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Spatio-temporal dynamics in habitat suitability and connectivity
among mosaics of heterogeneous wetlands are critical for
biological diversity and species persistence in aquatic patchy
landscapes. Despite the recognized importance of stochastic
hydroclimatic forcing in driving wetlandscape hydrological
dynamics, linking such effects to emergent dynamics of
metapopulation poses significant challenges. To fill this gap, we
propose here a dynamic stochastic patch occupancy model
(SPOM), which links parsimonious hydrological and ecological
models to simulate spatio-temporal patterns in species
occupancy in wetlandscapes. Our work aims to place ecological
studies of patchy habitats into a proper hydrologic and climatic
framework to improve the knowledge about metapopulation
shifts in response to climate-driven changes in wetlandscapes.
We applied the dynamic version of the SPOM (D-SPOM)
framework in two wetlandscapes in the US with contrasting
landscape and climate properties. Our results illustrate that
explicit consideration of the temporal dimension proposed in
the D-SPOM is important to interpret local- and landscape-scale
patterns of habitat suitability and metapopulation occupancy.
Our analyses show that spatio-temporal dynamics of patch
suitability and accessibility, driven by the stochasticity in
hydroclimatic forcing, influence metapopulation occupancy
and the topological metrics of the emergent wetlandscape
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dispersal network. D-SPOM simulations also reveal that the extinction risk in dynamic wetlandscapes

is exacerbated by extended dry periods when suitable habitat decreases, hence limiting successful
patch colonization and exacerbating metapopulation extinction risks. The proposed framework is
not restricted only to wetland studies but could also be applied to examine metapopulation
dynamics in other types of patchy habitats subjected to stochastic external disturbances.

1. Introduction
Species dispersal, which is linked to landscape connectivity and habitat heterogeneity, influences the
persistence of populations, communities and ecosystem processes [1]. For decades, metapopulation
theory has been a critical tool to advance our basic and applied understanding of the importance of
dispersal in diverse fields including epidemiology, community ecology, conservation and evolution [2–4].
Although metapopulation theory has provided major insights, there are limitations to the existing theory.
In classical metapopulation theory, patch locations and attributes are assumed to be static. Consequently,
metapopulation dynamics (e.g. patch occupancy patterns, metapopulation collapse) are driven only by
temporally constant patch suitability, connectivity and species traits (e.g. dispersal ability, extinction and
colonization rates) [5,6]. However, spatio-temporal dynamics of patch habitat suitability and connectivity
are both important for the persistence of individual populations and metapopulations [7,8].

While much research has focused on the spatial dimensions of patch connectivity [6,9,10], also
incorporating its temporal component is essential [11]. Dynamic patchy landscapes are characterized
by episodic windows of habitat suitability and accessibility. Such transient habitat suitability and
connectivity are important at multiple spatial scales (inter- and intra-patch to landscape) and time
scales (daily, season and inter-annual). Earlier modelling and monitoring studies have examined patch
occupancy in synoptic snapshots of landscapes during different conditions (e.g. wet and dry) or
removing a defined percentage of patches from the original habitat to examine patch loss and
network fragmentation [12,13]. Such studies are specific to the scenarios, but do not examine
continuous temporal dynamics of habitat conditions, linking habitat suitability and connectivity
patterns resulting from external stochastic forcing. Thus, understanding the dynamics of the suitability
of dispersed patches hosting a focal metapopulation and how temporal variations in connectivity
among patches drive species dispersal are still major challenges [14].

Network theory, an integrative approach for evaluating landscape connectivity, is a key tool that can
address this challenge [15,16]. Using this framework, habitat patches are represented as nodes and their
potential direct connections as links, which are parametrized based on species dispersal abilities. Most
natural systems are best described as ‘temporal’ networks, with dynamic nodes and intermittent links
[17], depending on patch attributes. Thus, topological metrics of the node-network vary in time and
space, in turn influencing patch accessibility and species dispersal. Network approaches provide
spatially explicit but tractable representations of the spatial complexity and dynamics of a patchy
habitat landscape [18,19]. The resilience of metapopulations to habitat (i.e. node) loss and the
identification of keystone patches critical to landscape connectivity can be assessed using spatio-
temporal variations in network topological metrics [20,21]. Such variations, triggered by stochastic
external disturbances, impact metapopulations in patchy habitats. For instance, temporal variability of
hydroclimatic conditions (e.g. rainfall, temperature) can influence metapopulations inhabiting
fragmented landscapes [22,23] with episodic windows of node suitability and connectivity [8].

