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Abstract. Obtaining accurate data on seasonal timing of lifecycle events in the wild is critical for many
aspects of ecological research. However, characterizing such phenological processes is difficult, expensive,
and time consuming. Remote camera traps are increasingly used in ecology, yet their potential to study
key phenological traits in animal populations has been largely unexplored. Here, we examine the potential
of remote camera traps to measure the progression of seasonal molts in mammals. We evaluated the accu-
racy of trained observers to classify the stage of molt from camera-trap images and identified factors that
increase the accuracy of this method in a common, color molting mammal, the snowshoe hare (Lepus ameri-
canus). Our results showed that images taken by remote camera traps can be used to classify the stage of
color molt with relatively high accuracy (i.e., 84%). Observers achieved the highest accuracy when using a
classification protocol with fewer molt categories, and from images acquired during the day. We also found
that hare body position in the image, and whether the hare was moving or still had small influences on
observer classification accuracy. Camera model had negligible effect on accuracy. Overall, our results sug-
gest that camera traps can be used to classify molt progression to measure molt phenology in the wild.
Because many camera-trap studies are ongoing around the world, images of species that undergo distin-
guishable seasonal molts could be pooled across studies to characterize molt phenology on local and global
scales. In much the same way that remote cameras have revolutionized the study of distribution, abun-
dance, and behavior of some animal populations, so too can remote camera images transform our under-
standing of key phenological processes across space, time, and taxa.
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hare.

Received 4 September 2019; accepted 4 February 2020. Corresponding Editor: Rebecca J. Rowe.

Copyright: © 2020 The Authors. This is an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited.
“Present address: School for Environment and Sustainability, University of Michigan, Ann Arbor, Michigan, 48104 USA.
+ E-mail: mzimovaa@umich.edu

INTRODUCTION For example, climate change has shifted the phe-
nology of reproduction in amphibians (While

Characterization of phenology, the seasonal and Uller 2014), migration in birds (Charmantier
timing of lifecycle events, is fundamental for and Gienapp 2014, Socolar et al. 2017), and
understanding animal ecology and evolution, hibernation in mammals (Adamik and Kral 2008,
particularly as global anthropogenic change Ozgul et al. 2010). Mismatches arising from dis-
alters phenology in many natural systems parate shifts between climate and phenological
(Parmesan and Yohe 2003, Cohen et al. 2018). traits can negatively impact fitness, especially
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when the shifts vary across trophic levels (Both
et al. 2006, Post and Forchhammer 2008, Doiron
et al. 2015, Zimova et al. 2016, Visser and Gien-
app 2019). However, phenology monitoring is
difficult and expensive, especially given the fre-
quency of sampling required and the spatial and
temporal scales necessary for a rigorous charac-
terization of prolonged, complex life events.

Remote camera traps allow relatively inexpen-
sive monitoring across large geographical scales,
and their use in ecological research has expanded
rapidly in recent decades. Camera traps are now
commonly used to characterize wildlife distribu-
tion, abundance, and behavior (for reviews, see
O’Connell et al. 2011, Burton et al. 2015, Car-
avaggi et al. 2017), with increasing potential to
do so on a global scale (Steenweg et al. 2017).
However, published studies using remote cam-
eras to quantify phenology remain relatively rare
(but see Tape and Gustine 2014, Jachowski et al.
2015, Hofmeester et al. 2019, Zimova et al. 2020)
or used specialized, automated time-lapse pho-
tography (Black et al. 2018, Hinke et al. 2018).
Given the hundreds of ongoing camera studies
globally, especially for mammals, the untapped
use of camera images represents an exciting
opportunity to study phenological processes and
their potential mistiming with environmental
conditions under climate change across spatial,
temporal, and taxonomic scales.

