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Abstract

While metapopulation theory offers tractable means to understand extinction risks for patch-
ily-distributed endangered species, real systems often feature discrepant patch quality and
accessibility, complex influences of environmental stochasticity, and regional and temporal
autocorrelation. Spatially structured metapopulation models are flexible and can use real
data but often at the cost of generality. Particularly as resources for management of such
species are often critically limited, endangered species management guided by metapopu-
lation modeling requires incorporation of biological realism. Here we developed a flexible,
stochastic spatially structured metapopulation model of the profoundly endangered Amar-
gosa vole, a microtine rodent with an extant population of only a few hundred individuals
within 1km? of habitat in the Mojave Desert. Drought and water insecurity are increasing
extinction risks considerably. We modelled subpopulation demographics using a Ricker-like
model with migration implemented in an incidence function metapopulation model. A set of
scenarios was used to assess the effect of anthropogenic stressors or management actions
on expected time to extinction (T,) including: 1) wildland fire, 2) anthropogenically-mediated
losses of hydrologic flows, 3) drought, 4) intentional expansion of existing patches into
‘megamarshes’ (i.e. via restoration/enhancement), and 5) additive impacts of multiple influ-
ences. In isolation, marshes could be sources or sinks, but spatial context within the full
metapopulation including adjacency could alter relative impacts of subpopulations on all
other subpopulations. The greatest reductions in persistence occurred in scenarios simu-
lated with impacts from drought in combination with fire or anthropogenically-mediated
losses of hydrologic flows. Optimal actions to improve persistence were to prevent distant
and smaller marshes from acting as sinks through strategic creation of megamarshes that
act as sources of voles and stepping-stones. This research reinforces that management
resources expended without guidance from empirically-based modeling can actually harm
species’ persistence. This metapopulation-PVA tool could easily be implemented for other
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patchily-distributed endangered species and allow managers to maximize scarce resources
to improve the likelihood of endangered species persistence.

Introduction

Metapopulation modeling is an important tool in conservation of endangered species in frag-
mented landscapes, particularly those that are dependent on climate-impacted resources such
as water [1, 2]. Essentially, a metapopulation is an emergent property of inter-dependent sub-
populations, each experiencing asynchronous extinction and recolonization [3, 4]. Early meta-
population models were mathematically tractable and intuitive, yet arguably inadequate to
account for dynamics in most natural systems [5]. Spatially structured metapopulation models
and incidence function approaches injected realism, but at a cost to the elegant symmetry of
the Levin’s metapopulation in the strict sense. Real management problems feature discrepant
patch quality and accessibility, complex influences of environmental stochasticity on patch
quality, lack of data on predictors of population demography, and regional and temporal auto-
correlation of metapopulation parameters. Theorists have tackled these problems and applied
their innovations to exemplar species (e.g. stochastic dynamic programming of the Mount
Lofty Ranges Southern emu-wren, Stipiturus malachurus intermedius [6]), showing that,
beyond simplicity, metapopulation theory’s exceptional strength is its flexibility and ability
make use of real data.

The critically endangered Amargosa vole (Microtus californicus scirpensis) is a microtine
rodent occupying less than 40 hectares of rare and deteriorating marsh habitat in the Amar-
gosa River Basin. Like numerous geographically isolated endemic species, the vole is at
extreme risk of extinction by virtue of very small population size and strict dependence on pat-
chy marsh habitat within the driest portion to the Mojave Desert [7-9]. Their small population
size makes them vulnerable to local environmental pressures, environmental stochasticity,
inbreeding, and demographic challenges [10-13]. Nearby growing cities and towns, agricul-
ture, and solar energy farms compete for the critically limiting resource-water, and water is
increasingly unreliable due to anthropogenic climate change and drought [14, 15]. Climate
change projections suggest that, among California’s ecosystems, inland deserts are likely to
experience the most severe impacts. The Mojave ecoregion is projected to experience of loss of
habitat suitable for present vegetation from 83 km” at present to only 9-59% of that [16, 17]
Normalized difference vegetation index (NDVI) data reveal decades-long attrition of water,
decreased plant production, smaller habitat area, and less connectivity among habitat patches,
all exacerbated by changing climate [12, 18]. Countering such challenges requires conservation
resources to support and improve habitat, optimally guided by theory and data.

Here we developed a flexible, spatially-explicit stochastic metapopulation model that uses
available data and allows managers to assess interventions or unintended external influences
on habitat patches and corridors. Specifically, our goals were to: 1) to develop the metapopula-
tion viability analysis framework, 2) parameterize the model using data on patch quality and
configuration, environmental impacts, vole demographic data, and inter-patch migration
events, 3) classify patches in a source-sink-transition framework depending on whether each
patch is expected to persist >25 yr, or if persistence is contingent on patch position within the
metapopulation, and 4) analyze how changes in water availability and habitat affect extinction
risk of the metapopulation; those simulated changes included status quo, projected climate
change without intervention, climate change with intentional expansion of existing patches
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into ‘megamarshes’ (i.e. via targeted restoration/enhancement), and enforced local provision
of stable water. In the face of limited resources, metapopulation modeling can efficiently prior-
itize strategies for conservation of species in fragmented landscapes, particularly those that are
highly dependent on climate-impacted resources such as water.

Methods
Study system

The Amargosa River basin, in the driest portion of the Mojave ecoregion, features numerous
small relict wetlands from the Pleistocene, 10,000 years before modern water recession and
habitat change. These wetlands are biodiversity hotspots with endemic or endangered springs-
nails (Pyrgulopsis sp.), pupfish (Cyprinodon spp.), Amargosa niterwort (Nitrophila mohaven-
sis), Tecopa birdsbeak (Corylanthus tecopensis), Bell’s least vireo (Vireo bellii pusillus), and the
Amargosa vole. The total range of Amargosa voles includes 36 marshes across less than 1km?
of patchily distributed habitat (Fig 1) near the lower Amargosa River from 35.8492 to 35.8863
latitude and -116.2170 to -116.2477 longitude [10, 19]. Average daytime temperatures range
from 15-23°C in winter and 37-43°C in summer. Mean annual precipitation (1972-2011) is
120 mm [20]. Fewer than 1000 Amargosa voles remain in the wild [12].

The wetlands depend on surface and subterranean water from precipitation on nearby
mountains (averaging 700 mm/year at high elevations [21]) and patchily distributed springs
tapping a fossil aquifer, an inadvertently created Artesian well, and overflow from wells and
graywater from nearby homes and bath-houses [22]. Few of the marshes depend solely and
directly on natural water flows, but rather are highly dependent on human water use. Typi-
cally, one marsh occurs at a spring or pump outflow source, and the marsh’s outflow serves
downstream marshes which we grouped by water sources [12] (Fig 1). The vole relies on bul-
rush (Schoenoplectus americanus)-dominated habitat for food as well as refuge from predators
and thermal extremes [13, 19, 23]; such marshes occur as patches within a harsh alkaline desert
matrix.