Because of the complex challenges in monitoring spatial metapopulation dynamics, models are useful for
assessing the effects of habitat fragmentation on population occupancy and persistence. One class of
metapopulation models which has been applied to practical problems is the stochastic patch occupancy
model (SPOM), found to be extremely valuable for estimating metapopulation asymptotic persistence [9,24].
The SPOM approach is based on a static patchy landscape connectivity matrix and thus does not explicitly
consider the temporal dynamics of patchy habitats. Here, we hypothesize that static SPOM approaches,
based on time-averaged suitability and connectivity patterns, overestimate the probability of metapopulation
persistence and underestimate likely collapse in dynamic habitats during persistent adverse conditions.

We expect spatio-temporal variations in patch suitability and accessibility to lead to temporarily
unsuitable conditions for species persistence because of the interactions between the time scales of the
transient metapopulation dynamics and habitat suitability fluctuations. When such unsuitable
conditions persist, decreased patch connectivity limits dispersal, available suitable habitat patches are
decreased, and overall species occupancy declines with an increased likelihood of focal species
extinction. We further hypothesize that increased landscape connectivity and larger dispersal ability are
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manifested in longer dispersal pathways (ecological corridors) and would increase the choices for suitable

patches available for species occupancy. However, species with limited dispersal ability would still have
limited habitat choices that increase the likelihood of extinction under extreme conditions. To test these
hypotheses, we developed a dynamic version of the SPOM (D-SPOM) for time-varying patchy habitats,
where the spatio-temporal dynamics of patch attributes (e.g. area, perimeter, gap distances, etc.) driven
by stochastic hydroclimatic forcing [25,26], coupled to fixed species attributes (colonization and
extinction rates, dispersal ability), determine patch connectivity and occupancy.

As an illustration of iconic patchy habitats, we focus here on wetlandscapes comprising numerous
geographically isolated wetlands (GIWs) recognized as hydrological, biogeochemical and ecological
hot spots [27–29]. Because wetlands often occur as discrete, heterogeneous patches distributed within
a matrix of upland habitat [30,31], many species of wetland-dependent fauna exist as metapopulations
that exchange individuals among patches through dispersal [32]. Local populations of wetland species
often are small and isolated [33], and thus vulnerable to natural and anthropogenic temporal
fluctuations in patch suitability and/or connectivity.

Long-term persistence of metapopulations of wetland species with patch habitats subject to stochastic
hydrologic regimes depends on three key factors: (i) total carrying capacity and heterogeneity of the patch
habitat landscape; (ii) dispersal of individuals among suitable and accessible aquatic habitat patches, and
(iii) a balance of colonization and extinction rates of the focal species. Spatio-temporal variability in these
three variables defines the differences between the static and dynamic habitat paradigms, thus
metapopulation dynamics in heterogeneous patchy habitats. Intermittent and ephemeral aquatic habitat
patches, such as GIWs, may be temporarily (dis)connected because of hydrological dynamics [34–36]. These
changes can significantly influence metapopulation persistence and community dynamics [37,38]. Because
of such changes, there is a need to address how spatio-temporal variations in patch habitat suitability and
connectivity affect metapopulation persistence in dynamic wetlandscapes compared with a traditional static
habitat landscape. Moreover, elucidating the effect of potential cross-correlation (synchronicity) between
time series of disturbances, network topological metrics and metapopulation dynamics are crucial elements
for developing optimal strategies for conservation and management of patchy habitats.

In the following, we present our analyses of metapopulation occupancy dynamics in patch habitats,
simulated using D-SPOM, in two contrasting wetlandscapes, one with dense, heterogeneous pothole
prairie wetlands in North Dakota, and the other playa lakes in Texas with sparse, homogeneous
wetlands. In §2, we describe linking a parsimonious eco-hydrological model with a metapopulation
occupancy model (§2.1), the wetland dispersal networks connecting suitable patch habitats (§2.2), and
the two wetlandscapes used as case studies (§2.3). We present D-SPOM simulations for temporal
dynamics of patch habitat suitability and occupancy, and we compare the results with the static
SPOM (§3.1). We evaluate the sensitivity of SPOM and D-SPOM simulations of patch occupancy to
species traits (colonization and extinction) and hydroclimatic forcing parameters (rainfall magnitude
and frequency) (§3.2). We further examine the spatio-temporal dynamics of the dispersal network
connecting occupied patches (§3.3). Finally, we illustrate the importance of explicitly considering
dynamics of occupancy and persistence of a hypothetical neutral metacommunity, comprising three
metapopulations each occupying specific intra-patch habitat niches (§3.4). In §4, we close with a
discussion of the implications of our key findings to wetland management to maintain key habitat
patches and dispersal corridors supporting metapopulation persistence.
2. Methods
2.1. D-SPOM: coupling spatio-temporal dynamics wetland hydrology and metapopulation