Seasonal molting in birds and mammals is a
key phenological trait, recently garnering
increased attention in the context of climate
change (Mills et al. 2018, Zimova et al. 2018).
Most bird and mammal species occupying tem-
perate and polar ecosystems partially or com-
pletely replace thinner summer pelage or
plumage with a warmer winter coat (Beltran
et al. 2018). Additionally, in 21 species (18 mam-
mals, 3 birds) the new winter coat or plumage is
white instead of brown to increase camouflage
against snow-covered landscapes in parts of their
range (e.g., snowshoe hares Lepus americanus,
short-tailed weasels Mustela erminea, willow
ptarmigan Lagopus lagopus; Zimova et al. 2018).
But the shifting climatic conditions may create
phenological mismatches among the molts and
temporal variation in temperature/snow cover
presence. In color molting species, the shortening
duration of snow cover results in camouflage
mismatch between white winter coats and dark
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snowless ground (Mills et al. 2013), leading to
decreased survival (Zimova et al. 2016, Atmeh
et al. 2018, Wilson et al. 2018). Additionally,
potential phenological mismatch between other
photoperiod-driven seasonal molts and warming
temperatures may increase risk of heat stress
(Sarmento et al. 2019) as winter coat is much
warmer than its summer counterpart (Zimova
et al. 2018). Measuring molt phenology across
time and space is therefore important for under-
standing molting species vulnerability to associ-
ated phenological mismatches under climate
change (Zimova et al. 2020)

Although seasonal molts are of high adaptive
significance (Beltran et al. 2018, Zimova et al.
2018) and their mistiming with the environmen-
tal conditions can have negative fitness conse-
quences (e.g., Zimova et al. 2016, Wilson et al.
2018), molt phenology within and among species
is poorly understood. The primary barriers
include difficulties associated with phenology
quantification and monitoring, exacerbated by
the prolonged duration of molts (i.e., 1-2 months
each spring and fall; Zimova et al. 2018) and the
remoteness and ruggedness of areas typically
inhabited by these seasonally molting species. To
date, information on molt phenology in wild ani-
mals has been mainly acquired via radioteleme-
try (Mills et al. 2013, Zimova et al. 2014, 2016,
Wilson et al. 2018), periodic field surveys (Wat-
son 1963, Tomotani et al. 2018, Beltran et al.
2019), and retrospective examinations of speci-
mens in museum collections (Salomonsen 1939,
Hall 1951, Kiat et al. 2019). Although these meth-
ods have proven effective, they are often inva-
sive, expensive, and/or time consuming.
Noninvasive methods, such as remote camera
trapping, that do not require physically seeing
the animal are necessary to generate sufficient
data to quantify molt phenology in elusive spe-
cies across time and space. This has been recently
accomplished in the wild (Hofmeester et al.
2019, Zimova et al. 2020).

Here, we describe and validate the capacity of
remote, motion-triggered camera traps to yield
accurate estimates of molt progression. We
assessed the accuracy of human observers in
classification of coat color molt categories from
camera-trap images in snowshoe hares and
determined what factors affect the accuracy of
the molt phenology estimates among observers.
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Additionally, we provide protocols for the classi-
fication of color molt progression in snowshoe
hares and give broad recommendations for
quantification of molt phenology in the wild.

METHODS

Animals and experimental pens

We conducted this study using eight captive
snowshoe hares (five females, three males)
housed at an outdoor facility at the University of
Montana (UM) in Missoula, Montana. Animals
were housed in all-female and all-male groups in
outdoor aviaries (approximately 8 x 15 m),
exposed to natural environmental conditions.
Water and rabbit food (Sherwood Pet Health,
Logan, Utah, USA) were available ad libitum
during both camera-trapping sessions and dur-
ing non-experimental conditions. Five individu-
als were originally captured in the wild in the
Seeley-Swan Valley, Montana or Cascade Moun-
tains, Washington, and three individuals were
their captive-born offspring. All individuals
underwent the typical coat color molt to white
winter fur. The UM Institutional Animal Care
and Use Committee approved all husbandry,
handling, and experimental procedures (protocol
46-17).