Field methods

Mean water depth of each marsh patch was calculated from water depth measurements col-
lected at grid-point locations every 20m throughout bulrush-dominated portions of each
marsh. Water depth measurements were collected twice (peak winter and summer) during
2017 to capture seasonal changes in water levels although overall water levels could change
annually as well, particularly under impacts of drought.

Voles were trapped in a nested grid design for population size estimates [13], and later
along comparably established grids to detect movement. Records of tagged vole movements
between marshes were compiled from live trapping during this study and from studies in
2013-2017 [12, 13, 24-27]. Movement was also monitored using RFID transceivers and inte-
grated corded antennae (1S1001™-12V, Biomark; S1 File). Transceiver units were strategically
placed between paired marshes 7/10 and 69/12, separated by a clear pinch point (Fig 1). Live-
trapping occurred in paired marshes described above every 6-8 weeks during from February
2017- August 2018, and each individual captured was marked with a uniquely numbered
metal ear tag (National Band and Tag, Newport, KY) and received a 12 mm passive integrated
transponder (PIT) tag (Biomark, Boise, ID). Inter-marsh movement was recorded when a
PIT-tagged animal passed within 36 cm of antennae; these antennae were positioned so as to
allow us to infer animals leaving or entering a marsh. Transceivers recorded movement of
tagged voles from June 2017 —August 2018. All live trapping of animals was performed pursu-
ant to California Department of Fish and Wildlife Scientific Collecting Permit #SC854, US
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Fig 1. Range map of the Amargosa vole. Map of range and marsh habitat patches of the Amargosa vole, Microtus
californicus scirpensis. Marshes are numbered according to conventions of the ad hoc Amargosa vole team. Groups of
marshes are outlined based on shared dependency on original water sources. Red stars indicate placement of
151001™-12V Biomark RFID transceiver and integrated corded antennae. Sink class I has a predicted time to
extinction (T,) > 25 yr; class I T, = 10-25 yr, and class ITI T, < 10 yr.

https://doi.org/10.1371/journal.pone.0237516.g001

Fish and Wildlife Service Amargosa vole Recovery Permit #TE546414A-2, UC Davis Institu-
tional Animal Care and Use Committee Protocol #19905, and an MOU with the Bureau of
Land Management.

Model overview

The main model module, metavole.R, was constructed in R using a spatially structured meta-
population model approach related to the incidence function approach [28, 29]. The stochastic
model was implemented as a Monte Carlo simulation with 1-year time steps. The metapopula-
tion landscape (volescape) was a dataframe representing 36 circular marshes with area and cen-
troid characteristic of natural vole habitat. As any metapopulation reflects a balance between
local extinctions and colonization, we estimated both of these.
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Local extinctions occurred when N; < 1; predictions of N; were derived from Ricker

dynamics, i.e. N,,, = N, X exp"1-N/K)*¢) where N, was patch subpopulation size at time = ¢,

t+1
r4 was per-capita subpopulation growth rate at low population density, K; was subpopulation
carrying capacity, and € was environmental stochasticity (a normal random variable with
mean = 0 and variance = v, [30]).

Colonization was simulated to be a function of inter-patch distance and the probability that
voles would emigrate from any given patch. Each patch i was subject to a particular “migration
pressure” function [28] which was a Poisson random variable. Poisson random variables are
characterized by a single parameter (mean and variance) A; A was defined for the metapopula-
tion as ﬂZ(ije_“d), i.e. it is a compositive function comprising subpopulation sizes of all
marshes j # i, the inverse of the mean dispersal distance (), inter-patch distances (d) from the
center of each marsh j to the center of marsh 7, and a calibrator (f) [4]. There is little discussion
of the parameter f in the literature, and we are not aware of it having received a name previ-
ously. We describe our approach to choosing its value, how sensitive model output is to the
value we chose, and how this impacts model applicability and future research in subsequent
sections of the paper.

The simulation was run for a given number of years (a trial), during which vole demogra-
phy in each patch was simultaneously simulated according the Ricker dynamics, which yielded
whether or not that patch was extinct and if not extinct, its N;. The subpopulation N; values
then were used to calculate migration pressures for each patch, which represents the function
that allowed for inter-patch migration. Once the algorithm had repeated these events the
desired number of trials, the simulation performed accounting to create a history for all
patches at each year of: mean and variance of N, total metapopulation size, the number of
migrants, the expected number of years before the metapopulation would go extinct (time to
extinction, T.), and each patch’s occupancy (S1 Table). All data and software code are available
from the authors upon request.

Model parameterization

Parameter definitions, data sources, and values are summarized in Table 1. Bayesian prior esti-
mates of population growth (r;) and variance of environmental stochasticity (v,) from better-
studied California vole subspecies were used; these were calculated from linear regressions of
time series of population size data [9], available at https://foleylab.vetmed.ucdavis.edu/
resources.

The model module metavole.R required values of quality for each patch and the Ricker
model for within-patch population dynamics required estimates of population growth and car-
rying capacity. In foundational incidence function metapopulation literature, patch quality
was considered to be best predicted typically by area [28]. However, we aimed to assess multi-
ple different predictors of patch quality (area, water depth, area x water depth = volume), and
did so by choosing the linear regression model with the highest R*> among candidate predictors
of patch vole population size (N;). We assumed that most of the N; were at or near their carry-
ing capacity (K;), because voles in occupied marshes would be expected to have high fecundity
and ability to rapidly achieve maximum population size but are limited by patch area and
connectivity.

Migration pressure was estimated by using a plausible value for B (while it is typically set to
1 for locally common species or at least those that can access patches readily [28], we chose a
much lower value because neither characteristic applies to Amargosa voles), o calculated from
observed inter-marsh movement events recorded in this study (see ‘Field methods’), and dis-
tance between patches (d;;) determined from maps. A plot of cumulative number of voles
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Table 1. Parameter values in metavole.R. Objects used in metavole.R, a spatially structured metapopulation model of Amargosa voles. N/A indicates a data source is not
applicable for a given object.

Object Default (units) Description Source

metavole.

R

N; initialized at Subpopulation size at marsh i This study

1xKyoumexarea

rq 0.01/(volexyr) Instantaneous growth rate of the population [9]

Kyolume 17 voles/(cmxha) Proxy for per-patch carrying capacity and quality-calculated as published marsh population estimate/ | This study
(mean marsh water depth x area)

v, 1 (Vole><yr)2 Variance of environmental stochasticity [9]

spacecor 0 Degree to which r; and K co-vary between adjacent marshes, from 0 (no correlation) to 1 (completely | N/A
correlated)

B 0.01 Migration calibrator [28]

0.01/m Inverse of the mean dispersal distance among marshes This study
dj M Distance between centers of patches i and Values determined
from ArcGIS

volescape Volescapepf The landscape of 36 marshes characterized by marsh number, area, water volume, and geographical This study
centroid. Alternate versions of volescapepf used for scenarios as described in S2 Table.

metashell.

