breeding, over-
wintering, or refueling during migration [9, 18, 30, 31].
The productivity of neotropical migrants breeding in
the Pacific northwest of North America was higher in El
Nifio years (—ve SOI values), which are associated with
wetter springtime weather along the Pacific slope from
southern California to central Mexico [31, 62]. Contrary
to those studies, we found little to suggest that ENSO or
precipitation levels contributed to the the annual survival
of chats. Similarly, other studies also found no evidence
for ENSO or rainfall effects on the survival of American
redstarts (Setophaga ruticilla [63]) and yellow warblers
[7] (but see LaManna et al. [9]). An explanation for this
lack of evidence could be that in years where primary
productivity was poor along the migratory route, chats
made more punctuated migratory bouts, enabling them
to require lower fat store accumulation at stopover sites,
as opposed to opting for the long-jump strategy which
would demand greater metabolic expense. On its win-
tering ground, sites with declining Enhanced Vegetation
Index (a proxy for plant productivity) had reportedly a
positive impact on the within-winter survival of chats
[64]. This suggests that chats have adapted well to win-
tering habitat types characterized by relatively low plant
productivity (e.g. lowland shrub-steppe and scrub habi-
tat), and that while strong ENSO phases and greater
precipitation may promote vegetation growth in these
habitats, the cascading impact on chat survival is not
significant.

Conclusions

Climate change forecasts indicate an increase in the
frequency and intensity of extreme weather, including
storm events, droughts, and prolonged precipitation
[65]. With stronger climate fluctuations and anomali-
ties against a backdrop of anthropogenic changes to the
landscape, these stressors present a challenge for long-
distant neotropical migrants during all stages of their
annual cycle [8, 10, 15—18]. Our study showed that storm
events were more frequent during weaker ENSO events
(i.e. higher SOI values), and that westerly wind speed
within the western flyway was also positively correlated
with SOI values [7]. However, the direction and degree
to which ENSO is affected by climate change are unclear
[66]. We found that the frequency of storm events was
negatively associated with chat survival, whereas GDD
had a positive association. Both of those climate indices
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are expected to increase with climate change; whether
the effects of one factor would offset the effects of
another is unknown. Therefore, given such uncertain-
ties, we are currently unable to predict with confidence
the mechanistic effects of climate change on the popu-
lation dynamics of chats. The interplay between these
climate factors within the context of climate change will
need to be further explored to elucidate how neotropical
migrant bird survival will respond to a changing climate.
We also recommend conducting a similar study for
multiple chat populations across its range, allowing for
a more complete and broader picture of the population
dynamics with respect to climate conditions. Further-
more, understanding the cumulative effects of climate
change and other anthropogenic threats such as habitat
loss and man-made migration hazards will be critical to
prioritize appropriate strategies for chats and other neo-
tropical migratory passerines.

Additional file

[ Additional file 1. Additional tables. J

Authors’ contributions

ACH, DJG, and CAB designed the study. ACH and CAB conducted the field
work. ACH and AD managed and compiled the data. DJG conducted most of
the data analysis. ACH wrote the manuscript with contributions from all co-
authors. All authors read and approved the final manuscript.

Author details

" Environment and Climate Change Canada, Delta, BC, Canada. 2 Department
of Biological Sciences, Center for Wildlife Ecology, Simon Fraser University,
Burnaby, BC, Canada. 3 Department of Forest and Conservation Sciences,
University of British Columbia, Vancouver, BC, Canada.

Acknowledgements

We thank Michael Bezener, Richard Armstrong, Tiinesha Begaye, Tim Forrester,
Natasha Barlow, Jenn Baici, Jon Ruddy, Hilary Lefort, Julien St-Amand and
many others for their contributions in the field. We also thank the Enowkin
Centre, the Osoyoos Indian Band, and many other private land owners for
access to their lands.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The dataset used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Consent for publication
Not applicable. This study does not contain individual person’s data in any
form.

Ethics

Scientific permit to capture and band migratory birds and Species at Risk Act
permits were granted to Christine Bishop. The project was reviewed by Animal
Care Committees at Simon Fraser University and the British Columbia Ministry
of the Environment.

Funding
The study was funded by Environment and Climate Change Canada, the
En‘owkin Centre, and the Science Horizons Program (Government of Canada).

Page 9 of 10

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 28 March 2017 Accepted: 2 August 2017
Published online: 10 August 2017

References

1. North American Bird Conservation Initiative. The State of North America’s
birds 2016. Environment and climate change Canada: Ottawa; 2016.
http://www.stateofthebirds.org.

2. Nebel S, Mills A, McCracken JD, Taylor PD. Declines of aerial insectivores
in north America follow a geographic gradient. Avian Conserv Ecol.
2010;5:1.