For this study, individual hares were trans-
ferred to 2.4 x 2.4 m experimental outdoor pens.
The pens received natural light, with floors

(a) Three-category Protocol

(b) Five-category Protocol
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covered by a random arrangement of brown and
white 0.3 x 0.3 m colored foam mats to resem-
ble patches of bare ground and snow. Two mod-
els of motion-triggered cameras with infrared
flash were mounted within the pens: the more
expensive Reconyx PC900 HyperFire Profes-
sional camera (~USD $550/camera, Holmen, Wis-
consin, USA), and the more economical
Browning Strike Force (~USD $150/camera).
Cameras were mounted next to each other,
approximately 20 cm above the ground. Both
cameras were set to the same settings (i.e., 5-
megapixel resolution, 3 images per trigger, and
10-s intervals).

Camera-trapping sessions

We developed two protocols to classify the
stage of snowshoe hare molt from camera-trap
images using either three or five predefined cate-
gories (Appendix S2). Both classification proto-
cols were based on the percentage of hare’s body
that is white (Fig. 1). The five-category protocol
included 0, 25, 50, 75, and 100% white categories
and was based on a previously developed proto-
col used to classify color with field observers
(Mills et al. 2013; Fig. 1). The simplified three-
category protocol included 0, 50, and 100% white
categories and was recently implemented to
quantify molt phenology from remote camera-
trap images in snowshoe hares (Zimova et al.
2020).

Fig. 1. Snowshoe hare coat color during molt according to the (a) three- and (b) five-category protocols. Full
protocols and molt stage descriptions available in Appendix S2.
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Fig. 2. Number of correctly and incorrectly classi-
fied images (n) using the three-category protocol
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(Fig. 2. Continued)

colored by time of day, hare body position, hare
motion, and camera model. All but camera model
were significant predictors of accuracy to classify molt
stages from camera-trap images using the three-cate-
gory protocol.

One hare with a known stage of coat color
molt was placed in the experimental pen and
photographed for approximately 48 h (camera-
trapping session). The hare’s true color was
based on a consensus of two observers (LB and
MZ) by direct visual observation prior to each
camera-trapping session, using both classifica-
tion protocols (Fig. 1). We carried out ten cam-
era-trapping sessions total, so that we
photographed two different individuals per each
of the five molt categories.

Image classification

One observer (LB) selected a set of 240 images
that showed the entire hare’s body. These images
consisted of all ten sessions, each with 24 total
combinations of variables of interest: time of day
(day, night), hare motion (still, moving), hare
body position relative to the camera (lateral,
anterior, posterior), and camera model (Reconyx,
Browning; Fig. 2). All images were randomly
named and sorted, with the dates and manufac-
turer’s logos removed to minimize observer
expectancy bias.

The molt classification protocol (Appendix S2)
and the full collection of randomly sorted images
were supplied to 18 participants (faculty or stu-
dents) with backgrounds in ecology-related dis-
ciplines from University of Montana or Northern
Michigan University. Participants classified coat
color molt stage in each image using both proto-
cols and gave each score a subjective measure of
confidence in their classification (low, medium,
or high).

Statistical analysis

We used Program R (Version 3.5.3) and R Stu-
dio (Version 1.1.463) to conduct all statistical
analyses (R Development Core Team 2019). We
evaluated the accuracy of estimating hare color
molt progression based on camera-trap images
as the proportion of correctly classified images
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across all participants. An image was considered
as correctly scored when the observer’s classifica-
tion of hare’s molt stage equaled the hare’s true
molt stage. The accuracy was calculated sepa-
rately for molt stage estimates based on each
classification protocol. Finally, we calculated
accuracy using two subsets of the data: one
excluding low confidence estimates and one
including only high confidence estimates.

Next, we tested the effects of different factors
on the accuracy of coat color molt stage classifi-
cation. We fit linear mixed models with a bino-
mial response (correct or incorrect classification)
using package Ime4 (Bates et al. 2015). Models
included time of day, motion, body position, and
camera model as fixed effects; and participant,
hare ID, and photo-session as random effects. In
addition, we included two interactions terms as
fixed effects: (1) interaction between camera
model and time of day, and (2) between camera
model and motion. We fit separate models for
each set of molt stage estimates (the three- vs.
five-category protocols). We tested for correla-
tions between all categorical covariates (i.e., time
of day, motion, body position, and camera
model) using Pearson’s chi-squared test and
found no correlations at the P < 0.05 level.