R

tmax 101 Number of years the simulation runs N/A

trials 500 Number of times metavole.R simulation is run N/A

https://doi.org/10.1371/journal.pone.0237516.t001

traveling each distance indicated exponential decay (S1 Fig) with rate (the maximum likeli-

hood estimator for o) = 1/(mean known distance travelled).

Trapping and demographic analyses

Results of trapping and recapture analysis to determine population density (D) of voles have
been published previously [13, 31]. Trapping was undertaken over six months in 2012 and
2015 at six randomly-placed, consistently-configured grids of 108 traps/grid. Each grid was
105 m x 95 m in dimension with twelve 15 m x 15 m subgrids nested within the grid and each
subgrid consisted of nine trap stations in a 3 x 3 arrangement with the traps spaced 7.5 m
apart. The grids spanned available habitat types and were trapped for four consecutive days
and then resampled monthly. In the original reports [13, 31], data were analyzed with several
different models: the boundary strip [32, 33] conditional likelihood model with two parame-
ters (probability of first capture (p) and probability of recapture (c)) and the spatially-explicit
capture-recapture method (SECR) [34-36]. Boundary strip models were compared using the

bias corrected version of Akaike’s Information Criterion (AICc) [37] allowing both parameters
to vary over time, only one to vary but the other not to vary, and allowing neither to vary.
SECR models were also compared with AICc, including: (1) no effect on the detection function
g(d) (probability of capture at a given distance from the center of the home range) due to tem-
poral, behavioral, or individual variation; (2) g(d) influenced by temporal variation but not
behavioral or individual variation; (3) g(d) influenced by behavioral variation but not temporal
or individual variation; and, (4) g(d) influenced by individual variation but not temporal or
behavioral variation. The package RMark [38] was used to estimate D for boundary strip mod-
els and the package secr [39] was used for the SECR models.

Population size was calculated from D and total marsh area. All models gave similar esti-
mates of population size, with the best supported model being the SECR model with no varia-
tion in g(d). Subpopulation sizes at 14 well-studied marshes were then estimated from
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quarterly, range-wide trapping done between Nov 2015-Sept 2016 [40]. Density was estimated
using SECR as done for the initial six grids.

Finally, we created a general rule for optimal prediction of N; and K; using multiple linear
regression with area, depth, and volume predictors as described above. The optimal model was
chosen by stepwise removal of predictors to minimize AIC. Because the optimal model
retained only volume, we therefore calculated K for each marsh as K; = (water depth x marsh
area X Kyolume)> where Kgume = Ni/(water depth (cm) x marsh area (ha)) and is an analogue
to subpopulation density at K.

Sensitivity analysis

Sensitivity analysis was conducted using the One Factor at a Time technique [41], exploring T,
across a plausible spectrum of input values. The model was run for 500 trials, each of 101
years. Variables assessed were: a) r; from -0.5 to 0.5 in 0.1 increments, b) Kyopume from 1 to 100

in increments of 5, ¢) v, from 0 to 10 in increments of 1, d) § from 0 to 0.1 in 0.01 increments,
and e) o from 0 to 0.1 in 0.01 increments.

Modeling scenarios

Habitat patches have been classified as source if r; > 0 and sink if r; <0 [42]; here we updated
definitions to: 1) depend explicitly on expected subpopulation persistence over 25 yr, 2) allow
for each subpopulation’s growth rate to range from positive to negative due to stochasticity if
close to 0, 3) contextualize a patch as source or sink based on its proximity and accessibility to
other patches, and 4) add an intermediate class of inconsistent sink or source patches. The
patch types are: 1) Context-independent Source where r; > 0 and T, tended to be high with
the subpopulation persisting in metavole.R even when isolated (i.e. no migration from other
patches), 2) Rescued Sink, which typically had r; <0 and low T. in isolation but which, likely
due to a form of rescue effect (here via colonization) [43], frequently maintained a resident
subpopulation when in the metapopulation, 3) Context-independent Sink with r; <0 and low
T, both in isolation and in the metapopulation, and 4) Converted Sink, where a patch that had
functioned as a source became a sink in the context of the metapopulation. Each of the 36
marshes was classified by running the simulation setting all marshes except the query marsh to
an area x water depth of 0 and then evaluating T, for that marsh in isolation.

Scenarios were run to assess ecologically relevant anthropogenic stressors and management
actions including: 1) wildland fire, 2) anthropogenically-mediated losses of hydrologic flows,
3) drought (minor, moderate, and severe), 4) strategically located ‘megamarshes’ in the north-
ern, central, or southern habitat range (indicative of potential habitat restoration/enhancement
projects), and 5) additive drought with fire, anthropogenic water loss, and megamarsh crea-
tion. Water reduction scenarios would directly reduce or eliminate habitat for this marsh-
dependent species. Impacts of fire are less clear, especially over time, but immediate impacts
would be to remove burned habitat from potential occupancy, as fire would remove food, can-
opy protection against aerial predators, and litter sites where voles escape predators and locate
their nests. Each scenario was implemented by adjusting patch area and water volume to
increase or decrease patch-specific carrying capacity (K;) (S2 Table). Default model parameters
remained static except where noted to implement the scenario; each scenario represented a
model run of 101 years and 500 trials of the single set of input conditions that defined that sce-
nario. Model outputs included a history of the subpopulation sizes at each marsh updated
annually, mean subpopulation size across all marshes, mean metapopulation size (total num-
ber of voles), number of occupied patches, number of migrants, and the estimated time to
extinction (T.,) after ¢ years.
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Statistical analysis

Data were maintained in Excel (Microsoft, Redmond, WA) and ArcGIS (ESRI, Redlands, CA),
and analyzed in R [44]. We evaluated whether sex was associated with mean distance traveled
using a Student’s t-test and whether season, corridor vegetation status (vegetated, non-vege-
tated, or mixed), and type of corridor vegetation (bulrush, salt grass, and predominantly or
partially bare) were associated with distance using ANOVA. To evaluate management scenar-
ios, we compared means of T, (mvte), proportion of occupied patches at ¢ = 25 years (mvp25),
total population size at t = 25 years (mN25), and the number of migrants across patches at

t = 25 years (mcol25) using one-way ANOVA and Tukey HSD mean separation. Linear regres-
sion was used to explore relationships between response variables and increasing levels of
drought. Values were considered significant if p <0.05.