patch occupancy
We developed a dynamic version of the stochastic patch occupancy model, SPOM [6,39,40], to simulate the
presence/absence of a given species in a time-varying wetlandscape. SPOM computes the distribution of
occupied patches, in discrete time steps, by considering focal species traits (extinction, colonization and
dispersal distance) and patch spatial organization (patch gap distances). A binary state variable, pi(t), is
set to 1 if site i is occupied at time t, and 0 otherwise. From an initial distribution of occupied patches,
dynamics are modelled as a discrete time Markov chain. At each time step, the model allows unoccupied
patches to be colonized by surrounding occupied patches with probability

PC,i(tþ Dt) ¼ P[ pi(tþ Dt) ¼ 1jpi(t) ¼ 0]: ð2:1Þ
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Similarly, species in occupied patches can go extinct with a probability

PE,i(tþ Dt) ¼ P[ pi(tþ Dt) ¼ 0jpi(t) ¼ 1]: ð2:2Þ

Adiscrete time SPOM is a homogeneous first-orderMarkov chain inwhich the state of themetapopulation at
time t + 1 depends only on the state (occupancy pattern) of the metapopulation at time t [39]. For each patch
and each time step, the probabilities of colonization and extinction events depend on colonization and
extinction rates with exponential survival probability [41]

PC,i(t) ¼ 1� exp (�Ci(t)Dt) ð2:3Þ

and

PE,i(t) ¼ 1� exp (�Ei(t)Dt), ð2:4Þ

where Δt is the simulation time step and Ci(t) and Ei(t) are the colonization and extinction rates for the
i-patch at time t. Note that both Ci(t) and Ei(t) are time dependent based on the current conditions of
the landscape.

The key difference between the static and dynamic SPOM is that while SPOM assumes static
conditions for landscape patches, D-SPOM captures the time variability in habitat structure,
embedded by the amount of suitable habitat, Si(t), and patch spatial configurations, dij(t). The
colonization rate Ci(t) is specified by the following equation:

Ci(t) ¼ c
X

i=j

exp (�dij(t)=D)Sj(t)pj(t), ð2:5Þ

where dij(t) is the pairwise distance between the patches i and j, D is the species dispersal distance, c is the
species colonization rate and Sj(t) defines patch suitability. The inter-patch distances dij(t) were estimated
based on perimeter-to-perimeter distances, which vary in time with expansion and contraction of patch
areas and perimeters. The local extinction rate on the i-patch is inversely proportional to the variable Si(t),
i.e. Ei(t) = e/Si(t).

In classical metapopulation theory [9,42], the metapopulation capacity, λmax, is derived for a static
landscape (i.e. Si(t) = Si) and captures the impact of landscape structure—the amount of habitat and its
spatial configuration—on metapopulation persistence. Species can persist if the equilibrium state p0
corresponding to global extinction (i.e. characterized by pi = 0 for any i) is unstable. This condition is
met when the leading eigenvalue of the Jacobian matrix J of the system linearized around p0 is positive.
By defining a landscape matrix M consisting of elements mij= exp(− dij/D)SiSj for i≠ j and mii= 0, the
Jacobian reads J = cM− eI, where I is the identity matrix. The leading eigenvalue of J can be expressed
as cλmax− e, where λmax is the leading eigenvalue of matrix M that contains information about the
landscape and the quality of the patches. Therefore, the persistence condition reads λmax > e/c [6,9].

The theoretical prediction of the classical metapopulation theory [6,9] is that a species can persist
whenever λmax > e/c. However, when simulating the stochastic discrete process using SPOM, a species
with λmax slightly above the threshold e/c could go extinct due to demographic stochasticity. The novelty
we introduce here with the D-SPOM consists in calculating the metapopulation capacity λmax at each
discrete time step because of the different hydrological habitat conditions, dij(t), Si(t) and Sj(t) that are
manifested at time t. In a dynamic landscape, λmax(t) represents the survival threshold for the hydrologic
conditions at time t. Metapopulation dynamics are estimated in terms of wetlandscape occupancy, Ω(t),
which identifies the temporal dynamics of the fraction of patches that are occupied by a focal species.