REsuLTS

Observer accuracy in estimating molt stage
from remote camera images varied by classifica-
tion protocol, with all participants achieving
higher accuracy using the protocol with fewer
categories (Table 1). The accuracy was similar
across the 18 participants, except for one partici-
pant with exceptionally low number of correctly

Table 1. Accuracy as mean and standard deviation of
percentage of correctly classified images using three
or five molt stage categories and using data with dif-
ferent score confidence levels.

No. of
Confidence 3 categories 5 categories observations
All levels (%) 83.5 (9.6) 62.2 (12.1) 4320
High, medium (%)  85.7(9.2)  65.0 (12.9) 3788
High (%) 89.4 (11.1)  74.8 (16.6) 2131

Notes: Standard deviation is given in parentheses. All
levels include high, medium, and low confidence. Number of
observations indicates number of images in each data set.
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classified images, especially when using the
three-category protocol (48 out of 240 images).
Across the 18 participants, image classification
accuracy was 84% (SD = 10%) with the three-cat-
egory protocol, vs. 62% (SD = 12%) with five cat-
egories (Table 1). The mean percentage of
correctly classified images was higher when
using estimates ranked with higher confidence
(e.g., 89%, SD = 11% for the three-category pro-
tocol and 75%, SD = 17% for the five-category
protocol for high confidence scores; Table 1;
Appendix S1).

When using the three-category protocol, all
factors but camera model and the two interac-
tions significantly influenced accuracy of estimat-
ing molt stage (after accounting for the random
effects of participant, individual hare and ses-
sion; Table 2a, Fig. 2). Images taken during the
day were 5.7 times more likely to be classified
correctly compared to images taken at night
(Table 2a, Fig. 2). Body position was the second
most important predictor, with images of hares

Table 2. Effect size of factors affecting accuracy of esti-
mating molt stage from camera-trap images,
expressed as odds ratio and 95% confidence inter-
vals.

95% CI
Factor Odds ratio Lower Upper
(a) 3-category protocol
Time Night* 0.174 0.132 0.229
Motion Still* 1.396 1.091 1.786
Position Lateral* 1.957 1.520 2.519
Position Posterior* 1.720 1.262 2.345
Camera Reconyx 1.127 0.773 1.642
Camera Reconyx: 1.165 0.781 1.739
Time Night
Camera Reconyx: 0.998 0.697 1.429
Motion Still
(b) 5-category protocol

Time Night* 0.199 0.160 0.247
Motion Still 1.171 0.946 1.449
Position Lateral* 2.120 1.675 2.683
Position Posterior® 1.702 1.288 2.250
Camera Reconyx 0.782 0.599 1.021
Camera Reconyx: 1.768 1.312 2.383
Time Night*
Camera Reconyx: 0.911 0.676 1.227
Motion Still

Notes: Examined factors (time of time of day, hare motion,
hare position, camera model) are listed for both the (a) three-
and (b) five-category protocols. Significant effects were evalu-
ated at the o = 0.05 and are indicated by asterisks.
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taken from the side (lateral) and from the poste-
rior approximately twice as likely to be correctly
classified compared to anterior images of hares
(Table 2a, Fig. 2). Images of still hares were 1.4
times more likely to be classified correctly com-
pared to images taken of moving hares (Table 2a,
Fig. 2). The results were similar using five cate-
gories, except hare motion was not a significant
predictor of accuracy, and the interaction
between camera model and time of day was sig-
nificant (Table 2b). Specifically, night images
taken by the Rexonyx camera were slightly more
often scored correctly compared to those by
Browning (54% vs. 48% correctly scored), but
daytime Reconyx images were slightly less often
scored correctly compared to those by Browning
—yet this difference was even smaller (72% vs.
75% correctly scored; Appendix S1: Fig. S2).