Results
Parameter estimates

Values for r,; and v, were calculated from other California vole subspecies as described by
Foley and Foley (9), yielding averages for each of 0.01 and 1.0, respectively (Table 1). Such a
Bayesian approach was used because our time series calculations require either a Bayesian
prior or multiple successive years of data which have not yet been acquired for the Amargosa
vole. The value for r; we used compares with monthly values of A for Amargosa voles ranging
from a low of 0.5 in November of 2014 and a high of 2.3 in June 2014, which correspond to r,
=In(A) = -0.69 to 0.83. The coefficient from the best-fitting regression model of N; (values
given in Table 2) on water depth x patch area was 33.39, providing a calculation of Kgjyme as
17 voles/(cm x ha) (Table 2). We used a default value of = 0.01 for all simulations except
where otherwise stated (e.g. in sensitivity analysis). The observed mean distance voles moved
among marshes was 136.86 m and the MLE for decay rate of distance travelled was 0.0073. For
modeling, this number was rounded to o = 0.01. Summary statistics were compiled for the
movement data (Table 3). Sex was not significantly associated with movement distance,

Table 2. Amargosa vole subpopulation sizes (N;) at 14 well-studied marshes and best-fitting regression model of
N; on water depth x patch area.

Marsh number N;

1 120

2 23

3 7

4 1

6 8

10 20

12 7

12 1

21 18

23 19

39 83

54 113

67 10

Model R? AIC p-value
N =0 + 33 area + 3, volume + & 0.847 78.61 N/A

N =0+, volume + & 0.834 77.77 2.0x10°°

https://doi.org/10.1371/journal.pone.0237516.t1002
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Table 3. Summary of movement patterns of 22 Amargosa voles that moved between different marshes near Tecopa, California.

Factor
Sex
Male
Female
Female *
Season
Winter
Spring
Summer
Fall
Vegetated corridor
No
Yes
Mixed
Type of vegetation
Bulrush
Salt grass

Bare or bare/mixed

Frequency (No. of movements) Mean distance moved (m) Significance (t or F, df, p)

t=0.9,df=9.2,p=0.37

141 47.4 | £59.2
10 90.5 | +1436.0
9 47.4 | +48.5
F=37,df=3,p=0.01
15 74.9 | £104.4
18 90.3 | +85.2
97 37.5 | +42.7
21 65.7 | £100.5
F=107.3,df =2, p < 0.001
3 321.0 | £140.5
145 39.2 | £39.7
4 257.3 | £75.9
F=133.9,df =2, p < 0.001
144 37.7 | £36.0
6 240.5 | £0.7
2 297.8 | £110.9

* Mean distance moved by females with outlier removed.

https://doi.org/10.1371/journal.pone.0237516.t1003

although a single female was an outlier with a distance moved of 478 m. However, once she
was removed from the dataset, mean distances moved by males and females were almost
exactly the same (47 m); we calculated o with this outlier removed. All other independent vari-
ables assessed were significant, with increased distance of movements during winter and
spring, along corridors that were not vegetated, and when crossing salt grass or open playa.

Sensitivity analysis

Spectra of plausible values of the parameters in metavole.R were explored, yielding predictable
changes in mean T, across trials as a function of each input. T, was an approximately linear
function of r; and §, though there was evidence in the former of a weak sigmoidal curve tend-
ing to reach a plateau near r; = 0.4 (Fig 2D). Exponential decay was apparent in the relation-
ships between T, versus v, and a. In both cases, any increases in the independent variables
would be predicted to result in sharp reductions in metapopulation persistence. Lastly,
increases in Kyopume improved T, linearly until eventually saturating at approximately Kyopme
= 40, although this was due to the limited run of the simulation at 101 years.

Per-patch impact on metapopulation

Subpopulation dynamics were simulated for each marsh in isolation, setting values of all other
marshes to 0, yielding a distribution of T, values for individual marshes ranked by decreasing
values of T, (Fig 3). Four marshes were Context-independent Sources with relatively high T,
in isolation >25 yr (Marshes 54 in the north, 13 in the north-central cluster, and 14 and 23
towards the southwest in an isolated playa, Fig 1). Thirteen marshes in isolation would have T,
from 10-25 years and 19 marshes if isolated would persist <10 years, i.e. acting as Context-
independent Sinks, many of them in the south. We then examined the behaviors of each of the
marshes when the simulation was run as an intact metapopulation. Within the metapopula-
tion, five marshes tended to have high probability of persisting > 25 yr (Marshes 13, 14, 23, 54,
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Fig 2. Sensitivity analysis plots. Sensitivity of predicted times before Amargosa voles are extinct (T) on a spectrum of values for five parameters in a simulation model
metavole.R. Parameters including (A) mean dispersal distance, @, (B) migration calibrator, 8, (C) patch carrying capacity, Kyolume (D) estimated rate of population
growth, r,, and (E) environmental stochasticity, v,, are described in the text. Graph gives mean Te and standard deviation.

https://doi.org/10.1371/journal.pone.0237516.9002

and 55), one of which (55) had such high persistence in part by virtue of rescue, given the rela-
tively low T, in isolation, i.e this marsh functions as a Rescued Sink. Marsh 34 also functioned
as a rescued Sink. In contrast, Marshes 6 and 11 dropped from Sources to Converted Sinks.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237516  August 13, 2020 10/19


https://doi.org/10.1371/journal.pone.0237516.g002
https://doi.org/10.1371/journal.pone.0237516

PLOS ONE

A stochastic structured metapopulation model to assess recovery of endangered species

40

35

30

25+

20 °

Te in isolation
[ ]
[ ]

15+ .

10

I
0 5 10 15 20 25 30 35
Marsh Rank Order

Fig 3. Estimated time to extinction for individual patches. Occupied marshes near Tecopa, California ranked by
predicted times to extinction when subpopulation dynamics were simulated using the model metavole.R, assuming no
other voles from outside marshes could access the query marsh (marsh in isolation).

https://doi.org/10.1371/journal.pone.0237516.9003

Anthropogenic impacts scenarios

Anthropogenic impacts to vole habitat were compared using metavole.R, which showed that
lack of water or destruction of habitat by fire would reduce T, and carefully placed mega-
marshes could improve T,, but combined effects of simultaneous drought and fire for example
could be catastrophic (Fig 4, S3 Table). The T, for the baseline scenario (status quo) was 67
years; addition of wildland fire (in northern, central or southern habitat extents) reduced T, by
8.6% on average, anthropogenically-mediated loss of water flows reduced T, by 5.4%, and
moderate (35% reduction) drought reduced T, by 18.4%. These differences among scenarios
were significant (p <0.0001). The T, declines significantly with increasing impact of drought
(r2 =0.91, p<0.0001, Fig 5). Similar trends were observed for total population size at time ¢
across scenarios. Furthermore, additive impacts of Drought+Water loss and Drought+Fire
were most severe, reducing T, by 21.2% and 22.7% respectively, although the differences
between these two scenarios were not statistically significant (Fig 4).

