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Rufous hummingbirds (Selasphorus rufus) have shown consistent declines in
abundance since 1970, with an acceleration in this trend starting in the mid-2000s.
Demographic data is needed to isolate possible drivers. We employ mark-recapture
data to calculate sex-specific adult apparent annual survival, accounting for residency
probability, within the coastal and interior regions of British Columbia, Canada between
1998 and 2017. For the coastal region, we also examine associations between apparent
survival and a suite of migratory factors: the amount of recently and historically burned
flyway habitat, fall moisture availability in the alpine (snowpack), and a broad-scale
climate index (SOI), under the assumption that these factors are associated with
food availability during a critical period of the annual cycle. We find no trend in adult
apparent survival over the 20-year period, implicating changes in recruitment rather
than adult survival as driving the declining trend in abundance. Interior birds of both
sexes showed lower residency probability than coastal individuals suggesting interior
sites captured more late northbound individuals or more early southbound individuals
within the breeding period. Adult apparent annual survival was not correlated with any of
the migratory variables we examined. Our findings suggest a need to focus on juvenile
recruitment as a possible driver of the long-term declines in Rufous Hummingbirds.
Future studies should consider both potential threats to productivity on the breeding
grounds and to juvenile survival on the non-breeding grounds.

Keywords: Trochilidae, Selasphorus rufus, capture-recapture, apparent survival, neotropical migrant birds,
demographic trends, conservation

INTRODUCTION

The broad-scale annual movements of migratory bird species make them both vulnerable and
more difficult to conserve than residents (Lin et al., 2020). In the Americas, more than half of
Nearctic-Neotropical migrants are in decline, reflecting ongoing habitat loss, the intensification
of agricultural practices, and other anthropogenic harms (Rosenberg et al., 2019). To effectively
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conserve migrants, we need to understand and mitigate the key
threats they face within their annual cycles; identifying potential
drivers of demography is an important first step in this process
(Rousseau et al., 2020).

As the smallest Nearctic-Neotropical migrants, the thirteen
hummingbird species that breed within temperate North
America represent a particularly difficult group to study (Partners
in Flight, 2021). Eight of these species have sufficient Breeding
Bird Survey data to model population trends (Partners in Flight,
2021); of these, three have significant declines between 1970
and 2020 (Selasphorus rufus, S. sasin, and S. platycercus) while a
fourth (Archilocus colibris) has shown strong declines in the last
decade. Rufous hummingbirds (Selasphorus rufus) are designated
as near-threatened by the IUCN (BirdLife International, 2021)
and are considered a priority species for conservation and/or
stewardship in two Bird Conservation Regions (ECCC, 2019).
Their abundance has declined by 65% since 1970 at an average
rate of -2.1%/year (English et al., 2021a). Rufous hummingbirds
occupy diverse habitats over their annual cycle and threats to this
species could originate over a broad geographical area: their non-
breeding range encompasses the Mexican plateau, Sierra Madre,
and western regions of Mexico (an area of conservation concern;
Wilson et al., 2019) as well as the southeastern United States,
while their breeding range extends across much of western North
America, as far north as coastal southeastern Alaska (Healy and
Calder, 2006; Moran et al., 2013; Fink et al., 2020).

Growing evidence suggests that threats during the non-
breeding period underlie declines of some long-distance
passerine migrants (Morrison et al., 2013; Taylor and Stutchbury,
2016; Wilson et al., 2018). Although hummingbirds have a
very different energetic and physiological profile than passerines,
the migratory period may be a critical period for Rufous
hummingbirds for three reasons outlined below.

First, it has been demonstrated that a large percentage
of annual mortality for neotropical migrants occurs during
migration (44-85%; Sillett and Holmes, 2002; Paxton et al., 2017;
Rockwell et al, 2017; Rushing, 2019). Movement periods are
periods of vulnerability due to their metabolic costs, the need
to traverse hostile and (for juveniles) unfamiliar landscapes,
and increased competition for limited resources (Moore et al.,
2005). Migrant hummingbirds may be especially constrained and
vulnerable during migration due to their physiology. Though
metabolically efficient (Powers et al., 2015; Shankar et al., 2020)
and capable of large increases in mass (the upper 0.1% of Rufous
hummingbirds in this study ranged from 4.8 to 6.4 g, unpublished
data), hummingbirds’ small body size and high metabolism limit
their ability to store energy relative to larger species (Brown et al.,
1978; Suarez, 1992; Powers et al., 2015). This means that Rufous
hummingbirds migrate at slower rates and spend relatively longer
periods on the flyway than many other neotropical migrants
(Woodrey and Chandler, 1997; Supp et al., 2015; Rousseau et al.,
2020). For example, a Rufous hummingbird breeding in southern
British Columbia likely spends ~45-82 days on the flyway per
movement period during which time it might traverse ~600-
1,200 km in single flights of 14-28 h (Calder and Jones, 1989) and
then pause at stop-over sites for several days to 3 weeks in order
to rebuild muscle and replace fat stores (Carpenter et al., 1993a).