The advantage of the proposed D-SPOM approach is to explicitly account for patch dynamics
influencing habitat availability and accessibility for a focal species. The model requires two fundamental
variables of metapopulation dynamics: habitat suitability (e.g. patch areas) and connectivity (e.g. gap
distances). The key novelty introduced here is to consider the two quantities as temporally variable,
driven by external stochastic forcing. Following Bertassello et al. [26], we estimated temporal fluctuations
in attributes (e.g. surface area) of each wetland resulting from the net of precipitation falling over each
wetland contributing area, evapotranspiration losses and water exchanged with shallow groundwater
(see electronic supplementary material for details). The choice of an appropriate proxy for habitat
suitability, Sj(t), depends on species characteristics. For example, amphibians may be associated more
with wetland perimeters since most anurans and many caudates lay their eggs in shallow water near
shorelines [43], while fish are more linked to the stage inside the water body [44].

In this work, Sj(t) is first set equal to wetland area Aj(t), (see §§3.1, 3.2. and 3.3), and in subsequent
analyses we consider only partial wetland area, where each wetland is divided into concentric annular
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micro-habitats for species that prefer shallow (less than 30 cm), intermediate (30–80 cm) and deep

(greater than 80 cm) water depth (see §3.4). In simulating three metapopulations of a hypothetical
metacommunity, our key assumptions are that (i) species have particular preferences for each zone,
and (ii) they inhabit these zones independent of each other (i.e. no species interactions). By coupling
the temporal variability in wetland habitat suitability, Sj(t), and gap distances between wetland
habitat patches, dij(t), with fixed species traits (extinction rate e, colonization c and dispersal
distance D), we used the static SPOM and D-SPOM to generate time series of metapopulation
capacity, λmax(t), and patch occupancy, Ω(t).

2.2. Dynamic dispersal networks
Spatio-temporal variations in wetlandscape attributes and connectivity were investigated in parallel by
employing a network-based approach. Each wetland is conceived as a node, and a link between a
given pair of nodes is established only if the gap distance is less than or equal to a threshold distance
defined by the dispersal ability of a given species [16,45]. For each time step, we built the emergent
eco-hydrological network by connecting only those wetlands occupied by species that are located
within a given threshold distance, D. These networks (or series of fragmented networks) represent the
eco-hydrological corridors for species to travel across the wetlandscape.

We characterized the structural and functional topology of the eco-hydrological networks using node
degree, k, node betweenness, β, and network length, L. The former quantifies the number of links incident
to a node. From an ecological perspective, patcheswith lower k aremore prone to extinction comparedwith
patches with higher k. Node betweenness quantifies the number of times a node acts as a bridge along the
shortest path between two other nodes. Nodes with large β serve as stepping-stones for species dispersal
across the network. To estimate the spatio-temporal variability of the emergent eco-hydrological network,
we also used the concept of network length duration curve (NLDC) inspired by the analogous concept of
the stream length duration curve in ephemeral river networks [46]. Network length is calculated as the
shortest path between the two most distant nodes in the network (i.e. network diameter). The NLDC
represents the inverse of the cumulative exceedance probability of the network length and could
provide critical information for watershed management by representing the variation in the availability
and reliability of the emergent eco-hydrological corridor for the focal species.

2.3. Case studies and hydroclimatic data
We tested our framework in two types of US wetlandscapes (10 × 10 km) with contrasting abundance and
heterogeneity of isolated wetlands: prairie potholes (North Dakota) and playa lakes (Texas). These
landscapes are characterized by different topography as a result of the generating mechanisms that
shaped the land surface (e.g. post-glaciation ice sheets receding in N. Dakota versus wind carving in
Texas), and different hydroclimatic forcing. Boundaries of the wetland maximum areas were obtained
from the National Wetland Inventory (NWI) database. In this analysis, we filtered out from the NWI
database all those wetlands classified as riverine, to account only for GIWs. The total wetland area
in N. Dakota is much larger (AT,MAX = 38 km2) and wetlands are closer together (mean perimeter-to-
perimeter distance when wetlands are at maximum size approximately 80 m), compared with the Texas
wetlands (AT,MAX = 5 km2, mean distance approximately 450 m). The Texas landscape therefore has low
wetland density (approx. 1 wetland km−2), compared with N. Dakota (approx. 30 wetlands km−2).