Trends of metapopulation sizes and migrants after 25 and 101 years mirrored findings for
T, across scenarios (Fig 4, S3 Table). Because the metapopulation was often extinct at 101
years during model simulations, the mean population (mNt) and mean number of migrants
(mcolt) at time ¢ = 101 were very low (8.1 and 0.0095 respectively). For this reason, we focused
on the mean total population size and number of migrants at time ¢ = 25 (mN25 and mcol25).
The highest number of migrants at t = 25 (mcol25) occurred in the baseline (status quo) sce-
nario, and greatest reductions in mcol25 occurred in Drought+Water loss (57%) and Drought
+Fire (61%) (Fig 4). The fraction of marshes occupied within the landscape at t = 25 (mvp25)
also had the greatest reduction for Drought+Fire and Drought+Water loss scenarios.

Creation of expanded ‘megamarshes’ in the landscape generally led to increases in Tk, with
northern megamarshes being particularly beneficial, increasing T, 22.3% (81.8 + 2.9 years),
mvp25 by 24.0% and mN25 by 313% (Fig 4). Changes in the southern habitat region were
more complex. If the entire southern region was destroyed by fire, there was no decline in T,
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Fig 4. Metapopulation response to management scenarios. Mean values (and standard deviations) of metapopulation response variables across classes of scenarios
simulated in metavole.R to predict impacts of habitat stressors or intervention on extinction risk. Values for F-statistic and p-value of ANOVA are included. Letters
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https://doi.org/10.1371/journal.pone.0237516.9004

or mN25 compared to baseline conditions; however the creation of a megamarsh in the south-
ern region led to significant increases in both T, (9.5%) and mN25 (98%).

Discussion

Amargosa voles exemplify several challenges in endangered species management, including
inherent high (and difficult to predict) demographic variability, habitat specialization, depen-
dence on fragmented habitat patches within a metapopulation, and accelerating human
impacts on habitat. We have published previously a population viability analysis (PVA) that
predicted persistence times for the species based on analysis of population time series [9]; here
we add considerable realism and value to the PVA by explicitly incorporating landscape fea-
tures, local subpopulation extinction, and inter-patch migration dynamics. Our analysis docu-
ments that no single patch in isolation could support a robust and persistent Amargosa vole
subpopulation, but that the metapopulation structure itself crucially determines the source
and sink qualities of each patch. The metapopulation-PV A tool is flexible, permits evaluation
of possible changes to the environmental determinants of vole subpopulation success, and
could easily be parameterized and implemented for other patchily-distributed endangered spe-
cies. Querying the model with a set of plausible scenarios of ongoing anthropogenic distur-
bances or potential management interventions allows us to make recommendations that
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would maximize efficient use of scarce resources to improve the likelihood of Amargosa vole
persistence, as is urgently advocated for other conservation programs [6, 45].

Our estimation of parameter values followed the practical guidance originally provided in
Hanski’s incidence function metapopulation work [28] coupled with simple subpopulation
regulation using a Ricker model and statistical assessment of best predictors for inter-patch
movement and patch quality. We acknowledge that parameter values used in the present
model were derived from early field research, and that ongoing research to monitor water
depth and other aspects of the environment and vole status would help keep the model opti-
mally relevant. Typically, patch area is the most intuitive predictor of patch carrying capacity
in a metapopulation model, whereas we chose to use area x water depth (the optimal model
based on AIC) because incorporating the biologically meaningful water depth variable better
explains the difference between high- and low-quality marshes and allows us to study a key
weakness and manageable characteristic of the system. However, there was little difference in
AIC between a model using area and volume and one using only volume, so we chose the
more parsimonious predictor (volume only).

Our model produced numerous useful output data including estimates of migrants, occu-
pancy, and T, the latter probably serving most intuitively to allow for comparison among sce-
narios for metapopulation responses to stressors or intervention. T, has the benefit of being a
single, management-relevant number for ease of statistical comparison. It resembles the
“mean lifetime of a metapopulation” statistic previously proposed for stochastic and spatially
heterogeneous metapopulations [46]. Sensitivity analysis supported our assumptions that
changes in r; and K,gjyme would have considerable impacts on T, as was evident in our scenar-
ios as well. In general, optimal provision of water remains crucial to support robust vole sub-
populations and is among the most important and realistic management actions.

The sensitivity analysis also suggested that even small increases in v, could have dire conse-
quences for persistence of the Amargosa vole. There may be little managers can do to mini-
mize v,, though the creation of megamarshes may buffer against stochasticity that might be
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more problematic in smaller patches. However, our data and modeling approach show clearly
that context matters: no patches were so large and contained enough standing water as to yield
independent subpopulations persisting more than 101 years. Furthermore, the relative spatial
relationships among context-dependent sources and sinks critically impacted both the likeli-
hood that an entire region would function as a sink or that a regional megamarsh would have
a positive impact on overall metapopulation persistence. This dynamic is best illustrated in the
southern marshes: simulated northern or central-habitat fires reduce T, but we do not see that
in the south, because southern fire mitigates the effects of so many sink marshes. A megamarsh
in the area would improve metapopulation persistence because the context in which southern
marshes are sinks is changed.

Metapopulations persist due to balanced patch persistence and accessibility. The migration
parameters o and B had predictable impacts on overall T, and analysis showed that impairing
access to marshes (which can happen for example due to roads or loss of “stepping-stone”
patches) could dramatically reduce persistence expectations. The parameter B is somewhat
enigmatic and its relationship with T, was linear. If a species is locally abundant and suffi-
ciently vagile to frequently colonize new patches, it would have a high B [28] whereas neither
characteristic describes the Amargosa vole at present, which is why we chose a low B value.
Improving connectivity and creation of megamarshes could raise the value of B, while we also
acknowledge that future studies could be done to improve the precision of our estimate of f.

In addition, intentionally reducing access to sink habitat could sometimes be a worthwhile
management action if it helps prevent dead-end migrants from ending up in sinks. The full
impact of such sinks depends to some extent on movement rates among marshes, which is a
difficult to obtain datum, particularly for long-distance, rare, and emigrating movements, for
any species [47]. We could not comprehensively catalog movement rates, but, even though
earlier work suggested that Amargosa voles move minimal distances from any given capture
site [13], we focused on inter-marsh movement and showed that: 1) voles will often move
among patches that are adjacent if there is a vegetated or protected corridor, and 2) longer dis-
tance inter-marsh movements are rare but when they do occur, open playa does not impede
movement. Our finding of longer movements along playa and salt grass is likely an artifact of
this habitat patch structure because any inter-marsh habitat lacks bulrush and any movement
between marsh patches require crossing playa. While our data surely failed to capture all inter-
patch movement, the good fit of data to the decay curve suggests that inclusion of any addi-
tional movement events would not likely change the relationship we documented. In addition,
our movement predictions correspond well with recent genetic estimates that suggested one
effective colonization event per marsh per generation [11].

