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Abstract. Most spatial conservation planning for wide-ranging or migratory species is
constrained by poor knowledge of species’ spatiotemporal dynamics and is only based on sta-
tic species’ ranges. However, species have substantial variation in abundance across their range
and migratory species have important spatiotemporal population dynamics. With growing eco-
logical data and advancing analytics, both of these can be estimated and incorporated into spa-
tial conservation planning. However, there is limited information on the degree to which
including this information affects conservation planning. We compared the performance of
systematic conservation prioritizations for different scenarios based on varying the input spe-
cies’ distributions by ecological metric (abundance distributions versus range maps) and tem-
poral sampling resolution (weekly, monthly, or quarterly). We used the example of a
community of 41 species of migratory shorebirds that breed in North America, and we used
eBird data to produce weekly estimates of species’ abundances and ranges. Abundance distri-
butions at a monthly or weekly resolution led to prioritizations that most efficiently protected
species throughout the full annual cycle. Conversely, spatial prioritizations based on species’
ranges required more sites and left most species insufficiently protected for at least part of their
annual cycle. Prioritizations with only quarterly species ranges were very inefficient as they
needed to target 40% of species’ ranges to include 10% of populations. We highlight the high
value of abundance information for spatial conservation planning, which leads to more effi-
cient and effective spatial prioritization for conservation. Overall, we provide evidence that
spatial conservation planning for wide-ranging migratory species is most robust and efficient

when informed by species’ abundance information from the full annual cycle.

Key words:  abundance; citizen science; conservation planning, eBird; full annual cycle; migration;
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INTRODUCTION

Populations are seldom completely static, but are
characterized by spatiotemporal dynamics that unfold at
a variety of scales. Long-term changes in the distribution
of populations may be caused by climate change or
land-use change (Massimino et al. 2015, Le Louarn
et al. 2018). Short-term fluctuations in distribution
throughout the annual cycle can be driven by species
shifting habitats, tracking ephemeral resources, or
migrating between regions (Fahse et al. 1998, Skagen
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et al. 2005, Runge et al. 2016). These dynamic movements
are a challenge for traditional conservation strategies and,
for this reason, migratory species are under-protected rela-
tive to resident species (Runge et al. 2015). Correcting this
shortfall is imperative to effectively conserve migratory
species, and this requires novel approaches to conservation
planning, ensuring resources are available across broad
spatial and temporal regions and at all stages of the
annual cycle (Lovejoy et al. 1987, Martin et al. 2007,
Runge et al. 2014, 2016, Marra et al. 2015).

Traditionally, most spatial conservation plans use spe-
cies’ distributions, such as range maps, to identify net-
works of sites that meet stated objectives of species
protection, subject to constraints such as cost or land
area. However, even seasonal range maps fail to capture
spatial or temporal variation in abundance, which is
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particularly problematic for migratory species or species
that have highly variable abundance across their range
(Dallas et al. 2017). Populations are especially vulnera-
ble if large numbers of individuals aggregate in unpro-
tected sites (Buechley et al. 2018). Consequently,
conservation should consider the relative abundance of
species, because the value of any given site for conserva-
tion will usually increase as the number of individuals
increase (Johnston et al. 2015, Veloz et al. 2015). In
addition, conservation for dynamic species requires
incorporation of their movements through space and
time (Runge et al. 2014, 2016, Haupt et al. 2017). New
data from large-scale citizen science projects, such as
eBird, enable conservation prioritization to be informed
by both relative abundance and seasonal dynamics (Rey-
nolds et al. 2017, Schuster et al. 2019). However, little is
known about the added benefits of this additional
knowledge (Veloz et al. 2015, Tulloch et al. 2016).

