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Anthropogenic changes to the landscape and climate cause novel ecological
and evolutionary pressures, leading to potentially dramatic changes in the
distribution of biodiversity. Warm winter temperatures can shift species’ dis-
tributions to regions that were previously uninhabitable. Further, urbanization
and supplementary feeding may facilitate range expansions and potentially
reduce migration tendency. Here we explore how these factors interact to
cause non-uniform effects across a species’s range. Using 17 years of data
from the citizen science programme Project FeederWatch, we examined the
relationships between urbanization, winter temperatures and the availability
of supplementary food (i.e. artificial nectar) on the winter range expansion
(more than 700 km northward in the past two decades) of Anna’s humming-
birds (Calypte anna). We found that Anna’s hummingbirds have colonized
colder locations over time, were more likely to colonize sites with higher hous-
ing density and were more likely to visit feeders in the expanded range
compared to the historical range. Additionally, their range expansion mirrored
a corresponding increase over time in the tendency of people to provide nectar
feeders in the expanded range. This work illustrates how humans may alter
the distribution and potentially the migratory behaviour of species through
landscape and resource modification.

1. Introduction

The increase in temperatures globally has allowed many species to colonize
regions that were previously inhospitable [1]. This has led to widespread changes
in species’ distributions, particularly poleward range shifts [1-8]. Concurrently,
urbanization is changing biodiversity in dramatic ways, such as by reducing
the number of species in urban areas and shifting the composition towards
generalists [9,10]. Climate change and urbanization may interact and lead to
non-uniform consequences across a species’s range. For example, urban micro-
climates at range margins may facilitate geographical expansion [11,12] or
reduced migratory behaviour [13-16]. This climate-tempering effect of urbaniz-
ation may be related to the local retention of heat in urban areas (‘heat island
effect’) [17], increased availability of non-native fruit, seeds or flowers that
provide food throughout the winter [18], or increased availability of supple-
mentary food (e.g. seed, suet, meat or nectar) [19-21]. Interactions between
urbanization and climate change may make both effects even more pronounced
and impactful to species’ distributions [11,22].

Supplementary feeding is an aspect of urbanization that has the potential to
affect both the distribution and behaviour of avian taxa on a broad geographical
scale [19-21,23-27]. Up to half of households in the United States, United King-
dom and Australia have been estimated to offer supplementary food to wild birds
[28]. The ecological and evolutionary impacts of this widespread hobby are poten-
tially vast; for example, many species show increased reproductive success in
response to supplementary food [20,24]. Other potential consequences of sup-
plementary feeding include increased winter survival and decreased migration
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Figure 1. The distribution of Anna’s hummingbirds in winter (January and February) at Project FeederWatch count sites (small black dots) over 24 years. Mean
maximum birds by site, binned into three time periods: 1990—1997 (n = 1913 sites), 1998—2005 (n = 3583 sites) and 2006—2013 (n = 3151 sites). Maps

generated using ArcGIS 10.0, kriging interpolation (ESRI Inc., 1999-2010).

tendency, documented in a few species of birds and even mam-
mals [29-33]. This possible consequence of supplementary
feeding has not been explored in nectivorous birds, despite a
pattern of northward winter range expansions observed in
several North American hummingbirds [34—-37].

The Anna’s hummingbird (Calypte anna) provides a case
study in which to investigate the relative contributions of cli-
mate, urbanization and supplementary feeding on potential
changes in migratory behaviour and resulting shifts in range.
This species has shown a significant northward winter range
expansion over the past two decades (figure 1) [38—-40]. The
first record in Alaska was in 1971 [38], and there is now a con-
siderable post-breeding movement northward into Canada
and Alaska [41]. Historically, Anna’s hummingbirds at the
northern limits of their range would move south for winter
and return the following spring to breed. Now many individ-
uals overwinter and presumably breed at these northern
latitudes, potentially eliminating or shortening their south-
ward movement [40]. Because Anna’s hummingbirds are
small (5-6 grams) and require reliable, daily access to food
to maintain their high metabolism, the northern edge of
their winter range is likely to be limited by both temperature
and nectar availability [42,43]. The cause of their winter expan-
sion remains speculative, but may be driven by warming
winter temperatures, increased urbanization or increased
winter supplementary feeding [35].

Here, we quantitatively documented the range expansion of
the Anna’s hummingbird using an occupancy modelling
framework [44] and data from Project FeederWatch, a long-
term citizen science programme [45]. We used climate data,
urbanization indices and estimates of supplementary feeding
prevalence from 1997-2013 to test two alternative hypotheses
for explaining their winter range expansion: (i) that the
expansion has been facilitated by increased availability of
anthropogenically provided habitat or food, or (ii) that the
expansion is due solely to warming winter temperatures.
Specifically, we predicted that if anthropogenic habitat and
food provisioning has facilitated the winter range expansion
of Anna’s hummingbirds, then (i) hummingbirds should be
occurring in areas with lower temperatures than previously
occupied, (ii) hummingbirds should be preferentially coloniz-
ing areas with higher urbanization in the expanded range, but
not in the historical range, and (iii) hummingbirds should be

more dependent upon supplementary food (i.e. nectar feeders)
in the expanded range than in the historical range. In contrast, if
increasingly mild winters have facilitated the range expansion
irrespective of anthropogenic habitat and food, then we pre-
dicted that (i) hummingbirds should be occurring in areas
with the same climate envelope as previously occupied, even
though those areas are now farther north, (ii) hummingbirds
should be equally associated with urban locations in the
expanded range and the historical range, and (iii) humming-
birds should be equally dependent upon supplementary
feeders in the expanded range and the historical range.

2. Methods
(a) Study species

Anna’s hummingbirds inhabit the west coast of North America,
as far south as northwest Baja California and Mexico, and as far
north as southwest British Columbia [35]. They are one of the
few species of hummingbirds in North America that are not
long-distance migrants, and their local seasonal movements are
complex, poorly understood and thought to be related to harsh-
ness of weather conditions [3541]. Nesting occurs between
December and June depending upon the latitude, with earlier nest-
ing at lower latitudes. In late summer in southern locations there is
a movement to higher elevations following peaks in flower abun-
dance [35]. Birds are commonly found in scrubby or suburban
habitat with suitable bushy vegetation and are frequently attracted
to yards with nectar feeders and flowering plants [35].