3. Calvert AM, Bishop CA, Elliot RD, Krebs EA, Kydd TM, Machtans CS, Rob-
ertson GJ. A synthesis of human-related avian mortality in Canada. Avian
Conserv Ecol. 2013;18:11.

4. Faaborg J, Levey DJ, Johnson DH, Holmes RT, Anders AD, Bildstein KL,
et al. Conserving migratory land birds in the New World: do we know
enough? Ecol Appl. 2010;20:398-418.

5. Ockendon N, Johnston A, Baillie SR. Rainfall on wintering grounds affects
population change in many species of Afro-Palaearctic migrants. J Orni-
thol. 2014;155:905-17.

6. Brown DP, Comrie AC. A winter precipitation dipole’in the western United
States associated with multidecadal ENSO variability. Geophys Res Lett.
2004;31:L09203.

7. Drake A, Rock CA, Quinlan SP, Martin M, Green DJ. Wind speed during
migration influences the survival, timing of breeding, and productivity of
a neogropical migrant, Setophaga petechia. PLoS ONE. 2014;9:97152.

8. Newton I. Can conditions experienced during migration limit the popula-
tion levels of birds? J Ornithol. 2006;147:146-66.

9. LaManna JA, George TL, Saracoo JF, Nott MP, DeSante DF. El Nino-south-
ern oscillation influences annual survival of a migratory songbird at a
regional scale. Auk. 2012;129:734-43.

10. Dionne M, Maurice C, Gauthier J, Shaffer F. Impact of Hurricane Wilma
on migrating bird: case of the chimney swift. Wilson J. Ornithol.
2008;120:784-92.

11. Dossman BC, Mitchell GW, Norris DR, Taylor PD, Guglielmo CG, Matthews
SN, Rodewald PG. The effects of wind and fuel stores on stopover depar-
ture behavior across a migratory barrier. Behav Ecol. 2016;27:567-74.

12. Faaborg J, Holmes RT, Anders AD, Bildstein KL, Dugger KM, et al. Recent
advances in understanding migration systems of New World land birds.
Ecol Monogr. 2010;80:3-48.

13. Huber DG, Gulledge J. Extreme weather and climate change: understand-
ing the link, managing the risk. Arlington: Pew Center on Global Climate
Change; 2011.

14. Fisher RJ, Wellicome Tl, Bayne EM, Poulin RG, Todd LD, Ford AT. Extreme
precipitation reduces reproductive output of an endangered raptor. J
Appl Ecol. 2015;52:1500-8.

15. Studds CE, Marra PP. Fluctuations in rainfall to nonbreeding perfor-
mance in a long-distance migratory bird, Setophaga ruticilla. Clim Res.
2007;35:115-22.

16. Huntley B, Collingham YC, Green RE, Hilton GM, Rahbek C, Willie SG.
Potential impacts of climatic change upon geographical distributions of
birds. Ibis. 2006;148:8-28.

17. Klaassen M, Hoye BJ, Nolet BA, Buttemer WA. Ecophysiology of avian
migration in the face of current global hazards. Philos Trans R Soc B.
2012;367:1719-32.

18. Sillett TS, Holmes RT, Sherry TW. Impacts of a global climate cycle on
population dynamics of a migratory songbird. Science. 2000;288:2040-2.

19. Environment and Climate Change Canada. Recovery strategy for the
yellow-breasted Chat auricollis subspecies (Icteria virens auricollis) (South-
ern Mountain population) in Canada. Species at risk act recovery strategy
series. Environment and Climate Change Canada, Ottawa; 2016.

20. Lovette IJ, Clegg SM, Smith TB. Limited utility of mtDNA markers for
determining connectivity among breeding and overwintering locations
in three neotropical migrant birds. Conserv Biol. 2004;18:156-66.


http://dx.doi.org/10.1186/s12898-017-0139-7
http://www.stateofthebirds.org

Huang et al. BMC Ecol (2017) 17:29

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

McKibbin R, Bishop CA. Habitat characterization of breeding territories of
the western Yellow-breasted Chat in the south Okanagan, British Colum-
bia, Canada. Northwest Nat. 2010;91:145-56.

Eckerle KP, Thompson CF. Yellow-breasted Chat (Icteria virens). In The
Birds of North America, no. 575. In: Poole A, Gill F, editords. Academy of
Natural Sciences, Philadelphia. Washington, DC: American Ornithologists’
Union; 2001.

McKibbin R, Bishop CA. Feeding observations of the western yellow-
breasted chat in the south Okanagan valley, British Columbia, Canada
during a 7 year study period. BC Birds. 2007;18:24-5.

Pyle P. Identification guide to North American birds-part 1. Bolinas: Slate
Creek Press; 1997.

Rauscher SA, Giorgi F, Diffenbaugh NS, Seth A. Extension and intensifica-
tion of the Meso-American mid-summer drought in the twenty-first
century. Clim Dyn. 2008;31:551-71.