The first challenge that must be addressed to improve
conservation plans for migratory species is to acquire
and use robust information on population dynamics and
movement. Spatial conservation plans for migratory spe-
cies typically consider only one stage of the annual life
cycle (Lisson et al. 2017, Walther and Pirsig 2017) or
treat seasons as static entities (Dias et al. 2017);
although one study has incorporated monthly distribu-
tions (Runge et al. 2016). Others have developed popula-
tion models that considered the explicit movement of
migratory individuals among different “sites” or “re-
gions” (Klaassen et al. 2008, Sheehy et al. 2011, Iwa-
mura et al. 2013, Aharon-Rotman et al. 2016, Dhanjal-
Adams et al. 2017, Oberhauser et al. 2017, Weeks 2017).
This approach is suitable for species for which we have
tracking data from a number of individuals, but it is
otherwise difficult to parameterize individual-based
models. Within the spatial prioritization literature, there
are analytical methods to account for connectivity
between sites (Beger et al. 20105, Arponen et al. 2012),
but their implementation for birds has been limited by
lack of information on connectivity for most species.

The second challenge is that strategic conservation
planning should identify networks of sites that capture
high numbers of individual animals or large proportions
of populations (Xia et al. 2017, Baker et al. 2018). Spe-
cies ranges only show presence/absence and therefore do
not allow us to identify sites with high abundance. Esti-
mates of species occupancy (probability of occurrence 0—
1) are often uncorrelated with species abundance and so
will also not identify sites with high abundance (John-
ston et al. 2015, Veloz et al. 2015, Acevedo et al. 2017).
Even in cases where abundance estimates are available
for individual sites, the importance of a site can seldom
be sufficiently quantified without reference to a total
population size. For this reason, we suggest that conser-
vation efforts should aim to protect the greatest propor-
tions of populations and should be based on seasonal
estimates of density or relative abundance across the
population.
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In this paper, we address these two challenges by com-
bining information on species’ abundance and dynamic
distributions to generate spatial prioritizations for land
conservation. As an example community, we use migra-
tory shorebirds that breed in North America, where they
are among the most threatened community of birds
(North American Bird Conservation Initiative 2016).
Although shorebirds are the focus of an impressive inter-
nationally coordinated program of monitoring and con-
servation (Howe et al. 2000, Boere et al. 2006),
information on the distribution and abundance of these
species throughout their entire annual cycle has been dif-
ficult to obtain. To fill this gap, we use weekly estimates
of shorebird relative abundance (hereafter, abundance)
across the Americas, derived from eBird data (Sullivan
et al. 2014). eBird data include curated and reviewed
contributions from citizen scientists and some profes-
sional surveys, and have been used to derive species’ dis-
tributions and inform conservation action (Kelling et al.
2015, Reynolds et al. 2017, Sullivan et al. 2017, Robin-
son et al. 2018). Weekly estimates of relative abundance
enable prioritization to explicitly consider the dynamic
nature of species’ populations and to identify sites with
high proportions of species’ populations. We quantify
the improvement in the proportion of populations that
are protected under different planning scenarios, when
including information on (1) dynamic distributions (us-
ing weekly distribution maps) and (2) abundance (using
estimates of species’ abundance). We demonstrate the
ability for citizen science data to be used for conserva-
tion planning for a community of dynamic migratory
species and across a large spatial domain.

METHODS

Spatial conservation planning

Generally, spatial conservation planning aims to iden-
tify a set of sites that are efficient for conservation; this
involves balancing the species that exist within each site,
the cost of protecting those sites, and the desired level of
species protection. Spatial conservation planning algo-
rithms typically have a single layer for each species; these
layers are overlaid and an optimal set of sites found that
protect the greatest number of species within the selected
set of sites. We used an algorithm that finds a minimum
number of sites that together cover a minimum propor-
tion of each species’ range. Each species layer is referred
to as a “feature” and the algorithm ensures that a given
proportion of each feature is contained within the set of
selected sites.