The dynamic wetlandscape model requires two hydroclimatic inputs: daily rainfall and
evapotranspiration. Historical records of daily rainfall data (2000 to 2007) were obtained from the
National Oceanic and Atmospheric Administration (NOAA) stations closest (less than 20 km) to the
10 × 10 km study areas. Potential evapotranspiration (PET) data were estimated by the Thornthwaite
method using temperature data (NOAA stations) at monthly resolution. The full list of other
parameters needed to implement the hydrological model can be found in Bertassello et al. [26].
3. Results
3.1. D-SPOM: patch habitat and occupancy dynamics
Simulated time series of total wetland normalized area, A�(t), defined as the ratio between the total area
of all wetlands in the landscape at time t divided by AT,MAX, show high variability between annual wet
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Figure 1. Influence of rainfall patterns on the time series of wetlandscape normalized area, metapopulation capacity, λmax(t) and
the simulated average occupancy, Ω(t), in two case study wetlandscapes. Simulations with static SPOM are shown for comparison
(red lines). Hyetographs (grey histograms) are based on rainfall records. Species attributes used in these simulations are the same in
both wetlandscapes: e = 0.0002, c = 1.5, D/NND = 1.5. To account for the inherent stochasticity associated with the static (SPOM)
and its dynamic versions (D-SPOM), we ran both the models 100 times. The results are presented in terms of the average occupancy
over each single daily realization (solid lines) plus and minus one standard deviation (dashed lines). Note that λmax is not affected
by this stochasticity since it is only a function of the current hydrological conditions.

Table 1. Summary of temporal statistics for wetlandscape normalized area, A�(t), and mean nearest neighbour separation
distances, NND(t), and correlations with metapopulation. Correlation coefficients of the aforementioned variable with
metapopulation capacity, λmax(t) and average occupancy, Ω(t).

μ ± σ(A�) CV(A�) rA� ,lmax ρA� ,Ω μ ± σ(NND) CV(NND) rNND,lmax ρNND,Ω

N. Dakota 0.44 ± 0.09 0.21 0.96 0.92 85 ± 10 m 0.11 −0.82 −0.83
Texas 0.56 ± 0.12 0.22 0.87 0.84 450 ± 24 m 0.05 −0.83 −0.82
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and dry seasons (figure 1). The mean wetlandscape normalized area, μ(A�), is larger in Texas than in
N. Dakota, but temporal variability expressed by the coefficient of variation, CV, of A�(t) is similar in
the two wetlandscapes (table 1). The mean nearest neighbour gap distance, NND, in the sparse Texas
playa lakes region is about five times larger compared with the dense N. Dakota prairie wetlands. The
CV of mean NND, driven by wetland area dynamics, is low in both wetlandscapes, indicating that
the changes in wetland diameters are small compared with the wetland separation distances,
especially in Texas. The heterogeneity of available habitat also plays a fundamental role in defining
the landscape suitability. To single out this contribution, we computed the spatial statistics of wetland
area and gap distance at each time step and we compared the ratio, rCV, of their CVs. For both
wetlandscapes rCV > 1, meaning that the contribution of area variability is larger than the gap
variability in shaping landscape suitability. In addition, this contribution is much higher in N. Dakota
(〈rCV〉 = 4.5) compared with Texas (〈rCV〉 = 1.3).

Given the temporal hydrological variability of wetland attributes (e.g. A�(t)), we simulated
metapopulation dynamics using the D-SPOM. For every stochastic jump induced in A�(t) by rainfall
events, λmax(t) and Ω(t) increase as well, followed by the recession (figure 1), both due to (i) gradual
changes in habitat suitability (decrease in wetland area from evaporation and leakage to upland), and
(ii) increases in gap distances, dij(t), with decreasing area and perimeter. As expected from the rCV, the
strong correlation of λmax(t) with A�(t) indicates that climate-induced fluctuations in wetlandscape
area dominate over the corresponding changes in separation distance defined by wetlandscape spatial
configuration. These effects are exacerbated in N. Dakota, where the relative importance of area
variability, rCV, is large. A similar degree of correlation (table 1) is also observed for the average
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occupancy, Ω(t), suggesting that its pattern is primarily driven by stochastic hydroclimatic forcing (e.g.

rainfall) reflected in wetland attributes fluctuations. The correlation between A�(t) and Ω(t) is weaker
than the correlation between A�(t) and λmax(t) because Ω(t) is also affected by the stochastic processes
of colonization and extinction, while λmax(t) is mainly a representation of the amount of habitat and
its spatial configuration.