Tourigny E, Jones CG. An analysis of regional climate model performance
over the tropical Americas. Part I: simulating seasonal variability of pre-
cipitation associated with ENSO forcing. Tellus. 2009;61:323-42.

Caso MC, Gonzalez-Abraham C, Ezcurra E. Divergent ecological effects
of oceanographic anomalies on terrestrial ecosystems of the Mexican
Pacific coast. Proc Natl Acad Sci USA. 2007;104:10530-5.

Smith CA, Sardeshmukh P. The effect of ENSO on the intraseasonal vari-
ance of surface temperature in winter. Int J Climatol. 2000,20:1543-57.
Finley J, Raphael M. The relationship between El Nino and the duration
and frequency of the Santa Ana winds of Southern California. Prof Geogr.
2007;59:184-92.

Mazerolle DF, Dufour KW, Hobson KA, denHann HE. Effects of large-scale
climatic fluctuations on survival and production of young in Neotropical
migrant songbird, the yellow Warbler Dendroica petechial. J Avian Biol.
2005;36:155-63.

Nott MP, Desante DF, Siegel RB, Pyle P. Influences of the El Nifio/Southern
Oscillation and the North Atlantic Oscillation on avian productivity in
forests of the Pacific Northwest of North America. Glob Ecol Biogeogr.
2002;11:333-42.

Gershunov A, Barnett TP. Interdecadal modulation of ENSO teleconnec-
tions. Bull Am Meteorol Soc. 1998:79:2715-26.

Phillimore AB, Proios K, O'Mahony N, Bernard R, Lord AM, Atkinson S,
Smithers RJ. Inferring local processes from macro-scale phonological
pattern: a comparison of two methods. J Ecol. 2013;101:774-83.
Hodgson JA, Thomas CD, Oliver TH, Anderson BJ, Brereton TM, Crones EE.
Predicting insect phenology across space and time. Glob Change Biol.
2011;17:1289-300.

Polis GA, Hurd SD, Jackson CT, Pinero FS. El Nino effects on the dynam-
ics and control of an island ecosystem in the Gulf of California. Ecol.
1884;1997(78):1897.

Van Bael SA, Aiello A, Valderrama A, Medianero E, Samaniego M, Wright
SJ. General herbivore outbreak following en EI Nino-related drought in a
lowland Panamanian forest. J Trop Ecol. 2004;20:625-33.

Moyes K, Nussey DH, Clements MN, Guinness FE, Morris A, Morris S, Pem-
berton JM, Kruuk LE, Clutton-Brock TH. Advancing breeding phenology
in response to environmental change in a wild red deer population. Glob
Change Biol. 2011;17:2455-69.

Manjujano S. Preliminary evidence of the importance of ENSO in modify-
ing food availability for white-tailed deer in a Mexican tropical dry forest.
Biotropica. 2006;38:695-9.

Rotenberry JT, Wiens JA. Weather and reproductive variation in shrub-
steppe sparrows: a hierarchical analysis. Ecology. 1991;72:1325-35.
Kemp MU, Emiel van Loon E, Shamoun-Baranes J, Bouten W. RNCEP:
global weather and climate data at your fingertips. Methods Ecol Evol.
2012;3:65-70.

Kottek M, Grieser J, Beck C, Rudolf B, Rubel F. World map of the Képpen-
Geiger climate classification updated. Meteorol Z. 2006;15:259-63.
Lebreton J-D, Burnham KP, Clobert J, Anderson DR. Modeling survival and
testing biological hypotheses using marked animals: a unified approach
with case studies. Ecol Monogr. 1992;62:67-118. doi:10.2307/2937171.
White GC, Burnham KP. Program MARK: survival estimation from
populations of marked animals. Bird Study. 1999;46:5120-39.
doi:10.1080/00063659909477239.

44,

45.

46.

47.

48.
49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 10 of 10

McKibbin R, Bishop CA. Site fidelity and annual survival of the western
yellow-breasted Chat (Icteria virens auricollis) at the northern edge of its
range. Can Field Nat. 2012;126:135-42.

Macmynowski DP, Root TL, Ballard G, Geupel GR. Changes in spring arrival
of nearctic-neotropical migrants attributed to multiscalar climate. Glob
Change Biol. 2007;13:2239-51.

Erni B, Liechti F, Bruderer B. The role of wind in passerine autumn migra-
tion between Europe and Africa. Behav Ecol. 2005;16:732-40.

Mitchell GW, Woodworth BK, Taylor PD, Norris DR. Automated telemetry
reveals age specific differences in flight duration and speed are driven by
wind conditions in a migratory songbird. Mov Ecol. 2015;3:19.

Liechti F. Birds: blowin'by the wind? J Ornithol. 2006;147:202-11.