The conventional approach to spatial conservation
planning assumes each species has a single static distri-
bution, which is usually a range map. The dynamic
movement of migratory species can be incorporated into
the standard framework by providing several distribu-
tion maps for each species. For example, rather than
each species being represented by a single feature, they



April 2020

could each be represented by four features, each depict-
ing the species’ range at a given point in the year. The
spatial prioritization algorithm that uses four features
for each species would ensure that a fixed proportion of
each species’ range within each time frame is included in
the set of selected sites. This approach ensures that spe-
cies are protected at four times during their annual cycle.
However, for many migratory species, movements
throughout the annual cycle take place quickly. The tem-
poral resolution of the spatial prioritization algorithm
can be increased by including more features for each spe-
cies, representing their ranges at finer temporal resolu-
tions, for example, monthly or even weekly. Providing
weekly species’ ranges (52 features for each species)
would ensure the algorithm selects sites that include a
certain proportion of the range of the species within each
week of the annual cycle. We compared the set of
selected sites for a community of migratory birds using
information on species’ ranges from either weekly,
monthly, or quarterly temporal resolutions of sampling.

The conventional approach to spatial conservation
planning uses information on species’ presence/absence
from species’ range maps. The spatial prioritization
algorithms identify a set of sites that contain a given pro-
portion of the species’ range. By using species’ ranges
the implicit assumption is that the species is spread
evenly throughout the range. Most species are not dis-
tributed evenly and conservation planning could be
more efficient if it identified sites of highest abundance.
Using estimated abundances of species as features, the
spatial prioritization algorithm identifies a set of sites
that contain a given proportion of the population. We
compared the set of selected sites when using informa-
tion on species’ abundance or species’ ranges. We use
the term “distribution” to refer collectively to both spe-
cies’ abundance distributions and species’ ranges.

Shorebird distribution models

We used a community of 41 migratory shorebirds to
test the above comparisons of how spatial prioritizations
vary with different input information on the temporal
resolution and the species’ distributions. Species’ distri-
butions across North, Central, and South America for
each week of the annual cycle were estimated with bird
count data from eBird and adaptive spatiotemporal
exploratory models (AdaSTEM; Fink et al. 2010, 2013,
in press, Johnston et al. 2015). These models were run
separately for each species and estimated the relative
abundance of each species within a 8.4 x 8.4 km grid
cell for each week of the year. The abundance estimates
for each grid cell were compiled from an ensemble of
local models, each of which used data from a limited
spatiotemporal block (Fink et al. 2013). Within each
block, species’ relative abundance was estimated with a
zero-inflated boosted regression tree that included vari-
ables describing observer effort and the local environ-
ment (Johnston et al. 2015). The estimates of abundance
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are not absolute, because detectability was not esti-
mated. But by accounting for heterogeneity in
detectability this produces estimates of abundance that
are relative across sites, within the given species and
week. For example, a relative abundance estimate of 20
Whimbrel in the first week of May in one site may not
reflect exactly 20 individuals, but can be assumed to be
twice as many as another site with an estimated relative
abundance of 10 Whimbrel in the first week of May. For
further details of the data selected and the modeling, see
Appendix S1. The output of the species’ distribution
models was an estimate of abundance for each species in
each site (an 8.4 x 8.4 km grid cell in a uniform grid)
for each week of the year. These distributions of relative
abundance were converted to species’ ranges, which
defined the presence or absence of a species at each site.

The estimated species’ abundance distributions for
each week of the year were validated statistically using a
portion of the data removed before analysis (Fink et al.,
in press) and had an ornithological review by an expert
ornithologist (M. J. Iliff). In subsequent analyses, we
included species results only during seasons in which
they were judged by both validation methods to have
sufficiently good estimates and in weeks in which they
were judged to have at least 50% of the population in the
prediction region, to facilitate the estimation of the pro-
portion of total population (Appendix S1: Fig. S1). The
41 species each had between 9-52 weeks of estimated
distributions included in the analysis (Appendix SI:
Fig. S1). There are some regions in which limited data
led to difficulties in estimating species’ distributions, for
example the Arctic breeding ranges of many shorebirds.
We acknowledge that this prioritization will omit some
of these sites, despite their importance, but the compar-
isons of different types of prioritizations are still robust
(Appendix S1: Fig. S2).