Migration among patches as implemented in metavole.R was determined both by inter-
marsh distance and by density-dependent subpopulation dynamics, such that densely inhab-
ited patches would be more likely to provide propagules. While one option would be to rerun
within-patch dynamics whenever an animal emigrates, we did not do this in the current model
because high source-patch density was a trigger for emigration. We also allowed for migration
but did not assume that each migration was synonymous with a colonization. The present ver-
sion did not incorporate synchronized forcers such as pulse dynamics or extreme weather
events [48], although the model has the ability to address regional and temporal non-indepen-
dence, an important consideration for Amargosa voles that at present persist entirely within
one water catchment. An earlier study inferred that Amargosa voles persist in a metapopula-
tion due to the habitat patchiness [10]: we were concerned that such a designation might
imply that subpopulations in small patches are buffered against local extinction by coloniza-
tion from nearby habitat patches. Rather, some patches may function as sinks and overall con-
nectivity among patches may be decreasing due to reduction of local water [15]. We
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implemented this by classifying each patch as a Context-independent Source, Rescued Source,
Context-independent Sink, or Converted Sink, extending the classifications used earlier [42].

With this innovation, scenario data must be interpreted carefully. A large proportion of
marshes in the landscape is predicted to be occupied for less than 10% of the time during the
101 year time period of any simulation run and yet, even if a marsh has low occupancy, it may
still provide refuge and a temporary stopping point for voles moving between patches. In the
landscape of the Amargosa vole, there is a natural zone of separation between habitat patches
in the northern, central and southern parts of the range. Simulated northern megamarshes
have a large beneficial impact on vole persistence because they take advantage of a subset of
patches that already have moderate or high occupancy rates and moderate connectivity. The
megamarsh is better than the present set of nearby interconnected patches because it reduces
impacts of demographic and environmental stochasticity. The central area megamarsh is less
clearly beneficial, because those marshes already present in this central area are very well-con-
nected. Only if a buffered megamarsh is installed in the south do these southern marshes do
anything except inhibit overall metapopulation persistence. Thus, a very reasonable manage-
ment question becomes: is it better to use scarce resources for the sure benefit derived from
the northern megamarsh or to the less sure but potentially more impactful south, if both are
not possible?

During a retreat in 2017, an ad hoc Amargosa Vole Team (comprising agency managers
and academic and non-profit partners) listed improving water consistency, increasing habitat
extent, and improving habitat quality as highest priorities for recovery of the vole. The federal
Endangered Species Act and California state legislation support legal protections of water and
intervention such as landscape modifications (e.g. creation of one or a few core “mega-
marshes” or changes to inter-marsh connectivity). Our data confirm that vegetating inter-
marsh corridors would have far less benefit than improving quality of patches per se, and that
megamarsh construction should only be done where it does not diminish current contribu-
tions of extant marshes but maximizes functionality of a set of adjacent marshes in a regional
network or source.

Less immediately under the control of endangered species managers is water in a broad and
regional sense, and yet our model shows catastrophic impacts to this species with progressively
larger drought impacts. As currently implemented, exploration of water loss and fire scenarios
only incorporated reduced habitat area, although we acknowledge that dispersal could also
change and should be monitored. Drought combined with other anthropogenic and climate-
related influences, such as fire and loss of point-source spring outflows, could have synergistic
impacts on persistence of the Amargosa vole metapopulation. Even worse, drought exerts
impacts on each marsh that are temporally and spatially correlated, so that our prediction of
linear impacts of drought on extinction risk must actually be adjusted to allow for acceleration
of those impacts. In a metapopulation analysis of highly vulnerable cloud forest in Mexico, a
similar finding of regional autocorrelation of climate impacts indicated that the expectation
for multiple species’ persistence was dire [49]. Ongoing loss of water in the Mojave would
likely be catastrophic not just to voles but to numerous flora and fauna throughout the region
[15].

Earlier research developed metapopulations of real or complex biological systems where
patches are not all one size, migration is not all equal, and parameters are subject to stochasti-
city or nonstationarity, e.g. [6, 29, 50-53]. Some have had to omit stochasticity, assume equal
patch size or accessibility, highlight that results are entirely dependent on parameter sets, or
make other concessions that improve usability but reduce generality. Our incorporation of
analytical Ricker dynamics within the overall simulation supports generality and flexibility.
We show that management resources that are expended without guidance from the model can
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actually harm prospects for persistence of the species [6]. The specific predicted T, for any sce-
nario should not be over-interpreted as parameters are surely not measured exactly nor are
they static; nevertheless, the relative impacts on the overall metapopulation of changing
parameters can be predicted [49], and the relative impacts of scenarios can be ranked even
without an exact T, as was exemplified for butterflies [54]. Critically, while the context of each
marsh dictates the emergent properties of the entire system, our modeling approach can
indeed be synthetic and generalizable to other patchily-distributed endangered species. Our
model and results thus have relevance to many species in metapopulations subject to climate
stressors including American pikas (Ochotona princeps), Cabrera voles (Microtus cabrerae),
Dupont’s larks (Chersophilus duponti), and others [55-59]. A data-driven tool that can synthe-
size predictions and simulated interventions will be valuable to efficiently and effectively man-
age the numerous species and communities that depend on conservation intervention if they
have any chance to survive.

Supporting information

S1 File. Biomark datalogger specifications. Specifications for RFID technology used during
this study. All equipment sources through Biomark (Boise, ID).
(DOCX)

S1 Fig. Distribution of inter-marsh distances traveled by voles.
(TIF)

S1 Table. Response variables for model runs using Metavole.R. Abbreviations and descrip-
tions of model outputs.
(DOCX)

S2 Table. Scenario data inputs for model. Summary of variables adjusted in model metavole.
R to reproduce anthropogenic impact scenarios on a metapopulation of endangered Amargosa
voles. Scenarios were based on ecologically relevant impacts to the entire metapopulation (e.g.
drought), or patch specific impacts such as wildfire risks and water flow modifications from
private property.

(DOCX)

S3 Table. Metapopulation response to simulated management scenarios. Mean values (and
standard deviations) of metapopulation response variables across classes of scenarios simu-
lated in metavole.R to predict impacts of habitat stressors or intervention on extinction risk.
Values for F-statistic and p-value of ANOVA are included. Letters indicate significant differ-
ences between means for each scenario.

(DOCX)

Acknowledgments

The authors would like to thank field crews including Austin Roy, Risa Pesapane, and Sadie
Trombley, as well as support and insights from Robert Klinger, Brian Croft, Chris Otahal The
Amargosa Conservancy, and Shoshone Village.

Author Contributions
Conceptualization: Patrick Foley, Deana L. Clifford, Janet Foley.
Data curation: Stephanie T. Castle, Patrick Foley, Janet Foley.

Formal analysis: Stephanie T. Castle, Patrick Foley, Janet Foley.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237516  August 13, 2020 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237516.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237516.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237516.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237516.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237516.s005
https://doi.org/10.1371/journal.pone.0237516

PLOS ONE

A stochastic structured metapopulation model to assess recovery of endangered species

Funding acquisition: Deana L. Clifford, Janet Foley.