(b) Data sources
(i) Project FeederWatch

Data on Anna’s hummingbird occupancy were collected through
the citizen science programme Project FeederWatch (PFW), run
through the Cornell Laboratory of Ornithology and Bird Studies
Canada [45]. PFW participants follow a standardized protocol to
count the maximum number of every species seen in the proximity
of a bird feeding station during periodic 2-day counts. These
counts are repeated as often as every week from November—
April each year. By requiring that participants only report the
maximum number of each species in view at one time during the
count, the protocol ensures that participants are not repeatedly
recording the same individual birds within a count. Additionally,
participants report all of the species seen, so the protocol allows
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Figure 2. Predicted occupancy probability () of Anna’s hummingbirds as a function of (a) latitude and (b) minimum January temperature (°C) for 1997 (n = 98
sites; light grey), 2005 (n = 356 sites; medium grey) and 2013 (n = 434 sites; dark grey). 95% CIs are shown. Model results given in table 2.

inference about both presence and absence (detection and non-
detection) of species in every count. All participants report an
estimate of the amount of time that they watched their feeders
(effort) and the date of the observation (date).

We extracted Anna’s hummingbird occupancy data from PFW
sites in Arizona, California, Oregon and Washington from 1997 to
2013. We restricted all occupancy analyses to sites with nectar fee-
ders because sites offering nectar at some point between
November and April were much more likely to have humming-
birds than sites without nectar feeders (79% of sites with nectar
feeders had a hummingbird compared with only 28% of sites with-
out nectar feeders; likelihood ratio test: X% =575.3,p<0.001, n =
2306 sites). We also restricted all occupancy analyses to obser-
vations made during the months of December—February so late
autumn (November) or early spring (March—April) hummingbird
movements would not influence our results.

(ii) Climate and elevation data

We extracted the daily minimum temperature (Tmin), averaged
over all days for the month of January (mean minimum January
temperature) and the total monthly precipitation (Ppt) for the
month of January (total January precipitation) for each site and
year, from the PRISM Climate Group gridded dataset (Oregon
State University, http://www.prism.oregonstate.edu). We chose
January as the representative winter month because that month
was temporally central to the bird occupancy data (December—
February). To control for the potential effects of topography on
occupancy, given that there are known elevational movements of
Anna’s hummingbirds [35], we extracted elevation data for each
site from the CGIAR Consortium for Spatial Information SRTM
90m Digital Elevation Database (http://www.cgiar-csi.org/
data/srtm-90m-digital-elevation-database-v4-1).

(iii) Housing density and land cover data

We calculated housing density, defined as the total number of
housing units per area, following methodology in [46]. Housing
units were based on a nationwide, spatially explicit dataset at the
partial block group level, which corrects for variation introduced
into census blocks by political boundaries. Housing units include
permanent residences, seasonal houses and vacant units [46].

At each partial block group throughout the conterminous US,
housing density was estimated based on the 2000 US decennial
census [46], and we used these estimates to characterize housing
development throughout our study area. To quantify housing
density at each site, we summarized housing density within
1 km circular buffers of each site using the tool ‘intersect’ in
ARCGIS v. 10.1. We used the 1km radius buffer because this
was an approximate home range given for several breeding
Anna’s hummingbirds [41]. Due to the presence of outliers, we
log-transformed the housing density data before analysis.

We extracted the proportion of urban land cover for each site
from the 2011 National Landcover Database, with land cover
classes 21 (developed, open space), 22 (developed, low intensity),
23 (developed, medium intensity), and 24 (developed, high
intensity; http://www.mrlc.gov/nled11_leg.php). Within each
1 km circular buffer of each site we divided the total number of
cells (30 x 30 m resolution) of the focal urban land cover by the
total number of cells within the buffer, which gave us the
proportion of urban land cover at each site.

(c) Statistical analysis

We explored the range expansion of Anna’s hummingbirds using
an occupancy-modelling framework implemented with the R pack-
age unmarked [47]. Occupancy models estimate the probability of a
focal species occupying a site given imperfect detection [48]. Fol-
lowing [11], we used the single-season modelling framework [48]
to explore how the relationships between occupancy, latitude and
temperature changed over time. Single-season models assume a
closed system with no extinction or colonization, which approxi-
mates our expectations for a December—February sampling
interval. Although mortality and emigration are certainly possible
during this (or any) sampling interval, we focused on a time period
when the species is largely sedentary. To quantify the northward
expansion, we created three single-season models of hummingbird
occupancy as a function of latitude for the years 1997 (n = 98 sites),
2005 (n = 356 sites) and 2013 (n = 434 sites) with date and effort as
observation covariates. Sample sizes differed across years because
of different rates of participation in PFW, but occupancy models
are robust to such variation as long as the sampled sites are repre-
sentative of the region or time period of interest. We have no reason
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Table 1. Single-season model estimates relating Anna’s hummingbird
occupancy (i) to latitude and mean minimum January temperature for 3
years (models estimates correspond to figure 2). Effort and date were
included in all models as observation-covariates. p-values << 0.05 are given
in italics.

predictor year (n sites) estimate s.e. z P

latitude 1997 (98) —1.64 0.32 —5.21 0.000
2005 (356) —0.71 0.14 =523 0.000
2013 (434) —0.02 0.15 —0.14 0.891

temperature 1997 (98) 133 0.32 422 0.000
2005 (356) 1.02 0.18 5.69 0.000
2013 (434) 0.64 0.15 427 0.000

to suspect that sampled sites were not representative of their
respective regions and time periods. To test the prediction that
contemporary hummingbirds are occupying sites with lower
temperatures than historically occupied, we created three single-
season models of hummingbird occupancy as a function of mean
minimum January temperature for the same sites and years
(1997, 2005 and 2013). Although there are known long-term pat-
terns of warming that have occurred in the Pacific Northwest
[49,50], we also tested how the mean minimum January tempera-
ture has changed at PFW sites from 1997 to 2013 using a linear
mixed model with year as a fixed effect and site ID as a random
effect, implemented with the R package Ime4. For this analysis
we included sites that did not offer nectar feeders because we
were not assessing hummingbird occupancy. We binned sites
into those from the historical winter range (below 42° latitude,
n = 1269 sites) and those from the expanded winter range (above
42° latitude, n = 1037 sites). We chose this geographical demar-
cation based on the distribution of hummingbirds in the early
years of the study (1990-1997; figure 1).