The stochasticity of the D-SPOM has different effects on the average occupancy observed in the two
wetlandscapes. To analyse this effect, we computed a daily-based standard deviation among all the
single realizations of Ω(t) and we reported its temporal trend as dashed lines in figure 1. While in
Texas the standard deviation band is σΩ = ±0.1, in N. Dakota it is close to zero (σΩ < 0.05). The
stochastic fluctuations increase with decreasing number of habitat patches, thus extinction-colonization
stochasticity could increase the extinction risk, especially in a less abundant wetlandscape (Texas).

We also compared D-SPOM simulations with static SPOM by fixing wetland areas constant and equal
to their mean values. Both the static and dynamic models produce the same mean occupancy, but
D-SPOM reveals the temporal dynamics of occupancy, which are critical for understanding
metapopulation dynamics and the persistence of several species. This is especially clear in N. Dakota,
where the static SPOM severely underestimates the temporal fluctuations in Ω(t). In Texas, the static
SPOM results are similar to D-SPOM during the first three years, but during an extended dry period,
a clear discrepancy between the static and dynamic SPOM is evident. While in the static SPOM the
average occupancy, Ω(t), is almost constant, in D-SPOM occupancy decreases from approximately 0.65
to approximately 0.25, because of contraction of wetland areas driven by persistent arid conditions. At
the end of this dry period, Ω(t) gradually recovers over a 3-year period to the original value; thus, in
this scenario, the metapopulation does not collapse because of a combination of habitat complexity
and species traits (e, c, D). For example, if the focal species was characterized by larger extinction rate,
e, or smaller D, the chances of extinction during the prolonged dry period would have been larger.
3.2. D-SPOM sensitivity to species traits and hydroclimatic forcing
We examined the sensitivity of the fraction of surviving metapopulations, fS, first to the variation in
species traits (e, c) and then to the hydroclimatic parameters (mean rainfall depth, α, and mean
rainfall frequency, λ) in both the SPOM and D-SPOM (figure 2). For each combination of parameters,
we simulated 100 realizations of both the SPOM and D-SPOM and evaluated fS to assess persistence.
The sensitivity of fS showed similar patterns in the two wetlandscapes, and here we present only the
results obtained in N. Dakota.

The ratio of extinction and colonization rates is the derivative of data in figure 2, or the slope of linear
relationships. We find that for the static SPOM, the median value of fS that defines the threshold between
extinction and persistence has slope e=c � 10�3. The SPOM and D-SPOM coincide for small values of
extinction, e, and colonization, c. In these cases, the hydroclimatic variability does not influence the
temporal patterns of the metapopulations, which is only affected by the initial species distribution.
Indeed, when e and c tend to zero, metapopulation occupancy tends to remain constant because the
focal species cannot go extinct and neither colonize new patches. As e and c values increase,
differences between SPOM and D-SPOM are evident in the decrease of the slope of the contour lines
(e=c � 0:6� 10�3). Thus, for fixed values of e and c, the fraction of surviving metapopulations under
dynamic conditions is more sensitive for collapse than under steady conditions.

The hydroclimatic parameters (α, λ) also have considerable effects on metapopulation persistence
(figure 2). Simulations with SPOM and D-SPOM converge for arid conditions (small α and λ values),
precluding metapopulation survival. The static and dynamic approaches also converge for wet
conditions (large α and λ values) in which wetlands are full and large habitat capacity is maintained.
Differences between SPOM and D-SPOM are more distinct for intermediate conditions between these
end members, where the contour band shifts from the lower left to the upper right corner moving
from static to dynamic SPOM. This effect is strong in N. Dakota, with increased sensitivity to
variations in λ when α < 0.80 cm. This trend suggests that as rainfall inter-arrival time increases,
species dispersal and survival is compromised during prolonged dry periods.
3.3. Spatio-temporal dynamics of dispersal networks
In both SPOM and D-SPOM, patch occupancy dynamics are determined by patch attributes
(suitability; gap distances) and species attributes (dispersal ability, colonization and extinction rates).
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The spatio-temporal dynamics of the dispersal network topology provide additional useful information
about the variability in connectivity between components of a metapopulation.