Investigation: Stephanie T. Castle, Patrick Foley, Deana L. Clifford, Janet Foley.

Methodology: Patrick Foley, Deana L. Clifford, Janet Foley.

Project administration: Deana L. Clifford, Janet Foley.

Supervision: Janet Foley.

Writing - original draft: Stephanie T. Castle, Patrick Foley, Deana L. Clifford, Janet Foley.

Writing - review & editing: Stephanie T. Castle, Janet Foley.

References

1.

10.

11.

12

13.

14.
15.

16.

17.

18.

19.

Groves CR, Game ET, Anderson MG, Cross M, Enquist C, Ferdana Z, et al. Incorporating climate
change into systematic conservation planning. Biodivers Conserv. 2012; 21(7):1651-71.

Yarra AN, Magoulick DD. Modelling effects of invasive species and drought on crayfish extinction risk
and population dynamics. Aquat Conserv. 2019; 29(1):1-11.

Levins R. Some demographic and genetic consequences of environmental heterogeneity for biological
control. Bull Entomol Soc Amer. 1969; 15:237—40.

Hanski |. Metapopulation Ecology. London: Oxford University Press; 1999.

Harrison S. Local extinction in a metapopulation context: an empirical evaluation. Biol J Linnean Soc.
1991; 42(1-2):73-88.

Nicol SC, Possingham HP. Should metapopulation restoration strategies increase patch area or num-
ber of patches? Ecol Appl. 2010; 20(2):566—81. https://doi.org/10.1890/08-2216.1 PMID: 20405807

Fensham RJ, Silcock JL, Kerezsy A, Ponder W. Four desert waters: Setting arid zone wetland conser-
vation priorities through understanding patterns of endemism. Biol Cons. 2011; 144(10):2459-67.
https://doi.org/10.1016/j.biocon.2011.06.024.

Minckley TA, Turner DS, Weinstein SR. The relevance of wetland conservation in arid regions: A re-
examination of vanishing communities in the American Southwest. J Arid Env. 2013; 88:213-21.

Foley J, Foley P. Rapid assessment and extinction prediction using stochastic modeling of the endan-
gered Amargosa vole. Wildlife Biology in Practice. 2016; 12(1):1-11.

Neuwald J. Population isolation exacerbates conservation genetic concerns in the endangered Amar-
gosa vole, Microtus californicus scirpensis. Biol Cons. 2010; 143:2028-38.

Krohn AR, Conroy CJ, Pesapane R, Bi K, Foley JE, Rosenblum EB. Conservation genomics of desert
dwelling California voles (Microtus californicus) and implications for management of endangered Amar-
gosa voles (Microtus californicus scirpensis). Cons Gen. 2017;0nline:1-13. https://doi.org/10.1007/
$10592-017-1010-2

Foley J, Roy A, Clifford D, Crews A, Lindauer A, Godinho A, et al. Range-wide assessment of the
endangered Amargosa vole and analysis of critical habitat stressors. Davis, CA: UC Davis, 2017.

Klinger R, Cleaver M, Anderson S, Maier P, Clark J. Implications of scale-independent habitat speciali-
zation on persistence of a rare small mammal. Global Ecol Cons. 2015; 3:100-14.

Hopkins F. Inland Deserts Summary Report. 2018 SUM-CCCA4-2018-008.

Zdon A, Davisson ML, Love AH. Testing the established hydrogeologic model of source water to the
Amargosa River Basin, Inyo and San Bernardino Counties, California. Environmental Forensics. 2015;
16(4):344-55.

Thorne JH, Boynton RM, Holguin AJ, Stewart JA, Bjorkman J. A climate change vulnerability assess-
ment of California’s terrestrial vegetation. California Department of Fish and Wildlife, Sacramento, CA.
2016.

Bedsworth L, Cayan D, Franco G, Fisher L, Ziaja S, California Governor’s Ofce of Planning and
Research, et al. Statewide Summary Report. California’s Fourth Climate Change Assessment. Publica-
tion number: SUM- CCCA4-2018-013. 2018.

Castle S, Rejmankova E, Foley J, Parmenter S. Hydrologic alterations impact plant litter decay rate and
ecosystem resilience in Mojave wetlands. Restoration Ecol. 2019; 27:1094—104.

U.S. Fish and Wildlife Service. Amargosa voles (Microtus californicus scirpensis) recovery plan. Port-
land, Or: 1997.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237516  August 13, 2020 17/19


https://doi.org/10.1890/08-2216.1
http://www.ncbi.nlm.nih.gov/pubmed/20405807
https://doi.org/10.1016/j.biocon.2011.06.024
https://doi.org/10.1007/s10592-017-1010-2
https://doi.org/10.1007/s10592-017-1010-2
https://doi.org/10.1371/journal.pone.0237516

PLOS ONE

A stochastic structured metapopulation model to assess recovery of endangered species

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

a.

42,

43.

44,

45.

Western Regional Climate Center. Shoshone, California (DRI-CEMP) Weather Station 2016 [cited
2016 11 November].

Moreo MT, Senay GB, Flint AL, Damar NA, Laczniak RJ, Hurja J. Hydroclimate of the Spring Mountains
and Sheep Range, Clark County, Nevada: U.S. Geological Survey Scientific Investigations Report
2014-5142, 38 p., http://dx.doi.org/10.3133/sir20145142. 2014.

Belcher WR, Sweetkind DS, Hopkins CB, Poff ME. Hydrogeology of Lower Amargosa Valley and
groundwater discharge to the Amargosa Wild and Scenic River, Inyo and San Bernardino Counties,
California, and adjacent areas in Nye and Clark Counties, Nevada. Report. Reston, VA: 2019 2018—
5151.

McClenaghan LR Jr., Montgomery SJ. Distribution and Abundance of the Amargosa Vole (Microtus cali-
fornicus scirpensis). Sacramento: California Fish and Game, 1998.

Clifford D, Foley J, Roy A. Amargosa vole recovery permit TE54614A-0 activity report. Annual report to
the USFWS, Davis, California. 2014.

Clifford D, Foley J, Roy A, Allan N. Amargosa vole recovery permit TE54614A-1 activity report. Annual
report to the USFWS, Davis, California. 2015.

Clifford D, Foley J, Roy A. Final performance report: Key components for recovery and management of
the Amargosa vole. California Department of Fish and Wildlife. Sacramento, California, USA. 2016.

Clifford D, Foley J, Roy A, Allan N. Amargosa vole recovery permit TE54614A-1 activity report: reporting
period: January 2016 —December 2016. California Department of Fish and Wildlife. Sacramento, Cali-
fornia. 122 pp. 2017.

Hanski |. A practical model of metapopulation dynamics. J Anim Ecol. 1994; 63:151-62.

Hanski |, Ovaskainen O. The metapopulation capacity of a fragmented landscape. Nature. 2000; 404
(6779):755-8. https://doi.org/10.1038/35008063 PMID: 10783887

Royama T. Analytical population dynamics. London: Chapman and Hall 1992. 371 p.