To test the hypothesis that the winter range expansion
was associated with colonization of urban habitats (and potentially
provisioning of supplementary food) rather than winter tempera-
tures irrespective of habitat, we used a multi-season modelling
framework. Multi-season models allow for both extinction and
colonization between seasons and are therefore appropriate for
modelling occupancy over a multiple year sampling interval [51].
We used the subset of sites from 2002 to 2013 that offered nectar fee-
ders and for which we had housing density and land-cover data.
We omitted years preceding 2002 because of small sample sizes
(fewer than 45 sites per year). We binned sites into those from the
historical range (1 = 539 sites) and the expanded range (1 = 366
sites), and for each region modelled hummingbird colonization
as a function of the site covariates: housing density, proportion of
urban land cover, elevation, mean minimum January temperature
and total January precipitation. Because we wanted to compare
all site covariates in a consistent quantitative way, but some covari-
ates were static across years (housing density, proportion of urban
land cover and elevation) and some temporally dynamic (tempera-
ture and precipitation), we transformed the dynamic variables to
static variables by calculating a mean across years. All site covari-
ates were weakly correlated (r < 0.4) except housing density and
proportion of urban land cover, which were strongly correlated
(r = 0.8). We included observation effort and date as observation-
covariates influencing detection, and latitude as a site covariate
influencing occupancy.

In addition to comparing the explanatory power of each site
covariate in models with all covariates (global models), we used
a model-selection approach with a criterion of AAIC < 2 indicat-
ing equivalent models to assess the importance of each site
covariate on colonization in the historical versus the expanded
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Figure 3. (@) Mean minimum January temperature (°C) from 1997 to 2013
in the historical range (below 42° latitude; grey circles, n = 1269 sites for all
panels) and the expanded range (above 42° latitude; black circles, n = 1037
sites for all panels). Error bars indicate standard error. (b) Proportion of sites
offering nectar feeders from 1997 to 2013 in the historical range and the
expanded range. Error bars indicate binomial standard error. (c) Proportion
of sites supporting Anna’s hummingbirds from 1997 to 2013 in the historical
range and the expanded range. Error bars indicate binomial standard error.

proportion of sites with hummingbirds

range. We compared models with all but one of each site covari-
ate, univariate models with only one of each site covariate, the
putative best models for each region (for the historical range,
the univariate model with elevation as the site covariate and
for the expanded range, a model with housing density and temp-
erature as the site covariates), the global model, and a null model
with no site covariates. All models converged and produced
reasonable estimates and standard errors. Null models had low
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Table 2. Multi-season model estimates for years 2002—2013 relating Anna’s hummingbird colonization () to all site covariates (‘predictor) in the historical [}

range and the expanded range. Effort and date were included in each model as predictors of detection (p) and latitude as a predictor of occupancy (i)).

p-values << 0.05 are given in italics.

location

predictor

expanded range (above 42°) effort
n = 366 sites  date
latitude
» proportion urban
elevation
» housing dehéify
temperature
precipitatior‘l‘ -
historical range (below 42°) effort
n = 539 sites date
latitude
bproportion urban
elevation
B housing density
temperature

R R R e T R R ES S

precipitation

support based on AIC ranking, indicating that covariates
improved model fit. Following [11], to evaluate the adequacy
of models we calculated the area under the curve (AUC) statistic
[52,53] for each year for global models in the historical and
expanded range. The AUC statistic represents the predictive
power of each model for each year. Values of AUC lower than
0.70 indicate poor discriminatory power, 0.70-0.80 indicate
acceptable discriminatory power and more than 0.80 indicate
excellent discriminatory power [53].

To test the hypothesis that hummingbirds were more reliant
upon nectar feeders in the expanded range compared with the his-
torical range, we used a multi-season model and included all sites
from 2002 to 2013 with nectar feeders and for which we had land
cover data (n = 905 sites). We did not bin sites into the historical
versus expanded range because we wanted to assess how detection
varied across the entire latitudinal range. We included all site and
observation covariates in the model and allowed detectability to
vary with latitude. Detectability indicates the probability that a
hummingbird will be detected at a site given that a hummingbird
occupies the site. Therefore, modelling detection probability as a
function of latitude at PFW sites can be interpreted as how likely
it is for a hummingbird to visit nectar feeders at any given latitude
(for a similar use of detection probability to infer feeder visitation
rate, see [11]).

We used the presence and absence of hummingbird feeders
reported by participants across years to document a pattern of
northward expansion of supplementary nectar provisioning
from 1997 to 2013 (n = 2306 sites). A feeder was considered “pre-
sent’ at a site if the observer indicated that a hummingbird
feeder was used at some point between November and April.
We used mixed-effects logistic regression models, implemented
with the R package Ime4, to assess how the tendency to offer
nectar feeders changed across years in the historical versus
expanded range. In these models we treated year as a continuous
predictor variable, feeder presence as a binary response variable,
historical versus expanded range as a binary predictor variable
and site ID as a random effect.

parameter

estimate
002 0.04 0.44 0.657
022 0.04 58 0000
—0.75 02 —34 0.001
—013 018 —073 0467
0.01 021 004 0.965
073 0.0 357 0000
063 0.0 316 0.002
—0.15 015 —1.04 0.299
0.11 003 3.54 0.000
—0.16 003 —563 0.000
0.56 027 2.09 0037
073 047 156 0119
—063 0.34 —186 0.063
—034 042 080 0423
0.14 036 040 0693
012 031 038 0704

Finally, to visualize the northward expansion of hummingbirds
in a manner quantitatively comparable with the northward expan-
sion of nectar feeders, we calculated the proportion of sites from
1997 to 2013 (n = 2306 sites) supporting hummingbirds for each
year in the historical and expanded range. Because these data
included sites without nectar feeders and omitted details of
repeated counts at sites, we did not use it for any quantitative
comparisons, but present it for visual comparison only.