Prioritization scenarios

The algorithm aimed to identify a set of planning
units (hereafter “sites”) that together would include 10%
of the population of each species within each week. The
input features of the prioritization algorithm were the
weekly estimates of species’ range or abundance across
the Americas (Fig. 1). We randomized the order of the
sites and then ran a prioritization algorithm that identi-
fied the minimum set of sites that together covered 10%
of each feature, which is a target for red-listed species by
the International Union for the Conservation of Nature
(IUCN). The algorithm we used treated each site as
independent, so randomizing the order did not affect the
results. During weeks in which the species is more dis-
persed, a greater number of sites will be selected to meet
the 10% criterion. For the prioritization, we used the
“minimum set” algorithm within the prioritizr R package
(Hanson et al. 2018) with the Gurobi optimizer (Gurobi
Optimization and LLC 2018). The prioritizr package
was based on the Marxan prioritization tool (Ball et al.
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Fic. 1. Examples of weekly distributions of species range and abundance distributions used as features in the spatial prioritiza-
tions. The distributions shown are for Greater Yellowlegs Tringa melanoleuca. Estimated species ranges are depicted for (a) a single
week in July and (b) a single week in January. As there is no information on relative abundance, percent of distribution is based on
the number of sites in which the species occurs. The species is more dispersed during July, and so the average percent of distribution
at each site is lower than in January. Estimated abundance distribution for (c) a single week in July and (d) a single week in January.
The colors for the species ranges and abundance distributions represent the “percentage of population” within each site, and the
total across all sites within each map is 100%.
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2009). Our goal was to identify the sites that are most
important for shorebirds, so we included a flat cost sur-
face and we did not include current protected or desig-
nated areas. Although cost is an important factor in
many prioritizations, here we were only identifying the
most important shorebird sites, and the algorithm will
select the smallest number of sites that meet the targets.
The main focus of this analysis is the comparison
between the different hypothetical scenarios, as buying
the requisite number of sites at this hemispheric scale is
not realistic.

We conducted separate spatial prioritizations with
species” abundance distributions and with species’
ranges. We converted the estimates of species’ abun-
dance to species’ ranges, which had no distinction
between sites of high or low abundance (Fig. 1). We con-
ducted spatial prioritizations using species’ ranges and
abundance data with different temporal resolutions of
the input data (Fig. 2). First, we ran prioritizations with
weekly data (52 weeks), which resulted in 1,452 weekly
features across the 41 species (Appendix SI: Fig. S1).
Next, we ran prioritizations representing species data
collected monthly (12 weeks), and quarterly (4 weeks),
using a single weekly distribution to represent sampling
at a given time point in the year (Fig. 2, Appendix S1:
Fig. S1). These scenarios relate to the approaches out-
lined in the Comprehensive Monitoring Program for
North American shorebirds that grew from long-term
regional surveys that monitor birds during discrete peri-
ods rather than across the entire annual cycle (Howe
et al. 2000). In total, we ran six prioritizations; three
with species’ ranges (quarterly, monthly, weekly) and
three with abundance distributions (quarterly, monthly,
weekly; Fig. 2). There is an important distinction
between the prioritizations with ranges and abundance
information; the sites selected from prioritizations with
species’ ranges will include 10% of the distribution of
each species. The sites selected from prioritizations with
abundance data will cover 10% of the population of each
species (Fig. 1). In general, it is possible to set species-
specific percentage targets or weights, however, in this
case the algorithms targeted the same percentage for
each species and were not weighted by species.

Comparing prioritizations

We compared the sites selected from the six prioritiza-
tions (species’ ranges or abundance distributions, with
quarterly, monthly, or weekly data). First, we examined
the sites selected from each prioritization to understand
whether they were in similar geographic areas. We
wanted to understand how close the prioritizations with
reduced information matched the prioritization with the
maximum information (i.e., weekly abundance distribu-
tions). However, because nearby sites may be function-
ally similar for the shorebird community, even though
the exact same site has not been selected, we aggregated
the 8.4 km sites in the Americas into 100 x 100 km grid
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cells and calculated the proportion of sites selected
within each larger grid cell. We used correlation coeffi-
cients to compare the proportions of sites selected within
100-km grid cells, between the prioritization with weekly
abundance data and the other alternative prioritizations
with reduced input information. These comparisons
assessed the functional similarity of the prioritizations at
a 100-km spatial scale.