DiscussioN

We described and validated a new method to
generate reliable data for quantifying molt phe-
nology using remote camera traps. Our results
showed that camera-trap images can be used to
classify the progression of molts in a color molt-
ing species with relatively high accuracy (i.e.,
84%). Additionally, we found ways to increase
accuracy of molt stage estimates by using fewer
molt categories for classification and by using
images acquired during the day. Below, we dis-
cuss the multiple factors that affect the accuracy
of the molt stage estimation from camera traps
and provide recommendations for the method’s
application in the field.

Overall, participants achieved higher accuracy
in estimating coat color molt stage when using
fewer molt categories. Specifically, using three
vs. five molt stage categories improved accuracy
by approximately 20% (Table 1). Further, using
scores with higher confidence increased accuracy
(Table 1). For example, using high confidence
scores only vs. all scores increased overall accu-
racy by 5% for the three-category and 13% for
the five-category protocol. However, excluding
images with lower confidence quickly decreased
sample size (Table 1). Therefore, if statistical
power is of concern, researchers should use all
images and accept a relatively low loss in accu-
racy to increase power. However, in case of large,
multi-study data sets, the most effective
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approach is to include only high confidence esti-
mates.

Of the factors we considered (Table 2, Fig. 2),
time of the day had the highest influence on
accuracy of molt stage estimates, with night
images having lower accuracy (Table 2 for night,
94% for daytime, Fig. 2). However, many species
are crepuscular and nocturnal, and night-time
images may represent a large portion of the data
set. Therefore, unless sample sizes of daytime
images are high, we recommend using both
night- and daytime images in molt phenology
quantification. Our camera models used infrared
technology, which results in black and white
images at night. Discerning molt categories from
monochrome images is more difficult and could
potentially be eliminated by using cameras with
white flash, although white flash cameras may
cause a startle response in some nocturnal spe-
cies (Wegge et al. 2004, Meek et al. 2014). Fur-
thermore, we found that night images produced
by the more expensive Reconyx cameras were
classified correctly more often than the night
images produced by the Browning cameras (54%
vs. 48% at the five-category scale only; Table 2;
Appendix S1). Such a 6% difference is negligible,
however, implying that researchers do not need
to employ more expensive cameras to accurately
estimate molt stages and images—and resulting
data—may be combined across studies using dif-
ferent camera models.

Hare’s body position in the image had some
effect on accuracy (Table 2). Based on our results,
we recommend using images depicting the ani-
mals’ lateral or posterior view, and when possi-
ble combining multiple images from the same
encounter to estimate molt stage. To maximize
the number of images from different angles,
researchers can set cameras to take multiple
images per trigger or include a second camera at
each station. Next, images including still animals
resulted in higher accuracy than when animals
were moving, but the overall increase in accuracy
was relatively low (4%, Fig. 2).

Our results with snowshoe hares should be
broadly applicable, both to the other 20 color
molting species and to the many other species
that undergo distinguishable seasonal molts. Sea-
sonally molting species that undergo the brown-
to-white color molts (such as hare spp. Lepus,
Arctic foxes Alopex lagopus, and ptarmigan spp.
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Lagopus) are routinely captured on cameras (e.g.,
Tape and Gustine 2014, Davis et al. 2019), and
their molts show similar progression across the
body (for detailed molt progression descriptions
see Zimova et al. 2018). The potential of camera-
trap images to quantify molt phenology (e.g., ini-
tiation date, molt duration, etc.) using different
statistical frameworks has been recently demon-
strated using molt stage estimates based on the
three-category color scale in snowshoe hares
(Zimova et al. 2020) and a different four-category
scale in mountain hares (Lepus timidus; Hofmee-
ster et al. 2019). Beyond seasonal color-changing
species, molt progression can be followed visu-
ally, without handling, in other mammals and
birds (e.g., mountain goats Oreamnos americanus,
Déry et al. 2019; pygoscelid penguins, Black
et al. 2018) and may also be of interest. In short,
motion-triggered cameras could transform study
of molt phenology for both the 21 color molting
species and for other molting mammals and
birds.