Secondly, the western North American landscapes through
which Rufous hummingbirds migrate have experienced dramatic
changes over the past century, including warmer, drier conditions
(Knowles et al., 2006), increased wildfire intensity and coverage
since 1980 (Littell et al., 2009; Marlon et al., 2012), the loss of most
of its riparian habitat (Krueper, 1993), and increasing pesticide
use in agriculture and forestry (NCASI, 2009; Bishop et al., 2018;
Graves et al., 2019).

Finally, flowering plant phenology influences migration
corridors and timing: Rufous hummingbirds are common in
early blooming lowland riparian regions of the Pacific coast
during the spring and late-blooming alpine meadows within
the Rockies and the Sierra Nevada in the fall (Russell et al,
1994; Gillespie et al., 2020; Rousseau et al., 2020). Although
other energetic sources are used by Rufous hummingbirds
(Powers et al., 2010), they rely to a great extent on nectarivory.
This may make them more sensitive to shifts in climate and
weather than migrants feeding exclusively at higher trophic
levels, through impacts on flower density, nectar production, and
plant phenology (Russell et al., 1994; Supp et al., 2015).

Canada hosts ~ 57% of the global breeding population
of Rufous hummingbirds, almost entirely within the province
of British Columbia (Partners in Flight, 2020). In order to
help inform population management, we used 21 years (1997-
2017) of long-term mark-recapture data from hummingbirds
banded in southern BC as part of the Hummingbird Project
(rpbo.org/hummingbirds). The data set represented 11,618
individuals marked at 14 banding stations on the coast and
11 stations in the interior of the province (Figure 1). We
then applied a modeling approach that estimated temporal
patterns in sex-specific apparent survival while accounting for
the probability that individuals were breeding residents and
the probability of among-year recaptures of marked individuals
(Saracco etal., 2010; Wilson et al., 2018). Using this approach, our
first objective examined whether low or declining adult survival
is likely underlying long-term trends in abundance (English et al.,
2021a). For coastal populations, where we had more records,
our second objective then tested the hypothesis that changing
migratory conditions drive variation in inter-annual survival.
Specifically, we predicted that adult survival would co-vary
with habitat availability (the percentage of the flyway recently
burned by wildfires and the percentage of post-burn successional
habitat), drought (snowpack depth in the Sierra Nevada and
Rocky Mountains), and broad scale climate patterns (SOI), as
detailed below and summarized in Table 1.

Since 1980, there has been an increase in the number and
severity of fires in western North America (Knowles et al., 2006;
Littell et al., 2009). In the short term, wildfires remove stopover
habitat and possibly present a direct threat to migrant birds by
exposing them to smoke and/or forcing them to deviate from
their migratory paths (Gillespie et al., 2020). In contrast, post-
fire habitats tend to have high wildflower abundance and can
be heavily used by Rufous Hummingbirds during fall migration
(observed 2-4 years post burn in the Sierra Nevada; Alexander
et al, 2020). In Mexican pine-oak, Rufous hummingbirds
respond positively to fire up to 10 years post-burn (Contreras-
Martinez, 2015). Availability of such successional habitat in the
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western United States has likely varied dramatically over the past
200 years: fire frequency was anomalously high in the mid-1800s
due to expanding European settlement then, beginning in 1905,
active suppression resulted in anomalously low fire frequency
(Marlon et al, 2012). Over the past 100 years, the smallest
total area burned annually in the American west occurred
between 1950 and 1980 (Littell et al., 2009). We predicted that
Rufous hummingbird survival would be negatively correlated
with previous-year burn area but positively correlated with the
amount of 2-10-year-old post-fire habitat.

Rufous hummingbirds commonly use alpine meadows during
fall migration. Here, plants are impacted by spring snowpack
depth. Less snow results in earlier snowmelt which can advance
phenology, expose plants to frost events which may harm
flower development, and lead to earlier dry-down of soils
resulting in plant desiccation and reduced nectar availability
(Inouye and McGuire, 1991; Wipf et al., 2009; Waser and
Price, 2016; Winkler et al., 2018). For example, in the Colorado
Rockies, the hummingbird-visited Delphinium nelsonii blooms

later and at greater density in years with greater snow
depth (Inouye and McGuire, 1991). Another species used by
hummingbirds in the Colorado Rockies, Ipomopsis aggegata,
shows a positive association between snowmelt input and nectar
availability (Waser and Price, 2016). Similarly, Russell et al.
(1994) suggest that snowmelt runoff may provide water to
hummingbird-visited alpine flowers in the Sierra Nevada during
dry periods. We therefore predicted that greater spring snow-
depths in the year prior to the survival year would produce
more favorable conditions for Rufous hummingbirds during fall
migration and would result in higher survival rates.

Wetter winters and springs in northern Mexico and
the southern United States are produced by above-average
sea surface temperature anomalies in the Pacific (El
Nifio/negative SOI conditions; Nott et al, 2002; NOAA,
2021). Such conditions have been associated with higher
apparent annual survival of Swainson’s thrush (Catharus
ustulatus) as well as higher productivity among neotropical
migrants breeding in the Pacific Northwest (Nott et al., 2002;

N
S\

British
Columbia

Washington
State

128 126

FIGURE 1 | Hummingbird monitoring project of BC mark-recapture locations in coastal (blue) and interior (red) regions of British Columbia, Canada. Clustered
locations have been shifted (<8 km) for increased visibility. Point size reflects total years of banding effort, darker points reflect sites with higher Rufous hummingbird

capture rates. Location details are additionally presented in Table 2.