Horton KG, Van Doren BM, Stepanian PM, Hochachka WM, Farnsworth

A, Kelly JF. Nocturnally migrating songbirds drift when they can and
compensate when they must. Sci Rep. 2016;6:21249.

McLaren JD, Shamoun-Baranes J, Bouten W. Wind selectivity and partial
compensation for wind drift among nocturnally migrating passerines.
Behav Ecol. 2012;23:1089-101.

. Zehnder S, Akesson S, Liechti F, Bruderer B. Nocturnal autumn bird migra-

tion at Falsterbo, south Sweden. J Avian Biol. 2001;32:239-48.

Peterson AC, Niemi GJ, Johnson DH. Patterns in diurnal airspace use by
migratory landbirds along an ecological barrier. Ecol Appl. 2014;25:673-84.
Able KP. The orientation of passerine nocturnal migrants following
offshore drift. Auk. 1975;94:320-30.

Taylor PD, Crewe TL, Mackenzie SA, Lepage D, Aubry Y, et al. The Motus
wildlife tracking system: a collaborative research network to enhance the
understanding of wildlife movement. Avian Conserv Ecol. 2017;12:8.
Honkanen M, Roberge J-M, Rajasédrkka A, Ménkkénen M. Disentangling
the effects of area, energy and habitat heterogeneity on boreal forest bird
species richness in protected areas. Glob Ecol Biogeogr. 2010;19:61-71.
DesGranges J, LeBlanc M. The influence of summer climate on avian
community composition in the eastern boreal forest of Canada. Avian
Conserv Ecol. 2012;7:2.

Haddad NM, Tilman D, Haarstad J, Ritchie M, Knops JM. Contrasting
effects of plant richness and composition on insect communities: a field
experiment. Am Nat. 2001;158:17-35.

Borgmann KL, Conway CJ, Morrison ML. Breeding phenology of birds:
mechanisms underlying seasonal declines in the risk of nest predation.
PLoS ONE. 2013;8:€65909.

Cole EF, Long PR, Zelazowski P, Szulkin M, Sheldon BC. Predicting bird
phenology from space: satellite-derived vegetation green-up signal
uncovers spatial variation in phenological synchrony between birds and
their environment. Ecol Evol. 2015;5:5057-74.

Du B, Liu C, Yang M, Bao S, Guan M, Liu N. Horned larks on the Tibetan
Plateau adjust the breeding strategy according to the seasonal

changes in the risk of nest predation and food availability. J Avian Biol.
2014;45:466-74.

Burhans DE, Thompson FR. Relationship of songbird nest concealment to
nest fate and flushing behavior of adults. Auk. 2001;118:237-42.
Swetnam TW, Betancourt JL. Mesoscale disturbance and ecological
response to decadal climatic variability in the American Southwest. J
Climate. 1998;11:3128-47.

Wilson S, Ladeau SL, Tattrup AP, Marra PP. Range-wide effects of breed-
ing- and nonbreeding-season climate on the abundance of a Neotropical
migrant songbird. Ecology. 2011,92:1789-98.

Saracco JF, Ruiz-Gutierrez V. Development of restoration and scaling
options for songbirds. Point Reyes Station: The Institute for Bird Popula-
tions; 2012.

Easterling DR, Meehl GA, Parmesan C, Changnon SA, Karl TA, Mearns

LO. Climate extremes: observations, modeling, and impacts. Science.
2009;289:2068-74.

Collins M, An S, Cai W, Ganachaud A, et al. The impact of global warming
on the tropical Pacific Ocean and El Nino. Nat Geosci. 2010;3:391-7.
Alerstam T, Chapman JW, Ba“ckman J, Smith AD, Karlsson H, et al. Conver-
gent patterns of long-distance nocturnal migration in noctuid moths and
passerine birds. Proc R Soc B Biol Sci. 2011,278:3074-80.

Felix RK Jr, Diehl RH, Ruth JM. Seasonal passerine migratory movements
over the arid southwest. Stud Avian Biol. 2008:37:126-37.


http://dx.doi.org/10.2307/2937171
http://dx.doi.org/10.1080/00063659909477239

	Wind conditions on migration influence the annual survival of a neotropical migrant, the western yellow-breasted chat (Icteria virens auricollis)
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study species and area
	Climate data and models
	El Niño Southern Oscillation (ENSO)
	Climate conditions on breeding ground
	Climate conditions on wintering grounds
	Climate conditions on spring migration route

	Analysis

	Results
	Apparent survival rate
	Climate variables predicting survival rates
	Relationship between climate variables
	El Niño Southern Oscillation (ENSO)
	Climate conditions on breeding ground
	Climate conditions on wintering ground
	Climate conditions on spring migration route
	Strongest predicting climate conditions on annual survival


	Discussion
	Conclusions
	Authors’ contributions
	References