We demonstrate that camera-trap images can
be used to accurately estimate molt progression
stages to derive molt phenology. As a noninva-
sive, less field-time intensive alternative to direct
observation by field workers, camera traps allow
real-time, long-term monitoring across large geo-
graphical areas (e.g., Steenweg et al. 2016, Rich
et al. 2017). Furthermore, many ongoing camera
studies already capture, but do not use, images
from seasonally molting species (photographic
bycatch). Thus, we encourage combining images
from multiple independent studies or sharing
data in global biodiversity archives (e.g., Global
Biodiversity Information Facility [www.gbif.org],
eMammal [McShea et al. 2016, emammal.org]) to
effectively monitor molt phenology across spa-
tial, temporal, and taxonomic scales. Remote
camera traps have the potential to radically
improve our understanding of molt phenology,
its variation in space and time, and its role in illu-
minating ecological consequences of climate
change.

ACKNOWLEDGMENTS

We would like to thank the volunteer participants
for classifying the camera-trap images. Next, we thank
De’Aja Sanders for assistance with pilot work for this
study. This work was supported by the Department of

ECOSPHERE % www.esajournals.org

ZIMOVA ET AL.

the Interior Southeast Climate Adaptation Science
Center Global Change Fellowship through Coopera-
tive Agreement No. G10AC00624 to MZ, North Caro-
lina State University, University of Montana, the
National Science Foundation Division of Environmen-
tal Biology Grants 0841884 and 1907022 to LSM, and
the National Science Foundation EPSCoR Award No.
1736249 (OIA-1736249).

LiTeraTURE CITED

Adamik, P, and M. Kral. 2008. Climate- and resource-
driven long-term changes in dormice populations
negatively affect hole-nesting songbirds. Journal of
Zoology 275:209-215.

Atmeh, K., A. Andruszkiewicz, and K. Zub. 2018. Cli-
mate change is affecting mortality of weasels due
to camouflage mismatch. Scientific Reports 8:7648.

Bates, D., M. Machler, B. Bolker, and S. Walker. 2015.
Fitting linear mixed-effects models using lme4.
Journal of Statistical Software 67:48.

Beltran, R. S., J. M. Burns, and G. A. Breed. 2018. Con-
vergence of biannual moulting strategies across
birds and mammals. Proceedings of the Royal Soci-
ety B: Biological Sciences 285.

Beltran, R. S., A. L. Kirkham, G. A. Breed, J. W. Testa,
and J. M. Burns. 2019. Reproductive success delays
moult phenology in a polar mammal. Scientific
Reports 9:5221.

Black, C., B. Collen, D. Lunn, D. Filby, S. Winnard, and
T. Hart. 2018. Time-lapse cameras reveal latitude
and season influence breeding phenology dura-
tions in penguins. Ecology and Evolution 8:8286—
8296.

Both, C., S. Bouwhuis, C. M. Lessells, and M. E. Visser.
2006. Climate change and population declines in a
long-distance migratory bird. Nature 441:81-83.

Burton, A. C., E. Neilson, D. Moreira, A. Ladle, R.
Steenweg, J. T. Fisher, E. Bayne, and S. Boutin.
2015. Wildlife camera trapping: a review and rec-
ommendations for linking surveys to ecological
processes. Journal of Applied Ecology 52:675-685.

Caravaggi, A., P. B. Banks, A. C. Burton, C. M. V. Fin-
lay, P. M. Haswell, M. W. Hayward, M. J. Rowcliffe,
and M. D. Wood. 2017. A review of camera trap-
ping for conservation behaviour research. Remote
Sensing in Ecology and Conservation 3:109-122.

Charmantier, A., and P. Gienapp. 2014. Climate change
and timing of avian breeding and migration: evolu-
tionary versus plastic changes. Evolutionary Appli-
cations 7:15-28.

Cohen, J. M., M. ]. Lajeunesse, and J. R. Rohr. 2018. A
global synthesis of animal phenological responses
to climate change. Nature Climate Change 8:224—
228.

April 2020 %* Volume 11(4) ** Article e03084


https://www.gbif.org/
http://www.emammal.org/

METHODS, TOOLS, AND TECHNOLOGIES

Davis, B. M., A. V. Kumar, and L. S. Mills. 2019. A
camouflage conundrum: unexpected differences in
winter coat color between sympatric species. Eco-
sphere 10:€02658.