120 118 116

TABLE 1 | Proposed drivers of variation in adult apparent annual survival for Rufous hummingbirds during the migratory period.

Condition Variable assessed Predicted Reason

relationship

Fire: recent-burn % of flyway burned in the year prior to the — Landscapes burned in the previous year cannot be used by migrating

survival year hummingbirds. Fall fires and smoke present a migratory hazard during
southbound movement.

Fire: post-fire successional % of flyway burned 2—10 years prior to the + Post-burn successional habitat provide floral resources for migrating

habitat survival year hummingbirds.

Drought: alpine snowpack  Snow depth variation in Colorado Rockies and + Greater snow depth increases late-summer water availability for alpine

depth the California Sierra Nevada floral resources used by hummingbirds during fall migration.

Broad climate variation SOl index - Negative SOl is associated with more rainfall in dry regions of western
North America which likely increases food availability. Positive SOl is
associated with more hostile migratory conditions.
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TABLE 2 | Banding station locations, effort, and captures.

Location Effort Individuals banded
Latitude Longitude Period active Years active Mean days/year (range) Female Male Total Birds/year

A. Coastal sites

C1 49.032 122.687 2016-2017 2 3.0(3-3) 9 1 10 5.0
C2 48.495 123.438 1997-2009 13 4.7 (2-8) 396 388 784 60.3
C3 48.484 123.444 2009-2017 9 4.8 (1-7) 338 106 444 49.3
C4 49.105 124.814 2004-2017 14 5.6 (3-8) 1,774 810 2,584 184.6
C5 49.138 128.713 2000-2010 11 4.4 (1-6) 822 186 1,008 91.6
C6 48.861 123.353 1997-2012 16 4.9 (1-8) 1,336 445 1,781 1113
C7 49.380 123.079 2006-2017 12 2.2 (1-3) 265 10 275 22.9
C8 49.295 122.701 2015-2017 3 2.0 (2-2) 22 7 29 9.7
C9 49.072 123.020 2015-2017 3 2.3 (2-3) 10 2 12 4.0
C10 49.294 124.876 2005-2014 10 5.0 (4-6) 547 310 857 85.7
C11 49.098 128.176 2015-2017 3 2.3 (1-3) 3 14 17 5.7
C12 49.045 122.701 2015-2017 3 3.0(3-3) 43 50 93 31.0
C13 49.104 122.257 2015-2017 3 2.0 (2-2) 10 iRl 21 7.0
C14 49.351 122.650 2005-2015 11 4.7 (2-7) 1,409 519 1,928 175.3
B. Interior sites

11 50.250 119.217 2005-2008 4 3.0(3-3) 83 8 91 22.8
12 49.494 120.509 2015-2017 3 4.0 (2-5) 49 17 66 22.0
13 49.056 117.800 2005-2017 13 4.5 (1-7) 59 34 93 7.2
14 49.537 120.514 2012-2017 6 5.0 (1-9) 121 268 389 64.8
15 50.283 118.966 2010-2017 8 3.9 (2-5) 118 60 178 22.2
16 49.508 120.515 2009-2015 7 3.0 (1-6) 45 60 105 15.0
7 49.715 120.200 2013-2017 5 5.6 (3-9) 84 42 126 25.2
18 50.201 119.478 2004-2009 6 4.7 (1-7) 118 18 136 22.7
19 49.667 120.335 2012-2017 6 4.2 (1-6) 75 201 276 46.0
10 49.417 120.583 2015-2017 3 5.0 (5-5) 8 24 32 10.7
111 49.458 120.525 2011-2017 7 5.4 (1-9) 145 138 283 40.4

Spring migration =
(USA only)

Fall migration
(USA only)

FIGURE 2 | Regions (in gray) of the flyway over which recent (year-prior) and historical burn (successional habitat) were calculated for spring and fall migration (see
Figure 3A). These regions were defined using smoothed eBird range maps; Mexico was excluded due to lack of fire data. Areas highlighted in orange illustrate the
locations of all wildfires that contributed to our “recent burn” metric (i.e., areas that burned between 1997 and 2016).

@ Area burned 1997-2016

LaManna et al., 2012). Alpine meadows in the Sierra Nevada
may also be more productive during El Nifio events (Russell
et al, 1994). In contrast, La Nina/positive SOI conditions
produce stronger westerly winds blowing oft of the Pacific
during spring migration: conditions that are associated

with lower apparent annual survival in larger western
migrants (Drake et al, 2014; Huang et al, 2017). Thus, we
predicted that negative SOI years would be more favorable
for migrant hummingbirds and positive SOI years would
be more hostile.
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MATERIALS AND METHODS

Data Collection

The Hummingbird Project (originally under the aegis of Cam
Finlay) is a citizen science program run by Rocky Point Bird
Observatory. The project has collected mark-recapture data
on Rufous hummingbirds in British Columbia since 1997.
Banding occurs weekly to bi-weekly (depending on site and year)
beginning in early April (coastal sites) or early May (interior
sites). Birds are captured using modified Hall traps (Russell et al.,
2019) suspended over hummingbird feeders containing white
sugar and water solution (e.g., Bishop et al., 2018). Individuals
are aged and sexed based on Pyle (1997), their morphometric
data is recorded, and they are then fitted with a Canadian Wildlife
Service aluminum band or identified as recaptures.