3. Results

The winter range expansion of the Anna’s hummingbird north-
ward along the west coast of North America from 1997 to 2013
was unambiguous (figures 1 and 24, and table 1). Anna’s hum-
mingbirds were more likely to be found at colder sites in later
years (figure 2b and table 1). Contrary to global temperature
trends, mean minimum January temperatures at our sampling
locations slightly decreased from 1997 to 2013 (8= —0.117
t=—119, p<0.001 for 1269 sites in the historical range,
and B= —0.146, t = —14.4, p <0.001 for 1037 sites in the
expanded range; figure 3a). Temperature was a significant pre-
dictor of colonization in the expanded range but not in the
historical range, according to multi-season occupancy models
(tables 2 and 3).

Housing density was a significant predictor of colonization
in the expanded range but not in the historical range (tables 2
and 3). In the historical range, the only near-significant pre-
dictor of occupancy was elevation, with lower elevations
tending to have higher occupancy probability (table 2). AIC
model comparisons complemented these results (table 3); in
the historical range, the highest-ranking model (AAIC < 2)
included only elevation. In the expanded range, however,
the highest-ranking model contained housing density and
mean minimum January temperature. AUC statistics for
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Table 3. Model selection for multi-season models for years 20022013 relating Anna’s hummingbird colonization (vy) to site covariates in the historical range  [Jjj

and the expanded range. Effort and date were included in all models as predictors of detection (p) and latitude as a predictor of occupancy (Us).

location model

expanded range (above 42°)
n = 366 sites

Ha T
H+T+P+U
HtT+E+P
HeT+E+U
HeT4+E+P4 L
H+E+P+U
T+E+P+U

historical rénge (beIoW >420)‘ » N
n = 539 sites H+T+E+U

Ht E+P+U
T+E+P+U
HtT+E+P+U°
H4+T+E+P
H+T+P+U
i
Ht T
U
H
null
P

parameters AIC AAIC weight
9 5091.6 0.00 0.57
11 5094.2 253 0.16
1 5094.7 3.07 0.12
11 5095.3 3.65 0.09
12 5096.2 453 0.06
N 5103.7 121 0.00
11 5109.0 173 0.00
8 5112.0 204 0.00
8 5122.9 313 0.00
8 5128.7 37.1 0.00
8 5132.2 40.6 0.00
7 5151.0 59.4 0.00
8 5152.1 60.4 0.00
8 8365.9 0.00 0.49
11 8368.5 261 0.13
11 8368.5 2.62 0.13
11 8369.0 311 0.10
12 83703 4.46 0.05
11 8370.9 4.98 0.04
N 83723 6.43 0.02
8 8373.0 7.15 0.01
9 8374.0 8.10 0.01
8 83813 15.4 0.00
8 8391.2 253 0.00
7 8396.4 305 0.00
8 8397.0 31.1 0.00

*Global model = housing density (H) -+~ mean min January temperature (T) -+ elevation (E) + total January precipitation (P) - proportion urban land cover (U).

global models for each year indicated excellent discriminatory
power in the expanded range (AUC mean + s.d. = 0.82 + 0.07
across years) and poor discriminatory power in the historical
range (AUC mean + s.d. = 0.64 + 0.08 across years).

Hummingbird detectability (approx. 0.80 in global models)
increased with increasing latitude despite decreased occupancy
at higher latitudes (8 = 0.165, s.e. = 0.024, z = 6.86, p < 0.001,
n =905 sites). Thus, sites that supported hummingbirds at
higher latitudes were more likely to detect hummingbirds
during count periods than sites at lower latitudes.

Finally, nectar provisioning by people increased over time in
the expanded range, but not in the historical range. The pro-
portion of participants with nectar feeders varied significantly
among years at sites in the expanded range (8=0.351, z=
14.41, p < 0.001, n = 1037 sites), but not in the historical range
(B=10.038, z=1.06, p=0.287, n=1269 sites; figure 3b).
People in the historical range were more likely to offer hum-
mingbird feeders compared with people in the expanded
range, with these proportions converging by 2009 (8= —1.99,
z= —2.00, p=0.045, n = 2306 sites; figure 3b). Likewise, the
proportion of sites with hummingbirds in the historical and
expanded range converged by the late 2000s (figure 3c).

4. Discussion

We documented a clear northward winter range expansion of
Anna’s hummingbird over the past 20 years using data from
Project FeederWatch. We found strong support for the
hypothesis that the range expansion was facilitated by urban-
ization and provisioning of supplementary food resources.
First, we found that Anna’s hummingbirds have been colo-
nizing colder locations over time, suggesting that they are
not merely following warming winter temperatures north.
Despite long-term trends of increasing temperature in the
Pacific Northwest [49,50], we found no evidence of a sys-
tematic and directional warming of winter temperatures at
the sites in this study, suggesting that the time period was
too brief to reflect these long-term changes or that the specific
sites did not reflect this geographically broad trend.
Further, we found that Anna’s hummingbirds were more
associated with human-modified habitat in the expanded
range than in the historical range. This suggests that urban
habitat is most beneficial to these hummingbirds, where they
experience the strongest thermal limits. The benefits provided
by urban habitat could include the local retention of heat
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(e.g. the ‘heat island effect’ [17]), increased availability of
non-native flowers that bloom throughout the winter or
increased availability of supplementary food (nectar feeders).
Importantly, we found higher hummingbird detection prob-
abilities with increasing latitude, despite lower hummingbird
occupancy at higher latitudes. These higher detection probabil-
ities at northern sites suggest higher visitation rates at feeders
and potentially greater reliance on feeders at northern lati-
tudes. This result complements recent work showing that
some species may rely upon supplementary food to survive
outside of their core environmental envelope (e.g. Eurasian
blackcaps, Sylvia atricapilla, in England [31]; rose-ringed
parakeets, Psittacula krameri, in Paris [33]). Similar analyses are
warranted in ruby-throated hummingbirds (Arhilochus colu-
bris), which are increasingly overwintering in the southeastern
United States rather than migrating to Central America [34].