Figure 3 highlights the results in terms of wetlandscape network dynamics for the N. Dakota prairie
potholes region. The temporal trends of node degree, k(t), and node betweenness, β(t), are strongly
affected by rainfall seasonality. Node degrees, k(t), show the largest correlation coefficient (0.95) with the
temporal pattern of wetlandscape normalized area, A�(t), while the correlation between the latter and
node betweenness, β(t), is weaker (0.71). Indeed, node betweenness of a single wetland is not only affected
by its current hydrological status, but also by the current status of the neighbouring wetlands. Therefore,
variability in the hydrological response of the neighbouring wetlands could explain the decrease in the
correlation between wetlandscape normalized area and node betweenness. Nevertheless, during wet
conditions, both k(t) and β(t) increase (figure 3a) because dij(t) decreases as more wetlands fill. Thus, more
habitat patches become suitable for species colonization, and the emergent eco-hydrological network of
occupied wetlands is more clustered, with high k(t) (figure 3c,d). A clear eco-hydrological corridor
emerges, with high-β(t) nodes acting as ‘stepping-stones’ for sustaining wetlandscape connectivity. For
conditions of intermediate wetness (figure 3c,d), k(t) and β(t) values decrease, with less clustering of
wetlands, and the network fragments into two subgraphs. During dry conditions, the network is
fragmented into several subnets, characterized by small k(t) and β(t) (figure 3b–d).

We also quantified the spatio-temporal variability of the emergent eco-hydrological network by using
the network length duration curve, NLDC. First, we compared the variability in the networks obtained
using the static and dynamic SPOMs. The NLDC estimated from the static (SPOM) approach shows less
variability (CV = 0.24), compared with the dynamic approach (D-SPOM) (CV = 0.53). Indeed, while the
mean network length, L(t), is similar (approx. 9 km), the standard deviation is almost double in
the dynamic approach (4.2 versus 2.6 km). This tendency is well represented in figure 3b, where the
variability of network length is quantified by the slope of the NLDC, which is proportional to L(t)
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variance. The difference in the slope of the two NLDCs confirms that the static SPOM cannot adequately
reproduce the variability in network length, and in particular, it tends to overestimate the persistence of
L(t) when compared with the D-SPOM.

Figure 3b also shows the NLDC for three other dispersal distances. The mean network length
increases for large dispersal distance because more wetlands can be colonized and thus be connected.
However, the variability of L(t) is smaller in all these three new cases compared with L(t) obtained for
the base case of D/NND = 1.5. This tendency suggests that species with large dispersal distances (e.g.
D/NND > 1.5) could overcome the effect of the hydrological variability, because even if the closer
wetlands are not available, species could access a larger spatial domain, eventually finding suitable
habitat. On the other hand, species with smaller dispersal distances (e.g. D/NND < 1.5) are limited to
small clusters of nearby wetlands. The limited size of these wetland clusters causes on average a
shorter network length, L(t) (e.g. μ(L) = 2 km). However, due to the large abundance of these clusters,
the temporal variability in L(t) is narrow, resulting in shallow slopes of the respective NLDCs.
3.4. Intra-patch heterogeneity and neutral metacommunity dynamics
Heterogeneity of habitat niches within patches (here, wetlands) is an important feature determining
species diversity at local (patch) scales and across wetlandscapes. Here, we present an example
habitat niche zonation, where each wetland was divided into three habitat niches, whose areas vary in
time with fluctuations in rainfall patterns. Each wetland zone is populated by a different species A, B
and C independent of each other. Species A is more associated with shallow water near wetland
edges, species B to intermediate water and species C to deep water in the wetland centres.
In N. Dakota wetlands, the metapopulation capacity λmax(t) is the largest for species C (figure 4)
because the portion of habitat provided by the deep water (greater than 80 cm) is much larger
compared with the other two zones. Indeed, since the contribution of the exponential term to λmax(t)
is the same, the differences between the temporal trends of λmax(t) are entirely related to the sizes of
the three zones. However, the mean occupancy, 〈Ω〉, for species C is the smallest among the three
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habitat zones (〈ΩA〉 = 0.24, 〈ΩB〉 = 0.22, 〈ΩC〉 = 0.13) because its hydroperiod is the shortest, thus reducing
species occupancy.