Second, we assessed the estimated proportion of each
population that would be protected, if the selected sites
were all secured. Although this is an unrealistic outcome,
it gives an indication of the potential efficacy of the pri-
oritization methods. For example, a prioritization may
be designed to include 10% of species’ ranges with
monthly distributions, and we assess how much of each
population is included within those selected sites in each
week of the year. Additionally, to compare how effi-
ciently a set of selected sites would meet these targets for
each species, we set the land area equal for each prioriti-
zation. The prioritization that used weekly abundance
information included 10% of every population in each
week and selected approximately 15,000 sites. For each
alternative prioritization scenario, we rescaled the pro-
portion of populations protected within each week, to
the proportion that would be protected with 15,000 sites.
We then examined the temporal patterns in coverage
across the year and compared the prioritizations. When
examining the patterns across all species, it is important
to consider not only the average proportion of species
protected, but also the variation amongst species and
among weeks. A given prioritization may have a high
average of populations protected, but this can obscure
species or times of year that have particularly low pro-
portions of their populations protected. To describe the
temporal patterns of species’ coverage, we modeled how
the proportions protected varied throughout the year.
The response variable was the proportion of each popu-
lation included within the selected sites for each of 41
species within each week, so there was one data point for
each species in each week. We used a Generalized Addi-
tive Model (GAM), and the predictor variable was a cyc-
lic smooth on week of year with 12 degrees of freedom.
This modeled how the proportion of populations
included within selected sites varied throughout the year
across all species. Rather than estimating the mean pro-
portion, we wanted to understand the variation among
species, so we modeled the 25th and 75th quantiles of
the proportion of the population protected across all the
species. The model therefore estimated the lower and
upper quartiles of proportions of populations included
in selected sites, enabling us to identify times of year
where several species have particularly low or high esti-
mates. We fitted these models in R package qgam (Fasi-
olo et al. 2018).

Third, we assessed species’ temporal bottlenecks
throughout the annual cycle. For each prioritization sce-
nario, we estimated the week of the year in which the
species had the minimum proportion of the population
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Fic. 2. Schematic diagram of the information in each of the six prioritizations for a single species. Each circle represents a spe-
cies range or relative abundance distribution within a single week. The ellipse represents an annual migration of a population (tak-
ing different routes in pre-breeding and post-breeding migrations). Prioritizations with species ranges (top row) assume an even
distribution of the population within each week. Prioritizations with relative abundance (lower row) contain information on variable
abundance within the range. Prioritizations with 52 weeks (third column) require 10% of the range/population within each of the
52 weeks to be within the selected sites. Prioritizations with only four weeks (first column) generally select fewer sites as they only
require 10% of the range/population within the four weeks to be within selected sites. This is a hypothetical example for a single spe-
cies, but the real prioritizations include distribution information for all 41 shorebird species.

protected within selected sites. We compared these
between prioritization scenarios. The prioritizations
above targeted 10% of species’ ranges or populations.
We re-ran each of the six prioritization scenarios with
different targets for each species: 5%, 15%, 20%, 30%,
40%, and 50%. We then estimated the proportion of the
population that would be covered for each of these tar-
gets and with different input information.

REsuLTs

We modeled data from approximately 14 million eBird
checklists and produced estimates of weekly abundance
across the Americas for 41 shorebird species (Fig. 1). The
prioritizations based on species’ ranges required approxi-
mately twice as many sites and were more dispersed than
abundance prioritizations (Fig. 3, Appendix S1: Fig. S3).
Species were distributed unevenly throughout their range
(Fig. 1), so covering 10% of the population required
fewer sites than covering 10% of the range.