Finally, we found evidence that human behaviour may be
changing along with hummingbird behaviour. There was an
increased likelihood of people providing nectar feeders over
time in the expanded range compared with the historical
range. The hummingbird range expansion may have instigated
a change in human behaviour, or increased provisioning of
nectar feeders may have facilitated the hummingbird range
expansion; it is likely that these two outcomes are intertwined.
People in the expanded range who provide nectar feeders in
summer may leave those feeders out later into the year if
hummingbirds remain in the area, and those feeders may sim-
ultaneously enhance the winter survival of hummingbirds that
do not migrate. Although we cannot disentangle these two pat-
terns with our current dataset, we can conclude that more
supplementary food resources are available to hummingbirds
in the expanded range now compared with two decades ago.

The long-term ecological consequences of the Anna’s
hummingbird range expansion remain uncertain. Their
expansion may affect the migratory or breeding behaviour
of other hummingbirds. For example, rufous (Selasphorus
rufus), calliope (S. calliope) and black-chinned (A. alexandri)
hummingbirds breed in northwestern North America [35],
and may experience increased competition with Anna’s hum-
mingbirds. Additionally, if humans are facilitating the range
expansion to the extent that we suspect from this study, then
it is unclear if the expansion would be sustained in the
absence of supplementary nectar provisioning or non-native
plantings. Assessing the indirect effects of range expansions
on other species and the long-term dependence of native
species on human-provided resources remains an important
yet difficult task [20,21,25].

References

1. Parmesan C. 2006 Ecological and evolutionary 3.
responses to recent climate change.
Annu. Rev. Ecol. Evol. Syst. 37, 637—669.
(doi:10.1146/annurev.ecolsys.37.091305.
110100) 4.
2. Coristine LE, Kerr JT. 2015 Temperature-
related geographical shifts among passerines:
contrasting processes along poleward and 5.
equatorward range margins. Ecol. Evol. 5,
5162—-5176. (doi:10.1002/ece3.1683)

Princé K, Zuckerberg B. 2014 Climate change in our 6.
backyards: the reshuffling of America’s winter bird
communities. Glob. Change Biol. 21, 572—585.
(doi:10.1111/gch.12740)

Crozier L. 2004 Warmer winters drive butterfly

range expansion by increasing survivorship. Ecology

85, 231-241. (doi:10.1890/02-0607) 7.
La Sorte FA, Thompson FR. 2007 Poleward shifts in
winter ranges of North American birds. Ecology 88,

1803 —1812. (doi:10.1890/06-1072.1)

Understanding the nuances of how Anna’s hummingbird
migratory movements have changed over the past two decades
will benefit from studies of marked individuals. Nonetheless,
the broad pattern is clear: Anna’s hummingbirds are more
abundant in winter at northern latitudes now than they were
several decades ago, implying a reduction in the proportion
of individuals that migrate. Anna’s hummingbirds are also
more closely associated with human-modified landscapes in
more northern latitudes, implying that people have facilitated
this reduction in migratory behaviour and corresponding
winter range expansion. Our study complements previous
work showing that urban habitat and supplementary feeding
may facilitate range expansions into colder climates
[11,12,32,33] and potentially changes in migratory behaviour
[13,14,31]. This pattern of human-assisted colonization is not
unique to northward range shifts, as demonstrated by the colo-
nization of novel areas by invasive species (e.g. Eurasian
collared doves, Streptopelia decaocto [54,55]; house sparrows,
Passer domesticus [56]), population growth around urban
areas (e.g. Allen’s hummingbird, Selasphorus sasin [57]), and
even elevational range expansions (e.g. montane plants [58]).
Overall, this work highlights how the effects of anthropogenic
landscape modifications may interact with climate, in this case
furthering northward expansion beyond what would be
expected by historical thermal envelopes. It also highlights
how our seemingly benign hobby of feeding birds may have
far-reaching ecological consequences.

Data accessibility. All data are accessible through Project FeederWatch
(Cornell Laboratory of Ornithology) or through public sources
described in the methods. The specific datasets supporting this
manuscript have been uploaded as electronic supplementary
material.

Authors” contributions. E.I.G. conceived the study, wrote the manuscript,
conducted data analysis. D.N.B. conceived the study, revised the
manuscript and assisted with analyses. EEM.W. assisted with ana-
lyses and revised the manuscript. All authors gave final approval
for publication.

Competing interests. We declare we have no competing interests.
Funding. We received no funding for this study.

Acknowledgements. We thank Wesley M. Hochachka, Benjamin Zucker-
berg, Viviana Ruiz Gutierrez, Walt Koenig and Janis Dickinson for
valuable advice on interpretation and analyses, two anonymous
reviewers for significantly improving the manuscript, Kerrie Wilcox
at Bird Studies Canada and Anne Marie Johnson and Chelsea
Benson at the Cornell Laboratory of Ornithology for managing Pro-
ject FeederWatch across the United States and Canada, and Project
FeederWatch participants for collecting the data used in this study
and supporting the programme.

Moreno-Rueda G, Pleguezuelos JM, Pizarro M,
Montori A. 2011 Northward shifts of

the distributions of Spanish reptiles in

association with climate change. Conserv. Biol.
26, 278-283. (doi:10.1111/j.1523-1739.2011.
01793.x)

Cavanaugh KC, Kellner JR, Forde AJ, Gruner DS,
Parker JD, Rodriguez W, Feller IC. 2014 Poleward
expansion of mangroves is a threshold response to
decreased frequency of extreme cold events. Proc.