Klinger RC, Cleaver M, Anderson S, Maier P, Clark J. Short-term population dynamics, demography,
and habitat selection by the Amargosa vole. USGS Final Report to the Bureau of Land Management,
2013 Contract No.: 1.

Otis DL, Burnham KP, White GC, Anderson DR. Statistical inference from capture data on closed ani-
mal populations. Wildl Monographs. 1978;(62):1-135.

Huggins RM. Some practical aspects of a conditional likelihood approach to capture experiments. Bio-
metrics. 1991; 47:725-32.

Efford M. Density estimation in live-trapping studies. Oikos. 2004; 106(3):598—-610.

Borchers DL, Efford MG. Spatially explicit maximum likelihood methods for capture-recapture studies.
Biometrics. 2008; 64(2):377-85. https://doi.org/10.1111/j.1541-0420.2007.00927.x PMID: 17970815

Efford MG, Fewster RM. Estimating population size by spatially explicit capture-recapture. Oikos. 2013;
122(6):918-28.

Burnham KP, Anderson DR. Multimodel inference: understanding AIC and BIC in model selection.
Sociological Methods Res. 2004; 33(2):261-304.

Laake JL. RMark: an R interface for analysis of capture-recapture data with MARK. US Department of
Commerce, National Oceanic and Atmospheric Administration, National Marine Fisheries Service,
Alaska Fisheries Science Center 2013.

Efford M. secr. Spatially explicit capture-recapture models. 2.9.5 ed: R CRAN; 2015.

Foley J, Beechan A, Crews A, Lindauer A, Roy A, Vogel J, et al. Range-wide assessment of the endan-
gered Amargosa vole and analysis of critical habitat stressors. University of California, Davis. A Report
to the California Department of Fish and Wildlife 2017.

ten Broeke G, van Voorn G, Ligtenberg A. Which sensitivity analysis method should | use for my agent-
based model? J Artificial Soc Social Simulation. 2016; 19(1):5.

Pulliam H. Sources and sinks: empirical evidence and population consequences. In: Rhodes O, Chester
R, Smith M, editors. Population Dynamics in Ecological Space and Time. Chicago: University of Chi-
cago Press; 1996. p. 45-70.

Brown JH, Kodric-Brown A. Turnover rates in insular biogeography: effect of immigration on extinction.
Ecol. 1977; 58(2):445-9.

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing. Vienna, Austria. http://www.R-project.org/2015.

Shea K, Amarasekare P, Kareviva P, Mangel M, Moore J, Murdoch W, et al. Population management in
conservation, harvesting and control. Trends in ecology and Evolution. 1998; 13:371-5. https://doi.org/
10.1016/S0169-5347(98)01381-0

PLOS ONE | https://doi.org/10.1371/journal.pone.0237516  August 13, 2020 18/19


http://dx.doi.org/10.3133/sir20145142
https://doi.org/10.1038/35008063
http://www.ncbi.nlm.nih.gov/pubmed/10783887
https://doi.org/10.1111/j.1541-0420.2007.00927.x
http://www.ncbi.nlm.nih.gov/pubmed/17970815
http://www.R-project.org/2015
https://doi.org/10.1016/S0169-5347%2898%2901381-0
https://doi.org/10.1016/S0169-5347%2898%2901381-0
https://doi.org/10.1371/journal.pone.0237516

PLOS ONE

A stochastic structured metapopulation model to assess recovery of endangered species

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Frank K, Wissel C. A formula for the mean lifetime of metapopulations in heterogeneous landscapes.
Amer Naturalist. 2002; 159(5):530-52.

Turchin P. Quantitative Analysis of Movement. Sunderland Massachusetts: Sinauer 1998.

Collins SL, Belnap J, Grimm NB, Rudgers JA, Dahm CN, D’Odorico P, et al. A multiscale, hierarchical
model of pulse dynamics in arid-land ecosystems. Annual Review of Ecology, Evolution, and Systemat-
ics. 2014; 45:397-419.

Ponce-Reyes R, Nicholson E, Baxter PW, Fuller RA, Possingham H. Extinction risk in cloud forest frag-
ments under climate change and habitat loss. Diversity Distributions. 2013; 19(5-6):518-29.

Adler FR, Nuernberger B. Persistence in patchy irregular landscapes. Theoretical Pop Biol. 1994; 45
(1):41-75.

Sutherland C, Elston DA, Lambin X. Multi-scale processes in metapopulations: contributions of stage
structure, rescue effect, and correlated extinctions. Ecol. 2012; 93(11):2465-73.

Chandler RB, Muths E, Sigafus BH, Schwalbe CR, Jarchow CJ, Hossack BR. Spatial occupancy mod-
els for predicting metapopulation dynamics and viability following reintroduction. J Appl Ecol. 2015; 52
(5):1325-33.

Howell PE, Muths E, Hossack BR, Sigafus BH, Chandler RB. Increasing connectivity between metapo-
pulation ecology and landscape ecology. Ecol. 2018; 99(5):1119-28.

Drechsler M, Frank K, Hanski |, O’'Hara RB, Wissel C. Ranking metapopulation extinction risk: from pat-
terns in data to conservation management decisions. Ecol Appl. 2003; 13(4):990-8.

Seppanen A, Parvinen K, Nagy JD. Evolution of dispersal in American pika (Ochotona princeps) meta-
populations. Evol Ecol Res. 2012; 14(1):1-29. P

Rodhouse TJ, Jeffress MR, Sherrill KR, Mohren SR, Nordensten NJ, Magnuson ML, et al. Geographical
variation in the influence of habitat and climate on site occupancy turnover in American pika (Ochotona
princeps). Diversity and Distributions. 2018; 24(11):1506—20.

White ER, Smith AT. The role of spatial structure in the collapse of regional metapopulations. Ecology.
2018; 99(12):2815-22. https://doi.org/10.1002/ecy.2546 PMID: 30347111

Garcia Antdn A, Garza V, Hernandez Justrib6 J, Traba J. Factors affecting Dupont’s lark distribution
and range regression in Spain. Plos One. 2019; 14(2):e0211549. https://doi.org/10.1371/journal.pone.
0211549 PMID: 30768612

Mestre F, Risk BB, Mira A, Beja P, Pita R. A metapopulation approach to predict species range shifts
under different climate change and landscape connectivity scenarios. Ecol Model. 2017; 359:406—14.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237516  August 13, 2020 19/19


https://doi.org/10.1002/ecy.2546
http://www.ncbi.nlm.nih.gov/pubmed/30347111
https://doi.org/10.1371/journal.pone.0211549
https://doi.org/10.1371/journal.pone.0211549
http://www.ncbi.nlm.nih.gov/pubmed/30768612
https://doi.org/10.1371/journal.pone.0237516