Prioritizations based on species’ ranges identified
divergent solutions depending on the temporal resolu-
tion of the data included (Figs. 3 and 4). At a 100-km
scale, the species’ range prioritizations had low agree-
ment with the weekly abundance prioritization (all
r < 0.5). A number of 100-km grid cells, which were
identified as important with the abundance data prioriti-
zation (due to many 8.4-km sites selected within the 100-
km grid cell), were “missed” using only the species’
ranges (Fig. 4). Therefore, even at a large spatial scale,
species’ ranges did not identify important geographic
areas with large proportions of populations.

Conversely, prioritizations with abundance data were
more consistent, and importance values at the 100-km
scale aligned particularly well between the monthly and
weekly resolutions (Figs. 3 and 4). In other words, spa-
tial prioritizations that used monthly abundance data
selected geographically similar sites to those selected
using weekly abundance data. Even with only quarterly
abundance data, the landscape-scale prioritization was
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FiG. 3. Proportion of sites within 100 x 100 km squares that were selected for each of the six prioritizations. Sites were identi-

fied as a minimum set to protect 10% of each of 41 species of shorebirds, using distributions from different temporal resolutions:
quarterly (left column), monthly (middle column), or weekly (right column). The n value indicates the number of 8.4 x 8.4 km sites
(in thousands) that were selected for each prioritization. Species’ range prioritizations were generally more dispersed and used
approximately twice the number of sites compared with abundance prioritizations to achieve the 10% goal. We show the region that
has the best coverage of species distributions and larger maps are shown in Fig. S3.

closer to weekly abundance prioritization than when
using weekly species’ ranges (Fig. 3). Therefore, even
when temporal coverage is poor, solutions based on
abundance outperformed those derived from species’
ranges with high temporal resolution.

Prioritizations based on abundance data most consis-
tently protected similar proportions of populations
across time and among species (Fig. 5). In contrast, pri-
oritizations based on species’ ranges were highly variable
in the proportions of populations protected and often
failed to achieve the 10% target. The prioritizations with
only quarterly data protected the smallest proportions of
populations, potentially resulting in temporal bottle-
necks during the breeding season (Fig. 5). Monthly
abundance data met 98% of the targets met by weekly
abundance data, with 1,420 of the 1,452 weekly species’
features meeting the 10% protection target. Overall,
abundance data at high temporal resolution produced
solutions that were most consistent in protecting at least
10% of populations, across the multiple axes of species,
space, and time.

The minimum proportion of a population protected
throughout the year, is an indication of any temporal
bottlenecks that might be experienced by a species. The
prioritization that used only quarterly species’ ranges
(which most closely aligns with the conventional data
inputs for spatial conservation planning) would need to
select sites that cover more than 40% of species’ ranges,
in order to protect just 10% of each population through-
out the full annual cycle (Fig. 6). Furthermore, these
prioritizations would require at least seven times more
sites than a prioritization based on weekly abundance

distributions. Overall, prioritizations based on species’
ranges may leave populations vulnerable at some times
in their annual cycle.

Discussion

Effective conservation relies on the ability to make
informed decisions about when and where to invest lim-
ited resources, but for many taxa we lack sufficient infor-
mation about population dynamics throughout the full
annual cycle. In this example, spatial conservation plans
performed best when based on estimates of species’
abundance at a high temporal resolution. Indeed, the
most robust and consistent solutions for protecting 10%
of the populations in this community were achieved
when prioritization algorithms used abundance data at a
monthly or weekly resolution. Our assessment showed
that in the absence of this ideal information, abundance
information at lower temporal resolution was more valu-
able than species’ ranges at high temporal resolution.