9570/1L07 48T § 20 "y 20id  biobuiysiigndfranosiesorqdsi H


http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110100
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110100
http://dx.doi.org/10.1002/ece3.1683
http://dx.doi.org/10.1111/gcb.12740
http://dx.doi.org/10.1890/02-0607
http://dx.doi.org/10.1890/06-1072.1
http://dx.doi.org/10.1111/j.1523-1739.2011.01793.x
http://dx.doi.org/10.1111/j.1523-1739.2011.01793.x

Downloaded from https://royal societypublishing.org/ on 30 November 2021

20.

21.

Natl Acad. Sci. USA 111, 723-727. (d0i:10.1073/
pnas.1315800111)

Taylor SA, White TA, Hochachka WM, Ferretti V,
Curry RL, Lovette . 2014 Climate-mediated
movement of an avian hybrid zone. Curr. Biol. 24,
671-676. (doi:10.1016/j.cub.2014.01.069).
Aronson MFJ et al. 2014 A global analysis of the
impacts of urbanization on bird and plant diversity
reveals key anthropogenic drivers. Proc. R. Soc.B
281, 20133330. (doi:2013333010.1098/rsph.2013.
3330)

Chace JF, Walsh JJ. 2006 Urban effects on native
avifauna: a review. Landsc. Urban Plan. 74, 46— 69.
(doi:10.1016/j.landurbplan.2004.08.007)

. Zuckerberg B, Bonter DN, Hochachka WM, Koenig

WD, DeGaetano AT, Dickinson JL. 2010 Climatic
constraints on wintering bird distributions are
modified by urbanization and weather. J. Anim.
Ecol. 80, 403—413. (doi:10.1111/}.1365-2656.2010.
01780.x)

Davis AY, Malas N, Minor ES. 2014 Substitutable
habitats? The biophysical and anthropogenic drivers
of an exotic bird’s distribution. Biol. Invasions 16,
415-427. (doi:10.1007/510530-013-0530-2)

Brown D, Miller G. 2016 Band recoveries reveal
alternative migration strategies in American Robins.
Anim. Migr. 3, 35—47. (doi:10.1515/ami-2016-
0004)

Jokimaki J, Suhonen J, Inki K, Jokinen S. 1996
Biogeographical comparison of winter bird
assemblages in urban environments in Finland.

J. Biogeogr. 23, 379—386. (d0i:10.1046/j.1365-
2699.1996.00033.x)

Evans KL, Newton J, Gaston KJ, Sharp SP, McGowan
A, Hatchwell BJ. 2012 Colonisation of urban
environments is associated with reduced migratory
behaviour, facilitating divergence from ancestral
populations. Oikos 121, 634—640. (doi:10.1111/j.
1600-0706.2011.19722.x)

Tryjanowski P et al. 2015 Winter bird assemblages
in rural and urban environments: a national survey.
PLoS ONE 10, e0130299. (doi:10.1371/journal.pone.
0130299)

Rizwan AM, Dennis YCL, Liu C. 2008 A review on
the generation, determination and mitigation of
urban heat island. J. Environ. Sci. (China) 20,
120—128. (doi:10.1016/51001-0742(08)60019-4)
McKinney ML. 2001 Effects of human population,
area, and time on non-native plant and fish
diversity in the United States. Biol. Conserv. 100,
243-252. (doi:10.1016/50006-3207(01)00027-1)
Tryjanowski P et al. 2015 Urban and rural habitats
differ in number and type of bird feeders and

in bird species consuming supplementary food.
Environ. Sci. Pollut Res. 22, 15097 -15 103.
(doi:10.1007/511356-015-4723-0)

Robb GN, McDonald RA, Chamberlain DE, Bearhop
S. 2008 Food for thought: supplementary feeding as
a driver of ecological change in avian populations.
Front. Ecol. Environ. 6, 476—484. (doi:10.1890/
060152)

Jones D. 2011 An appetite for connection: why we
need to understand the effect and value of feeding

22.

23.

24,

25.

26.

2].

28.

29.

30.

31

32.

33.

34.

35.

wild birds. Emu 111, pl-VIl. (doi:10.1071/
MUv111n2_ED)

Jetz W, Wilcove DS, Dobson AP. 2007 Projected
impacts of climate and land-use change on the
global diversity of birds. PLoS Biol. 5, 1211-1219.
(doi:10.1371/journal.phio.0050157)

Fuller RA, Irvine KN, Davies ZG, Armsworth PR,
Gaston KJ. 2012 Interactions between people and
birds in urban landscapes. Urban Bird Ecol. Conserv.
45, 249-266. (doi:10.1525/california/
9780520273092.003.0016)

Ruffino L, Salo P, Koivisto E, Banks PB, Korpimaki E.
2014 Reproductive responses of birds to
experimental food supplementation: a meta-
analysis. Front. Zool. 11, 80. (doi:10.1186/512983-
014-0080-y)

Murray MH, Becker DJ, Hall RJ, Hernandez SM.
2016 Wildlife health and supplemental feeding: a
review and management recommendations. Biol.
Conserv. 204, 163 —174. (doi:10.1016/j.biocon.2016.
10.034)

Galbraith JA, Beggs JR, Jones DN, Stanley MC.
2015 Supplementary feeding restructures urban
bird communities. Proc. Nat/ Acad. Sci. USA 112,
2648—2657. (doi:10.1073/pnas.1501489112)

Fuller RA, Armsworth PR, Barbosa 0, Gaston KJ.
2008 Garden bird feeding predicts the

structure of urban avian assemblages. Divers.
Distrib. 14, 131-137. (doi:10.1111/}.1472-4642.
2007.00439.x)

Orros ME, Fellowes MDE. 2015 Wild bird feeding in
an urban area: intensity, economics and numbers of
individuals supported. Acta Ornithol. 50, 43—58.
(doi:10.3161/00016454202015.50.1.006)