We restricted banding records according to coastal and
interior breeding periods (coastal males and females April 1-
June 20 and April 8-June 27, respectively; interior males and
females May 1- June 30, May 8-July 14, respectively) for 1997-
2017. Site effort for included records averaged 4.6 days/year/site
(range: 1-8 days) on the coast and 4.4 days/year/site (1-9 days)
in the interior. Within these years and date windows, 2,859 males
and 6,984 females were banded on the coast and 870 males
and 905 females were banded in the interior. Fewer male than
female captures are likely partially driven by males departing
from breeding territories earlier than females (A Moran, pers.
obs., Rousseau et al., 2020) and therefore being less-available
during the breeding season. Site-specific location data, captures,
and effort are reported in Table 2.

Migration Effect Model: Coastal Birds

Only

Migratory Range

We used smoothed eBird range maps to define the regions
used by Rufous hummingbirds during spring and fall migration
(Fink et al., 2020). Boundaries are produced using modeled
occurrence data aggregated at a 9 km2 grid-cell resolution
(Figure 2). For our study population, we cropped the migratory
region to the US border with Canada (49° N), because our
monitoring sites occurred in the southern portion of the
province, close to the Canada-United States border [Figure 1,
mean (range): 55 km (3-143 km)]. We additionally removed
migratory regions that overlapped with the stationary non-
breeding period in Mexico.

Environmental Variable Selection and Quantification
Habitat—Fire Impacts

We obtained United States fire perimeter data for 1988-2016
from the US National Interagency Fire Center Open Data
portal (NIFC, 2021). Monitoring sites were in southern British
Columbia (see above) and we therefore did not include Canadian
fire perimeters (Figure 2). Fire perimeter data within Mexico did
not cover all years and we also omitted this portion of the flyway
for fire statistics (Figure 2). The removal of the Mexican portion
of the flyways means that we are missing fire data for 21% of the
surface area of the spring migratory region (primarily in Sonora

and Baja Norte) and 6% of the surface area of the fall migratory
region (primarily in Sonora and Chihuahua). We acknowledge
that habitats in Sonora and Baja Norte are likely important for
migrant hummingbirds in the spring due to their proximity to
the ecological barrier of the southwestern deserts.

US fire perimeters were cropped to their overlap with Rufous
hummingbird migratory regions (Figure 2) using QGIS (v. 3.10).
Annual burn values were calculated as the percentage of the given
flyway region that had burned the year prior to the survival
year (i.e., 1997-2016 for survival years 1998-2017) (Figure 3A).
Ideally, our burn area metric should include fires that occurred
during spring of the survival year; however, fire initiation month
was not available in the NIFC dataset and we therefore were
unable to distinguish fires that occurred in the spring and fall.
Most large fires in the western United States occur in fall. Detailed
data from California show that the total area burned in this state
between January and mid-May accounted for only 2.8% of the
total area burned each year from 2013 to 2017 (range: 0.08-
6.9%; State of California, 2021). We therefore do not believe
that omitting spring burns within the survival year distorts our
metric. The percentage of the spring and fall migratory regions
that burned annually were highly correlated (Pearson’s r = 0.82)
and we therefore used only one metric (fall) in our model.

We quantified post-fire successional habitat as percentage of
each flyway that had burned 2-10 years before the survival year.
To obtain historic burn area, we merged all fire perimeter layers
at 9-year intervals, beginning with 1988-1996 and ending with
2007-2015 (for survival years 1998-2017). We then removed any
area that re-burned in the year prior to the survival year, as
unavailable. Again, spring and fall migratory region values were
highly correlated (r = 0.97) and we used the fall metric only in our
model (Figure 3A).

Climate—Snowpack

We obtained historical statewide average snow-depth in April,
calculated across multiple snow telemetry (SNOTEL) sites in
California and Colorado, as an indicator of the condition of
alpine meadows in the Sierra Nevada and the Rocky Mountains
during fall migration. For California, these values are reported
at the Department of Water Resources California Data Exchange
Center (CDEC, 2021) as a proportion of the April 1st snow-
depth average for 1951-2000. For Colorado, these values are
reported at the USDA Natural Resources Conservation Service
Colorado (USDA, 2021) as a proportion of the 1981-2010 median
snow-depth (Figure 3B).

Climate—Southern Oscillation Index

We used the mean SOI index between June (year prior)-May
of the survival year (NOAA, 2021) as a broader metric of
annual conditions that encompass both wintering and migration
periods (Figure 3C).