Déry, F.,, S. Hamel, and S. D. Coté. 2019. Getting ready
for the winter: Timing and determinants of molt in
an alpine ungulate. Ecology and Evolution 9:2920—
2932.

Doiron, M., G. Gauthier, and E. Lévesque. 2015.
Trophic mismatch and its effects on the growth of
young in an Arctic herbivore. Global Change Biol-
ogy 21:4364-4376.

Hall, E. R. 1951. American weasels. University of Kan-
sas Publications of the Museum of Natural History
4:1-466.

Hinke, J. T., et al. 2018. Estimating nest-level phenol-
ogy and reproductive success of colonial seabirds
using time-lapse cameras. Methods in Ecology and
Evolution 9:1853-1863.

Hofmeester, T. R., S. Young, S. Juthberg, N. J. Singh, F.
Widemo, H. Andrén, J. D. C. Linnell, and J. P. G.
M. Cromsigt. 2019. Using by-catch data from wild-
life surveys to quantify climatic parameters and
the timing of phenology for plants and animals
using camera traps. Remote Sensing in Ecology
and Conservation. https://doi.org/10.1002/rse2.136

Jachowski, D. S., T. Katzner, ]J. L. Rodrigue, and W. M.
Ford. 2015. Monitoring landscape-level distribu-
tion and migration Phenology of Raptors using a
volunteer camera-trap network. Wildlife Society
Bulletin 39:553-563.

Kiat, Y., Y. Vortman, and N. Sapir. 2019. Feather moult
and bird appearance are correlated with global
warming over the last 200 years. Nature Commu-
nications 10:2540.

McShea, W. J., T. Forrester, R. Costello, Z. He, and R.
Kays. 2016. Volunteer-run cameras as distributed
sensors for macrosystem mammal research. Land-
scape Ecology 31:55-66.

Meek, P. D., G.-A. Ballard, P. J. S. Fleming, M. Schaefer,
W. Williams, and G. Falzon. 2014. Camera traps
can be heard and seen by animals. PLOS ONE 9:
€110832.

Mills, L. S., M. Zimova, J. Oyler, S. Running, J. T. Abat-
zoglou, and P. M. Lukacs. 2013. Camouflage mis-
match in seasonal coat color due to decreased
snow duration. Proceedings of the National Acad-
emy of Sciences USA 110:7360-7365.

Mills, L. S., et al. 2018. Winter color polymorphisms
identify global hot spots for evolutionary rescue
from climate change. Science 359.

O’Connell, A. F., J. D. Nichols and K. U. Karanth, edi-
tors. 2011. Camera traps in animal ecology: meth-
ods and analyses. Springer Science & Business
Media, Tokyo, Japan; New York, New York, USA.

ECOSPHERE % www.esajournals.org

ZIMOVA ET AL.

Ozgul, A., D. Z. Childs, M. K. Oli, K. B. Armitage, D.
T. Blumstein, L. E. Olson, S. Tuljapurkar, and T.
Coulson. 2010. Coupled dynamics of body mass
and population growth in response to environmen-
tal change. Nature 466:482-485.

Parmesan, C., and G. Yohe. 2003. A globally coherent
fingerprint of climate change impacts across natu-
ral systems. Nature 421:37-42.

Post, E., and M. C. Forchhammer. 2008. Climate
change reduces reproductive success of an Arctic
herbivore through trophic mismatch. Philosophical
Transactions of the Royal Society B: Biological
Sciences 363:2369-2375.

R Development Core Team. 2019. R: A language and
environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria.

Rich, L. N., et al. 2017. Assessing global patterns in
mammalian carnivore occupancy and richness by
integrating local camera trap surveys. Global Ecol-
ogy and Biogeography 26:918-929.

Salomonsen, F. 1939. Moults and sequence of plu-
mages in the rock ptarmigan (Lagopus mutus
(Montin)). Videnskabelige Meddelelser 103:1-491.