Jones JD, Kauffman MJ, Monteith KL, Scurlock BM,
Albeke SE, Cross PC. 2014 Supplemental feeding
alters migration of a temperate ungulate. Ecol. Appl.
24, 1769-1779. (doi:10.1890/13-2092.1)
Brittingham MC, Temple SA. 1988 Impacts of
supplemental feeding on survival rates of Black-
capped Chickadees. Ecology 69, 581—589. (doi:10.
2307/1941007)

Plummer KE, Siriwardena GM, Conway GJ, Risely K,
Toms MP. 2015 Is supplementary feeding in
gardens a driver of evolutionary change in a
migratory bird species? Glob. Change Biol. 21,
4353 —4363. (d0i:10.1111/gch.13070)

Job J, Bednekoff PA. 2011 Wrens on the edge:
feeders predict Carolina wren Thryothorus
ludovicianus abundance at the northern edge of
their range. J. Avian Biol. 42, 16—21. (d0i:10.1111/
j-1600-048X.2010.05242.%)

(lergeau P, Vergnes A. 2011 Bird feeders may
sustain feral Rose-ringed parakeets Psittacula
krameri in temperate Europe. Wildlife Biol. 17,
248-252. (doi:10.2981/09-092)

Cubie D. 2014 Site fidelity, residency, and sex ratios
of wintering Ruby-throated Hummingbirds
(Archilochus colubris) on the southeastern US
Atlantic coast. Wilson J. Ornithol. 126, 775-778.
(doi:10.1676/14-005.1)

Howell SNG. 2002 Hummingbirds of North America.
Princeton, NJ: Princeton University Press.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Baltosser WH, Russell SM. 2000 Black-chinned
hummingbird (Archilochus alexandri). In The birds of
North America online (ed. PG Rodewald). See https://
birdsna-org.proxy.library.cornell.edu/Species-
Account/bna/species/bkchum. (doi:10.2173/bna.495)
(Camfield AF, Calder WA, Calder LL. 2013 Broad-
tailed hummingbird (Selasphorus platycercus).

In The birds of North America online (ed.

PG Rodewald). See https://birdsna-org.proxy.library.
cornell.edu/Species-Account/bna/species/brthum.
(doi:10.2173/bna.16)

Zimmerman DA. 1973 Range expansion of Anna’s
hummingbird. Am. Birds 27, 827 -835.

Contreras A. 1999 New historic records of Anna’s
hummingbird from Oregon. West. Birds 30, 214.
Scarfe A, Finlay JC. 2001 Rapid second nesting by
Anna’s hummingbird near its northern breeding
limits. West. Birds 32, 131-133.

Clark O, Russell SM. 2012 Anna’s hummingbird
(Calypte anna). In The birds of North America Online
(ed. PG Rodewald). See https://birdsna-org.proxy.
library.cornell.edu/Species-Account/bna/species/
annhum. (doi:10.2173/bna.226)

Taylor JM, Kamp JW. 1985 Feeding activities of the
Anna’s hummingbird at subfreezing temperatures.
Condor 87, 292—293. (doi:10.2307/1366900)

Brice AT. 1992 The essentiality of nectar and
arthropods in the diet of the Anna's hummingbird
(Calypta anna). Comp. Biochem. Physiol. A Physiol.
101, 151-155. (doi:10.1016/0300-9629(92)90643-5)
MacKenzie DI. 2006 Occupancy estimation and
modeling: inferring patterns and dynamics of species
occurrence. Burlington, MA: Academic Press.
Bonter DN, Cooper (B. 2012 Data validation in
citizen science: a case study from Project
FeederWatch. Front. Ecol. Environ. 10, 305—309.
(doi:10.1890/110273)

Radeloff VC, Stewart SI, Hawbaker TJ, Gimmi U,
Pidgeon AM, Flather CH, Hammer RB, Helmers DP.
2010 Housing growth in and near United States
protected areas limits their conservation value. Proc.
Natl Acad. Sci. USA 107, 940—945. (doi:10.1073/
pnas.0911131107)

Fiske 1J, Chandler RB. 2011 Unmarked: an R package
for fitting hierarchical models of wildlife occurrence
and abundance. J. Stat. Softw. 43, 1-23. (doi:10.
18637/js5.v043.i10)

MacKenzie DI, Nichols JD, Lachman GB, Droege S,
Royle JA, Langtimm CA. 2002 Estimating site
occupancy rates when detection probabilities are
less than one. Ecology 83, 2248—2255. (doi:10.
2307/3072056)

Mote PW. 2003 Trends in temperature and
precipitation in the Pacific northwest

during the twentieth century. Northwest Sci. 77,
271-282.

Abatzoglou JT, Rupp DE, Mote PW. 2014 Seasonal
climate variability and change in the Pacific
Northwest of the United States. J. Clim. 27,
2125-2142. (doi:10.1175/jcli-d-13-00218.1)
MacKenzie DI, Nichols JD, Hines JE, Knutson MG,
Franklin AB. 2003 Estimating site occupancy,
colonization, and local extinction when a species is