None of our environmental variables were so strongly
correlated as to be confounded (i.e., all Pearson’s r < 0.7).
California and Colorado snowpack depth did co-vary (Pearson’s
r = 0.52). Total post-fire successional habitat increased over the
monitoring period (by 0.2% of the flyway per year, R* = 0.84,
P <0.001; Figure 3A). No other environmental variable showed a
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FIGURE 3 | Variation in migratory environmental variables over the
mark-recapture period (1998-2017). (A) The percentage of the fall migratory
region burned 2-10 years before the survival year (‘successional habitat’) and
one year before to the survival year (‘burned year prior’), (B) Relative April
snowpack depth in the Colorado Rockies and California Sierra Nevada in the
year before the survival year and, (C) SOI climate index.

temporal trend. Annual variation for all environmental variables
is shown in Figure 3.

General Survival Model: Coastal and

Interior Birds

Our survival model was a hierarchical formulation of the
transient Cormack-Jolly Seber model (Hines et al., 2003; Saracco
et al., 2010; Wilson et al., 2018) using individual encounter
histories during annual sampling occasions. Hummingbird
captures include transient individuals that are passing through
the banding station and migrating to breeding sites elsewhere.

Our model allowed for a separate estimation of the probability
that an individual was a resident in the local study area (1), which
provides both a more accurate estimate of apparent survival (¢)
as well as a measure of the proportion of marked individuals
estimated to be resident breeders within the study area. Our
model also included probability of recapture and a probability
of predetermining residency. Recapture probability (p) is the
probability of recapturing an individual marked in a previous
year given that it is alive and in the study area. Predetermined
residency (p) is the probability of identifying an individual
as a resident. The latter is informed using the proportion of
individuals confirmed as breeding residents because they were
captured on multiple occasions during sampling periods within-
year.

The probabilities for apparent survival and residency of
individual i at time t was estimated with an annually varying
intercept (i and a, respectively), an influence of region (Bg,1,
Br,1)> sex (By,2, Px,2), and station level variance (ws). For
apparent survival we also examined temporal trends by region
and sex to examine whether apparent survival had declined over
time for males and females in either region (84,3, ). Probabilities
were expressed on the logit scale as:

logit (i 1) = Wo,t + Bo,1 * region; + B2 * sexi + Bg,3,, * £ + W,

logit (ni,t) = Oy, + P, *region; + B2 *sex; + Wy

Our model produced survival estimates for the interior
population prior to monitoring in that region (ie., 1998-
2004) based on coastal values in that period and the regional
and station-level effects derived from the joint monitoring
period (2005-2017). We do not report these un-monitored
year estimates in Figure 4 as they are not informed by
concurrent interior data. We do use these estimates to
calculate the median sex-specific survival and residency in
the interior between 1998 and 2017, allowing for a fair
comparison between regions. We also present median sex-
specific survival and residency for the joint monitoring period
only (2005 and 2017).

The recapture probability was also estimated with an annually
varying intercept, an effect of sex and station level variance but we
did not include a region effect because methods were the same
between the two regions and therefore, recapture probability
was not expected to vary. Predetermined residency was only
estimated with a constant intercept and an effect of sex since we
did not expect this estimate to vary by region, year, or station:

logit (Pi,t) = Yp,t + Bp * SeX; + Wy

logit (i’t) = vV + Py *sex;

We fit our model using Markov Chain Monte Carlo methods
in JAGS. For all beta values, we used an uninformative
normal prior with a mean of 0 and precision of 0.01
but truncated the mean to a range of (-8, 8) to improve
convergence. Banding station-level variation in residency,

Frontiers in Ecology and Evolution | www.frontiersin.org

January 2022 | Volume 10 | Article 825026


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Drake et al.

Migratory Conditions and Hummingbird Survival

Coastal region
Female

1.004 T
0.751 {
0504

0.25 1

0.00 1

Male

Interior region

Female
1.00 4

Apparent Survival (P)

0.751

0.50 1

0.251

0.00 1

Male

1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Survival Year

FIGURE 4 | Adult apparent annual survival (median & 95% Cl) by sex and region over the 1998-2017 monitoring period. Dashed horizontal lines indicate the group
inter-annual average survival. Color coding indicates anomalously high (blue) and anomalously low (red) survival years (see Methodology).
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recapture, and apparent survival were incorporated as
mean 0 random effects with a uniform distribution for the
precision (sd = 0,4).

JAGS was implemented through R using the package
“runjags” (ver. 2.0.4-6; Denwood, 2016). For our
general survival model, we ran two chains with an
adaptation period of 1,000 iterations, a burn-in period
of 14,000 iterations and an additional 5,000 iterations
thinned by 5, thus retaining 1,000 iterations from the
posterior distribution for inference. We assessed model
convergence through the parameter history plots and R-hat
convergence diagnostics.

We quantified low- and high-survival years in two ways.
First, we plotted annual survival estimates with their 95% CI
against the median inter-annual survival of the entire period
for each sex and region grouping (Figure 4). Secondly, we
quantified how anomalous each year was within the monitoring
period for each group. This was done by summing the number
of annual survival estimates in the time series that differed
significantly from the given year’s survival (i.e., where survival
estimates did not overlap at the 84% CI; MacGregor-Fors and
Payton, 2013). This score ranged from 0 to 13 years (color scale,
Figure 4).