Previously Runge et al. (2016) found that single static
distributions did not provide a good representation of
the movements of nomadic species. Our results demon-
strate that, when using abundance data, a monthly tem-
poral resolution hit 98% of the weekly targets and
therefore provided almost as efficient a conservation
strategy as the weekly temporal resolution. In contrast,
species’ protection across the full annual cycle is likely to
be compromised when using a temporal resolution with
four or fewer estimated distributions a year. These
results provide empirical evidence for the intuitive asser-
tion that effective conservation of migratory species
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Fic. 4. Correlations between the proportion of selected sites within 100-km grid cells for the abundance prioritizations with
52 weeks and all other prioritizations across the Americas. A stronger correlation value indicates that a given prioritization (on the
x-axis) is functionally more similar to the prioritization based on with 52 weeks of abundance data. Pearson correlation coefficients
are shown in red. There are n = 3,274 points within each panel, each representing a single 100-km grid cell that has a non-zero pro-
portion of the grid cell selected in at least one of the six prioritizations.

needs to be informed by data on their spatial and tempo-
ral population dynamics throughout the annual cycle
(Martin et al. 2007, Sheehy et al. 2011, Runge et al.
2014, Schuster et al. 2019).

Compared to plans that incorporated species’ abun-
dance, those using species’ ranges alone gave rise to pop-
ulation protection that was more variable among species
and across time, and importantly, had a much greater
spatial footprint. Abundance information enabled the
prioritization to target sites that have a high number of
individuals, making the selected sites more efficient for
conservation. Previous studies at smaller scales have
found that probability of occurrence does not identify
sites of highest abundance (Johnston et al. 2015, Veloz
et al. 2015, Acevedo et al. 2017). In addition to higher
efficacy, prioritization using abundance data was more
robust to lower temporal resolution of monthly distribu-
tions throughout the annual cycle. Our results therefore
demonstrate the value of broad-scale information on
species’ abundance for spatial conservation planning.

Despite the high value of abundance information for
conservation, few species have sufficient data from for-
mal surveys to estimate their relative abundance across
large spatial and temporal domains. Here, we demon-
strate the use of eBird to estimate relative abundance for
a large number of species at high spatial and temporal
resolutions. The advantages of these data are that they
are available across large extents and for the entire year.
Citizen science data can be highly variable, although
analytical methods can account for much of this varia-
tion (Johnston et al. 2018, 2019, Kelling et al. 2019).
Although citizen science data may be spatially biased
and or data deficient for particular places (e.g., the Arc-
tic for breeding shorebirds), in some cases, this shortfall
could be addressed by combining citizen science data
with more formal surveys (Skagen et al. 2003). More
generally, we expect that the accuracy of the estimated
distributions will vary spatially and temporally, due to
volume of data and changing environmental require-
ments of populations. Citizen science data are also
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Proportion of weekly shorebird populations within sites identified in each prioritization, averaged per 15,000 sites. Each

dot represents the estimated proportion of a given species that is within the prioritized sites, for a given week. Dots are gray when at
least 0.1 of the population is protected and red otherwise. Species—week combinations with poor coverage of the population are
eliminated. The gray-shaded regions denote the area between the modeled 25th and 75th quantiles. The thin gray horizontal lines
show the threshold for 0.10 of the populations. There are 1,452 data points on each panel, each point representing the estimated
proportion of population covered within prioritized sites for a single species in a single week.

taxonomically biased and currently birds are likely the
only taxon with sufficient data to provide robust, esti-
mates of relative abundance across large spatial scales
and for many species (Sullivan et al. 2014, Fink et al., in
press). Overall citizen science data provide untapped
opportunities to generate estimates of relative abun-
dance and improve spatial conservation planning for
many terrestrial bird species.

There are several assumptions inherent in the analyses
presented here and we highlight the lack of information
on connectivity or cost in these prioritizations. First, we
did not consider connectivity between sites or different
parts of the population, which can be an important
aspect of spatial conservation planning for migratory
species (Moilanen and Moilanen 2005, Martin et al.
2007, Linke et al. 2012, Iwamura et al. 2013, Runge
et al. 2014, Hewson et al. 2016, Brown et al. 2017,
D’Aloia et al. 2017, Dhanjal-Adams et al. 2017). There
are quantitative strategies for incorporating connectivity
into spatial prioritizations (Beger et al. 2010qa, b, Daigle