Sarmento, W., M. Biel, and J. Berger. 2019. Seeking
snow and breathing hard — Behavioral tactics in
high elevation mammals to combat warming tem-
peratures. PLOS ONE 14:e0225456.

Socolar, J. B., P. N. Epanchin, S. R. Beissinger, and M.
W. Tingley. 2017. Phenological shifts conserve ther-
mal niches in North American birds and reshape
expectations for climate-driven range shifts. Pro-
ceedings of the National Academy of Sciences USA
114:12976-12981.

Steenweg, R., ]. Whittington, M. Hebblewhite, A. For-
shner, B. Johnston, D. Petersen, B. Shepherd, and P.
M. Lukacs. 2016. Camera-based occupancy moni-
toring at large scales: Power to detect trends in
grizzly bears across the Canadian Rockies. Biologi-
cal Conservation 201:192-200.

Steenweg, R., et al. 2017. Scaling-up camera traps:
monitoring the planet’s biodiversity with networks
of remote sensors. Frontiers in Ecology and the
Environment 15:26-34.

Tape, K. D., and D. D. Gustine. 2014. Capturing migra-
tion phenology of terrestrial wildlife using camera
traps. BioScience 64:117-124.

Tomotani, B. M., H. Jeugd, P. Gienapp, 1. Hera, ]. Pil-
zecker, C. Teichmann, and M. E. Visser. 2018. Cli-
mate change leads to differential shifts in the
timing of annual cycle stages in a migratory bird.
Global Change Biology 24:823-835.

Visser, M. E., and P. Gienapp. 2019. Evolutionary
and demographic consequences of phenological
mismatches. Nature Ecology & Evolution 3:879—
885.

April 2020 %* Volume 11(4) ** Article e03084


https://doi.org/10.1002/rse2.136

METHODS, TOOLS, AND TECHNOLOGIES

Watson, A. 1963. The effect of climate on the colour
changes of mountain hares in Scotland. Proceed-
ings of the Zoological Society of London 141:823—
835.

Wegge, P, C. P. Pokheral, and S. R. Jnawali. 2004.
Effects of trapping effort and trap shyness on esti-
mates of tiger abundance from camera trap studies.
Animal Conservation 7:251-256.

While, G. M., and T. Uller. 2014. Quo vadis amphibia?
Global warming and breeding phenology in frogs,
toads and salamanders. Ecography 37:921-929.

Wilson, E. C,, A. A. Shipley, B. Zuckerberg, M. Z.
Peery, and J. N. Pauli. 2018. An experimental
translocation identifies habitat features that buffer
camouflage mismatch in snowshoe hares. Conser-
vation Letters 12:e12614.

Zimova, M., K. Hacklander, J. M. Good, ]. Melo-Fer-
reira, P. C. Alves, and L. S. Mills. 2018. Function

ZIMOVA ET AL.

and underlying mechanisms of seasonal colour
moulting in mammals and birds: what keeps them
changing in a warming world? Biological Reviews
93:1478-1498.

Zimova, M., L. S. Mills, P. M. Lukacs, and M. S. Mitch-
ell. 2014. Snowshoe hares display limited pheno-
typic  plasticity to mismatch in seasonal
camouflage. Proceedings of the Royal Society B:
Biological Sciences 281:20140029.

Zimova, M., L. S. Mills, and J. ]. Nowak. 2016. High fit-
ness costs of climate change-induced camouflage
mismatch. Ecology Letters 19:299-307.

Zimova, M., A. P. K. Sirén, J. ]. Nowak, A. M. Bryan, J.
S. Ivan, T. L. Morelli, S. L. Suhrer, ]J. Whittington,
and L. S. Mills. 2020. Local climate determines vul-
nerability to camouflage mismatch in snowshoe
hares. Global Ecology and Biogeography 29:503—
515.

SUPPORTING INFORMATION

Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/do0i/10.1002/ecs2.

3084/full

ECOSPHERE % www.esajournals.org

April 2020 %* Volume 11(4) ** Article e03084


http://onlinelibrary.wiley.com/doi/10.1002/ecs2.3084/full
http://onlinelibrary.wiley.com/doi/10.1002/ecs2.3084/full