Migration Model Parameterization
Our migration model was fit identically to our general survival
model above, dropping the trend parameter and adding

our five migration variables as predictors. We standardized
these migratory variables and included an interaction with
sex. We anticipated environmental effects on survival would
differ between the sexes due to migratory route and timing
differences as well as intra-specific competition. For example,
we predicted that females and not males would show a
response to California snowpack values because females are
more likely to migrate further west, including through the
Sierra Nevada during fall, while males predominantly use the
Rockies (Rousseau et al., 2020). Rufous hummingbirds are
territorial throughout their annual cycle, including at migratory
stopover sites. Adult males migrate earlier than other classes,
reducing intraspecific competition enroute; however, among
concurrent migrants, females, particularly juveniles, tend to
defend larger, less flower-dense territories than juvenile and
adult males at shared stopover sites (Kodric-Brown and Brown,
1978; Carpenter et al., 1993b). Thus, competitive exclusion could
make female survival more responsive to variable conditions
(but see Kodric-Brown and Brown, 1978; Carpenter et al.,
1993¢).

For our migration model we ran two chains for an
adaptation period of 2,000 iterations and then discarded
the following 60,000 iterations as burn-in. A further 75,000
iterations were thinned by 5 to give 15,000 samples from the
posterior distribution for inference. As above, we assessed model
convergence through the parameter history plots and R-hat
convergence diagnostics.
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RESULTS

General Survival and Trend Models:

Coastal and Interior Birds

Between 1997 and 2017, 9,843 individual Rufous Hummingbirds
were banded across 14 stations in coastal BC. The average
time period during which individual stations operated was 8
years and total effort was 116 station-years. Between 2004 and
2017, 1,775 individuals were banded across 11 stations in the
BC interior. The average time period during which individual
stations operated was 6 years and total effort was 68 station-
years. Site-specific location data, captures, and effort statistics
are reported in Table 2; banding locations are also presented in
Figure 1.

Female Rufous hummingbirds were significantly less likely
than males to be recaptured [median probability (95% CI):
females: 0.36 (0.30-0.42) vs. males: 0.47 (0.39-0.56)]. This
possibly reflects a lower propensity in females to visit feeders
once floral resources and insects become more available in the
spring. On the coast, females had significantly higher average
inter-annual apparent survival than males [median (95% CI):
females: 0.56 (0.51-0.63), males: 0.35 (0.28-0.43)] and, overall,
these females had the highest median apparent survivorship in
the study. Coastal females showed higher than average survival
in 1999, 2006, and 2010 and lower than average survival in
2007, and 2011-2012 (95% CI did not cross the inter-annual
median; Figure 4). Coastal males showed higher than average
survival in 2006 and lower than average survival in 2001-2002,
2007, and 2011-2012 (Figure 4). Both coastal males and females
had high residency probability [median (95% CI): coastal males:
0.54 (0.38-0.71), coastal females: 0.62 (0.49-0.76); Figure 5].
Coastal female residency probability was higher than both sexes
in the interior and coastal males had higher residency probability
than interior females [interior males: 0.35 (0.19-0.52), interior
females: 0.23 (0.11-0.36); Figure 5].

In general, confidence intervals were greater for interior birds
due to smaller sample sizes, reducing our ability to make firm
inferences about this population. Average interannual survival
values for interior birds did not differ significantly from coastal
individuals [females: 0.45 (0.23-0.73), males: 0.30 (0.13-0.72)].
Like coastal birds, interior data suggests higher female than male
survival, however, the confidence intervals for both estimates for
each sex are wide and show a high degree of overlap. Despite this
lack of resolution, interior males and females showed higher than
average survival in 2014-2016 and in 2010 for females (95% CI
did not cross the inter-annual mean) (Figure 4). We note that
interior females had the lowest residency probability in the study
(see above) although they were not statistically distinguishable
from interior males (Figure 5).

The above relationships between inter-annual survival and
residency estimates were consistent over the shorter, joint
monitoring period (2005-2017) although their absolute values
shifted. As above, regional survival could not be distinguished.
Survival was higher for coastal females than coastal males
[median (95% CI): females = 0.55 (0.50-0.61); males = 0.36 (0.30-
0.43)] while interior female survival had a higher median survival
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e
3
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o
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Coastal Female Coastal Male Interior Female Interior Male
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FIGURE 5 | Rufous hummingbird median residency probability (median + 84
and 95% Cl) by sex and region (1998-2017). Groups with shared lettering are
not statistically distinguishable.

estimate than that of interior males but could not be distinguished
statistically [females = 0.54 (0.35-0.74), males = 0.39 (0.19-0.70)].
Coastal female residency probability was higher than that of
both sexes in the interior and coastal males had higher residency
probability than interior females [median (95% CI): coastal
males = 0.57 (0.36-0.74), coastal females = 0.65 (0.47-0.78),
interior males = 0.32 (0.18-0.50), interior females = 0.20 (0.10-
0.33)].

Apparent annual survival estimates did not indicate a
temporal trend in adult survival over the full 1998-2017
monitoring period for any sex or region [beta estimate (95%
CI): coastal males: 0.03 (-0.10-0.17), coastal females: -0.02 (-
0.15-0.12), interior males: 0.17 (-0.17-0.55), interior females:
0.18 (-0.12-0.55)].