et al. 2018), and these strategies have been used in some
marine and freshwater prioritizations (Hermoso et al.
2011, Linke et al. 2012, Magris et al. 2014, 2018, Schill
et al. 2015). However, for most bird species, information
on connectivity is not available, so the analysis presented
here aligns with the level of information most often used
for conservation planning. The increasing volume of tag-
ging data will likely transform this knowledge gap in the
future, but for a large suite of species, connectivity is cur-
rently not known, although it can be approximated by
spatial clustering (Schuster et al. 2019). Second, though
we recognize that cost can profoundly affect implemen-
tation, our assessment used land area as the principle
cost and instead focused on ecological inputs. Variability
in the cost of protecting different sites and the presence
of existing protected areas can be included in future pri-
oritizations.

Here, we adapted conventional spatial conservation
planning, which identifies a static network of sites, to
accommodate highly dynamic populations throughout
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FiG. 6. The estimated minimum proportion of each species protected throughout the full annual cycle. Each species is repre-
sented by a line that indicates how the minimum proportion of the population protected changes as the targets for the prioritiza-
tions increase from 0.1 to 0.5. Red parts of the lines indicate where less than 0.1 of a species is protected for part of the year and
indicates temporal bottlenecks for each species. The lines indicate how the proportion of that species protected increases with a pri-
oritization based on increasing proportion of the range or proportion of the population (abundance). The horizontal gray line is
the target of 0.1 of each species. The vertical red line shows the point at which at least 0.1 of all species are protected, and the red
number shows the target proportion required in the prioritization to protect all species at this level.

their full annual cycle. Our approach also contributes to
the emerging field of dynamic conservation planning,
which is based on the premise that some aspects of con-
servation can be achieved by protecting areas for limited
periods of the year without the need to permanently pro-
tect specific sites (Johnston et al. 2015, Haupt et al.
2017, Reynolds et al. 2017, Hazen et al. 2018). This
approach is most effective for species and populations
that follow highly repeatable migratory journeys each
year. However, many species are likely to have popula-
tions that adapt their spatiotemporal dynamics to local
conditions and this can present additional challenges for
traditional conservation strategies (Skagen et al. 2005,
Runge and Tulloch 2017). For species that track ephem-
eral resources, data can be aggregated across several
years to capture the range of sites used over time (Runge
and Tulloch 2017).

Spatial conservation planning for migratory species is
a major challenge, given the highly dynamic nature of

their populations across space and time. Abundance
data are highly valuable for spatial conservation plan-
ning, enabling more efficient prioritizations that target
sites with more individuals. Abundance data enable pri-
oritizations that have more consistent coverage across
species and throughout the full annual cycle, reducing
temporal bottlenecks in species’ protection. Our results
highlight that abundance information is critical for
efficient spatial prioritization strategies to conserve
migratory species’ populations. Conversely, we also
demonstrate that spatial conservation planning with sea-
sonal species’ ranges may select sites that are inefficient
or ineffective at conserving populations. Conservation
decisions should be informed by the best information
available in order to invest limited resources in the places
where they will have the biggest impact. However, all
data and models that contribute to conservation plan-
ning have assumptions and uncertainty associated with
them, and it is important to understand and
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acknowledge the limitations of each source of informa-
tion. Understanding the value of full annual cycle abun-
dance data can guide future data collection, analysis,
and interpretation of conservation plans derived from
this information, leading to more efficient conservation
strategies for migratory species.
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DATA AVAILABILITY

The data used to conduct the study are freely available on the eBird website https://ebird.org/science/download-ebird-data-prod
ucts; the data version used in this study was the eBird Reference Dataset from 2016, using checklists within the Western Hemisphere
from 1 January 2004 to 31 December 2016. Further details of checklists used for the analysis are provided in Appendix S1. Visual-
izations of weekly species’ relative abundance are available to view on the eBird website: https://ebird.org/science/status-and-trends.
Raster files of weekly species’ relative abundance are available for download with the R package ebirdst (Auer et al. 2019).
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