9620/107 ‘#82 g 20s Y 0id  biobuiysigndAianosiedorqdss


http://dx.doi.org/10.1073/pnas.1315800111
http://dx.doi.org/10.1073/pnas.1315800111
http://dx.doi.org/10.1016/j.cub.2014.01.069
http://dx.doi.org/2013333010.1098/rspb.2013.3330
http://dx.doi.org/2013333010.1098/rspb.2013.3330
http://dx.doi.org/10.1016/j.landurbplan.2004.08.007
http://dx.doi.org/10.1111/j.1365-2656.2010.01780.x
http://dx.doi.org/10.1111/j.1365-2656.2010.01780.x
http://dx.doi.org/10.1007/s10530-013-0530-z
http://dx.doi.org/10.1515/ami-2016-0004
http://dx.doi.org/10.1515/ami-2016-0004
http://dx.doi.org/10.1046/j.1365-2699.1996.00033.x
http://dx.doi.org/10.1046/j.1365-2699.1996.00033.x
http://dx.doi.org/10.1111/j.1600-0706.2011.19722.x
http://dx.doi.org/10.1111/j.1600-0706.2011.19722.x
http://dx.doi.org/10.1371/journal.pone.0130299
http://dx.doi.org/10.1371/journal.pone.0130299
http://dx.doi.org/10.1016/s1001-0742(08)60019-4
http://dx.doi.org/10.1016/S0006-3207(01)00027-1
http://dx.doi.org/10.1007/s11356-015-4723-0
http://dx.doi.org/10.1890/060152
http://dx.doi.org/10.1890/060152
http://dx.doi.org/10.1071/MUv111n2_ED
http://dx.doi.org/10.1071/MUv111n2_ED
http://dx.doi.org/10.1371/journal.pbio.0050157
http://dx.doi.org/10.1525/california/9780520273092.003.0016
http://dx.doi.org/10.1525/california/9780520273092.003.0016
http://dx.doi.org/10.1186/s12983-014-0080-y
http://dx.doi.org/10.1186/s12983-014-0080-y
http://dx.doi.org/10.1016/j.biocon.2016.10.034
http://dx.doi.org/10.1016/j.biocon.2016.10.034
http://dx.doi.org/10.1073/pnas.1501489112
http://dx.doi.org/10.1111/j.1472-4642.2007.00439.x
http://dx.doi.org/10.1111/j.1472-4642.2007.00439.x
http://dx.doi.org/10.3161/00016454ao2015.50.1.006
http://dx.doi.org/10.1890/13-2092.1
http://dx.doi.org/10.2307/1941007
http://dx.doi.org/10.2307/1941007
http://dx.doi.org/10.1111/gcb.13070
http://dx.doi.org/10.1111/j.1600-048X.2010.05242.x
http://dx.doi.org/10.1111/j.1600-048X.2010.05242.x
http://dx.doi.org/10.2981/09-092
http://dx.doi.org/10.1676/14-005.1
https://birdsna-org.proxy.library.cornell.edu/Species-Account/bna/species/bkchum
https://birdsna-org.proxy.library.cornell.edu/Species-Account/bna/species/bkchum
https://birdsna-org.proxy.library.cornell.edu/Species-Account/bna/species/bkchum
http://dx.doi.org/10.2173/bna.495
https://birdsna-org.proxy.library.cornell.edu/Species-Account/bna/species/brthum
https://birdsna-org.proxy.library.cornell.edu/Species-Account/bna/species/brthum
http://dx.doi.org/10.2173/bna.16
https://birdsna-org.proxy.library.cornell.edu/Species-Account/bna/species/annhum
https://birdsna-org.proxy.library.cornell.edu/Species-Account/bna/species/annhum
https://birdsna-org.proxy.library.cornell.edu/Species-Account/bna/species/annhum
http://dx.doi.org/10.2173/bna.226
http://dx.doi.org/10.2307/1366900
http://dx.doi.org/10.1016/0300-9629(92)90643-5
http://dx.doi.org/10.1890/110273
http://dx.doi.org/10.1073/pnas.0911131107
http://dx.doi.org/10.1073/pnas.0911131107
http://dx.doi.org/10.18637/jss.v043.i10
http://dx.doi.org/10.18637/jss.v043.i10
http://dx.doi.org/10.2307/3072056
http://dx.doi.org/10.2307/3072056
http://dx.doi.org/10.1175/jcli-d-13-00218.1

Downloaded from https://royal societypublishing.org/ on 30 November 2021

52.

53.

54.

detected imperfectly. Fcology 84, 2200—2207.
(doi:10.1890/02-3090)

Fielding AH, Bell JF. 1997 A review of methods for
the assessment of prediction errors in conservation
presence/absence models. Environ. Conserv. 24,
38-49. (doi:10.1017/50376892997000088)

Hosmer DW, Lemeshow S. 2000 Applied logistic
regression. New York, NY: Wiley.

Fujisaki 1, Pearlstine EV, Mazzotti FJ. 2010 The rapid
spread of invasive Eurasian Collared Doves
Streptopelia decaocto in the continental USA

55.

56.

follows human-altered habitats. /bis 152, 622-632.
(doi:10.1111/j.1474-919X.2010.01038.x)

Bonter DN, Zuckerberg B, Dickinson JL. 2010
Invasive birds in a novel landscape: habitat
associations and effects on established species.
Ecography 33, 494-502. (doi:10.1111/j.1600-0587.
2009.06017.x)

Schrey AW, Liebl AL, Richards CL, Martin LB.

2013 Range expansion of house sparrows

(Passer domesticus) in Kenya: evidence of

genetic admixture and human-mediated

57.

58.

dispersal. J. Hered. 105, 60—69. (doi:10.1093/
jhered/est085)

Clark CJ. 2017 eBird records show substantial
growth of the Allen’s Hummingbird (Selasphorus
sasin sedentarius) population in urban Southern
California. Condor 119, 122—130. (doi:10.1650/
(ONDOR-16-153.1)

Pauchard AB et al. 2009 Ain't no mountain high
enough: plant invasions reaching new elevations.
front. Ecol. Environ. 7, 479—486. (doi:10.1890/
080072)

9620/107 ‘#82 g 20s Y 0id  biobuiysigndAianosiedorqdss H


http://dx.doi.org/10.1890/02-3090
http://dx.doi.org/10.1017/S0376892997000088
http://dx.doi.org/10.1111/j.1474-919X.2010.01038.x
http://dx.doi.org/10.1111/j.1600-0587.2009.06017.x
http://dx.doi.org/10.1111/j.1600-0587.2009.06017.x
http://dx.doi.org/10.1093/jhered/est085
http://dx.doi.org/10.1093/jhered/est085
http://dx.doi.org/10.1650/CONDOR-16-153.1
http://dx.doi.org/10.1650/CONDOR-16-153.1
http://dx.doi.org/10.1890/080072
http://dx.doi.org/10.1890/080072

	Winter range expansion of a hummingbird is associated with urbanization and supplementary feeding
	Introduction
	Methods
	Study species
	Data sources
	Project FeederWatch
	Climate and elevation data
	Housing density and land cover data

	Statistical analysis

	Results
	Discussion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