Migration Effect Model: Coastal Birds

Post-burn, successional habitat on the flyway increased from
~2 to ~5% of the fall migratory corridor over our 20-
year monitoring period (Figure 3A). Annual burns averaged
0.5% of the total fall migratory corridor, with 2006-2007
and 2012 experiencing above-average burn areas within the
period (0.9-1.1%; Figure 3A, with 1 year advancement for
survival year). Annual snowpack in the Sierra Nevada was more
variable than in the Colorado Rockies (Figure 3B, with 1-year
advancement for survival year). The Sierra mountains had high
snow accumulation in 1998 and 2011 and low accumulations
between 2012 and 2015; California experienced the lowest snow
accumulations in historical record in 2015 (5% of the April 1
average for 1951-2000). The Colorado Rockies had high snow
accumulation in 1997 and 2011 and the lowest accumulation in
the monitoring period in 2012 (56% of the median snow-depth
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for 1981-2010). SOI indices were most favorable in 1998 and least
favorable in 2011 (Figure 3C).

Of the migratory variables tested, beta estimates for
SOI had the largest absolute mean value and were in the
direction predicted, however, all of our migratory variables
had beta estimates that encompassed 0 within their 95% CI,
indicating that none were key drivers of our observed survival
probabilities (Figure 6).

DISCUSSION

Rufous hummingbird survival rates were variable over the 1998-
2017 monitoring period but showed no evidence of a constant
decline. This absence of a trend in adult survival is inconsistent
with an apparent steepening decline in breeding abundance for
this species beginning in the early 2000s (English et al., 2021a).
Similar adult apparent survival rates to those we report here (see
below) were observed in Ruby-throated hummingbirds during
a period of population increase from 1984 to 2001 (Hilton
and Miller, 2003; English et al, 2021a). These discrepancies
suggest that demographic processes other than adult survival
are driving declines in Rufous hummingbird abundance. Poor
juvenile recruitment is considered a likely contributor to
declining populations in other Neotropical migrants (Wilson
et al, 2018; Zhao et al, 2022). Thus, identifying conditions
associated with poor reproductive success and/or hatch year
survival may be informative. Female productivity and nestling
development may be negatively impacted by stressors associated
with anthropogenic changes on the breeding grounds. Similarly,
age-structured fall migratory routes, where hatch year birds

Previous-year burn

Successional habitat -

California snowpack 1

Colorado snowpack

SOl 1

2 -1 0 1 2
Effect strength
(standardized beta + 95% ClI)

—o- Female -e— Male

FIGURE 6 | Effect strength (standardized beta values + 95% Cl) for each of
the migratory variables we considered as a potential driver of adult apparent
annual survival (see Table 1 and Figure 3). Vertical gray line (beta = 0) implies
no effect.

are more likely to migrate through lower-elevation landscapes,
may make this class more vulnerable to anthropogenic stressors
(Rousseau et al., 2020). The impact of exposure to pesticides with
known avian reproductive, metabolic, and developmental effects
within agricultural and forestry lands certainly warrants further
study (Winnick and Dzialowski, 2013; Hoshi et al., 2014; Lopez-
Antia et al., 2015; Bishop et al., 2018; English et al., 2021b) as does
the possible loss of breeding habitat associated with herbicide use
during forestry operations (Betts et al., 2013) and the impact of
non-breeding habitat loss/degradation on juvenile survival (e.g.,
Wilson et al., 2018).

Our models provide the first measures of adult apparent
annual survival for Rufous hummingbirds and only the third
estimate for migratory hummingbird species as a group. Survival
rates within the Trochilidae family are poorly documented
(Wilson et al.,, 2011) but our apparent survival rates (0.30-0.56)
correspond with the wide ranges reported in the literature for
eight tropical and sub-tropical hummingbird species (0.32-0.70)
(Stiles, 1992; Parker et al., 2006; Ruiz-Gutiérrez et al., 2012;
Blake and Loiselle, 2013; Rodrigues et al., 2013; Williamson and
Witt, 2021) and for the long-distance migrant Ruby-throated
hummingbird (Archilochus colubris; 0.29-0.45) (Mulvihill et al.,
1992; Hilton and Miller, 2003).

Coastal females showed higher average apparent survival
than males; interior females may also have higher apparent
survival compared to males in the same area, though larger
sample sizes are needed for greater certainty around these
estimates. Higher female apparent survival is consistent with sex-
specific survival rates in Ruby-throated hummingbirds (males:
0.30 & 0.05 SE; females: 0.43 4 0.04; Hilton and Miller, 2003;
see also Mulvihill et al, 1992) and in the resident Hyacinth
Visorbearer (Augastes scutatus) in southeastern Brazil (males:
0.32 £ 0.12; females: 0.42 £ 0.16; Rodrigues et al., 2013). These
estimates could reflect higher mortality and/or lower site fidelity
in male hummingbirds. Males might experience higher mortality
as a product of more precarious energetics, given their small
body size, and territorial aggression during the breeding period
(Calder et al., 1990; Mulvihill et al., 1992). For example, within-
season recaptures of Ruby-throated hummingbirds suggest high
breeding season mortality among males (Mulvihill et al., 1992).
Differential survival could produce female-biased sex ratios in
Rufous hummingbirds, as has been observed in Ruby-throated
hummingbirds (Weidensaul et al., 2020) and would be consistent
with the polygynous breeding system exhibited by Trochilidae
(Bleiweiss, 1992; Slagsvold and Lifjeld, 1994). Alternatively,
male Rufous hummingbirds may seek breeding opportunities
in multiple locations (Bailey et al., 2013) and this, combined
with the high variance in reproductive success among males in
polygynous systems (Wade, 1979), could result in low site-fidelity
among unsuccessful males.

Within the breeding period, interior Rufous hummingbirds
were less likely to be residents than coastal females. Interior
female residency was also below that of coastal males. This
difference could reflect late northbound (pre-breeding) or early
southbound (post-breeding) migratory movement of individuals
through interior banding sites. The trend toward lower female
than male residency estimates in the interior (Figure 5)
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would be more consistent with stations capturing northbound
movement, as females migrate later than males in both seasons
(Rousseau et al., 2020).

Despite the many stressors hummingbirds encounter during
migration (Gillespie et al., 2020), and the fact that coastal
Rufous hummingbirds showed high inter-annual variation in
survival, we did not find evidence that any of the suite of
non-breeding factors we assessed had an impact on mortality.
For example, there was little correspondence between snowpack
depth and survival despite associations between food availability
and snowmelt in the alpine. Any impact of snow-depth should
have been particularly visible among females in 2016, given
the historic “snow drought” in the Sierra Nevada and Cascade
mountains in 2015. Snow-depth values for the Sierra Nevada
that year were below any in the observational record (NIDIS,
2015). Despite this, female survival did not dip in 2016 and that
year’s rate fell within the inter-annual average. Indeed, the entire
state of California experienced “abnormally dry” to “exceptional
drought” conditions in the years 2014-2016 (NDMC, 2020), an
event that also does not register in our time series.

Similarly, variation in fire dynamics on the flyway did not
correspond with adult survival. This may be because the total
percentage of historically burned habitat within the flyway is
small (<5% within our monitoring period) which may preclude
Rufous hummingbirds from being strongly dependent on it
during migration. It is also possible that our fire metrics fail
to accurately reflect successional habitat availability. This could
happen if our defined migratory corridors are too broad (due
to lack of information), or because some post-fire successional
habitat is not, in fact, suitable for migrants (e.g., in areas that
experienced high intensity burns; Gillespie et al., 2020). We did
not include timber harvest area in our estimate of successional
habitat, though forest sites cleared by logging can be used by
Rufous hummingbirds depending on the type of herbicides
applied (Morrison and Meslow, 1984; Betts et al., 2013). Total
timber volume harvested annually in the western US declined
from ~22,000 million board-feet to ~13,000 between 1988
and 2015 (Daniels and Wendel, 2020). A reduction in post-
logging successional habitat could therefore be partially offsetting
increased post-burn area.

Smoke produced by wildfires can impact air quality and
photosynthesis (McKendry et al.,, 2019) over large regions and
it is notable that previous-year burns did not correspond with
adult survival. In British Columbia, smoke from interior wildfires
during the 2015 breeding period was associated with nest
abandonment at some of our monitoring sites (Moran, pers. obs.,
2015); fire may have a greater impact on productivity and hatch
year survival than adult survival.

Although Rufous hummingbirds did not appear to respond
strongly to SOI and its associated climate effects, it is still possible
that extreme regional conditions and/or stochastic weather
events (such as storms or cold-snaps) produce the variability in
survival we observe. For example, the notable dip in survival
in 2011 (Figure 3) corresponds with an anomalously cold, low
NDVI winter in high elevation habitats within Mexico (Graham
et al., 2016) as well as an extreme weather event within the
Sonoran desert during February of that year where temperatures

hit lows of —3 to —8°C over a 4-day period (Saguaro, Arizona
(Meteorological Station ID:USRO000ASAG); Kreutz, 2012). As
such events could occur in different locations or at different
points in the annual cycle from year-to-year, these types of
drivers would be difficult to quantify with the broad-scale
approach employed here.

CONCLUSION

Overall, our study provides important information on
demographic parameters for Rufous-hummingbirds but we
did not identify any single, broad-ranging factor that might
explain on-going abundance declines in this species. Although
migratory conditions are plausible drivers of mortality in Rufous
hummingbirds, given the metabolic demands of movement and
the length of time on the flyway, variation in our candidate
variables did not correspond with observed annual variation in
adult survival. An examination of wintering conditions and/or
extreme events on migration may yield stronger associations.
Perhaps more importantly, our data indicate that adult survival
in British Columbia did not decline between 1998 and 2017
despite population declines within the same period (English et al.,
2021a). This would suggest that other, unmeasured, vital rates
are the cause of declining abundance in Rufous Hummingbirds
and that, possibly, these rates shifted for the worse in the early
2000s. We suggest juvenile recruitment, rather than low adult
survival, may be a problem for this species. Future studies should
examine threats to productivity on the breeding grounds and to
juvenile survival within migratory and overwintering areas.
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