Low variability in λmax(t) for Texas playa lakes suggests that the variability in the size of the three micro-
habitats is limited. Indeed, while the N. Dakota wetlands are characterized by large bathymetry differences
induced by glacial retreat scouring, in the Texas playa lakes the differences inwetland bathymetry and shape
are reduced. However, the temporal dynamics of Ω(t) for the three species shows an important difference.
While species A and B survive throughout the entire simulation period, species C goes to extinction after
four years of simulation (t∼ 1200 days). Indeed, at that time, we observe the longest dry period, which
severely impacts water storage dynamics causing a decrease in wetland stage. The deep-water habitat is
effectively eliminated during this prolonged dry period, driving species C to extinction.
4. Discussion
4.1. Key findings
Incorporation of the spatio-temporal variations in patchy habitats is important for modelling the
persistence of metapopulations in fragmented and dynamic patchy landscapes. Here, we linked a
parsimonious hydrologic model with a well-known patch occupancy model. Spatio-temporal
dynamics of patch suitability and connectivity, and thus occupancy, are driven by external stochastic
forcing. We compared the outputs of static and dynamic stochastic patch occupancy models (SPOM
and D-SPOM) in two contrasting US wetlandscapes. This comparison showed that the extinction risk
in dynamic landscapes is exacerbated by extended drought periods when suitable patches are not
accessible for successful colonization resulting from dispersal network fragmentation. Examples
presented here illustrate how explicit consideration of the temporal dimension in metapopulation
approaches is important to interpret local and wetlandscape-scale occupancy patterns in patchy habitats.

Metapopulation dynamics are defined by temporal dynamics of patchy habitat suitability,
metapopulation capacity and occupancy. Time-averaging the landscape matrix sequence of patchy
habitats, as in the static SPOM, cannot adequately estimate metapopulation temporal dynamics.
Interpreting whether metapopulations can cope with chronic small perturbations and recover from
infrequent large shocks [11], it requires an understanding of transient habitat conditions and dynamic
suitability and connectivity in patchy habitats. Understanding the sensitivity of metapopulation
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survival to these perturbations induced by variability in hydroclimatic parameters (figure 2) is also

useful to predict their trajectories under climate change scenarios of increased droughts [47]. Temporal
variations in intra-patch heterogeneity (i.e. habitat niches for different species), induced by
hydroclimatic forcing, also drive metacommunity dynamics, with a decrease in habit niches driving
some species to extinction, while other species persist.

The interplay between the species traits (e, c, D), with the spatio-temporal heterogeneity in patchy
habitat attributes [Ai(t), dij(t)] and temporal dynamics driven by stochastic hydroclimatic forcing (α, λ,
ET), determines the persistence of metapopulations in wetlandscapes. Temporal patterns of recurring
conditions for unfavourable patch attributes impact metapopulation persistence, especially in sparse,
homogeneous wetlands in arid settings (e.g. Texas) compared with dense and diverse wetlands in
more humid conditions (e.g. North Dakota). Large decreases in the overall species occupancy and
extinction are more likely when unsuitable conditions and large gap distances persist (e.g. during
long-term droughts lasting years or decades). Indeed, a species with dispersal ability that is much
larger than the average distance among patches (D/NND≫ 1) could access the entire patchy habitat,
providing important refugia during times of harsh conditions induced by stochastic hydroclimatic
forcing. However, species with smaller D/NND ratios are more susceptible to wetlandscape
hydrologic dynamics, and the effects of extinction and colonization are more important.

The network length duration curve, NLDC, represents a flexible and simple concept that can be used
to assess the spatio-temporal dynamics of the active fraction of the wetlandscape network, providing a
benchmark for characterizing the influence of hydroclimatic variability on a variety of ecological
processes (e.g. dispersal, competition and biodiversity). Our results show that the same wetlandscape
can provide a multitude of different networks for a given set of species. The variability, and thus
persistence, of the emergent eco-hydrological network is characterized by the slope of the NLDC,
whose value is impacted by both the wetlandscape spatial configuration and species dispersal
abilities. Steeper NLDCs indicate more erratic behaviour for the wetlandscape network, while flatter
NLDCs show larger persistence of the emergent ecological corridor. These insights have important
implications from a conservation perspective. Indeed, landscape management strategies that aim to
increase the persistence of endangered species can identify the preferred locations for new or restored
wetlands that allow flattening the slope of the NLDC.

4.2. Ecological implications
Dispersal pathways (corridors) used by a focal species to persist in dynamic patch habitat landscapes are
identified by D-SPOM, based on dynamic topological metrics of dynamic dispersal networks connecting
occupied patches (figure 3). During dry conditions, few wetlands are available for colonization and the
network is severely fragmented, impeding species dispersal and occupancy. For each precipitation event,
wet conditions are re-established and species can find many suitable patches to colonize. Thus,
stochasticity and seasonality of rainfall patterns drive the topology of the dynamic dispersal network.
These spatio-temporal patterns are well described by the node degree maps, which show how several
clusters emerge with increasing wetness of the landscape. These wetland clusters indicate locations
where a group of species with similar life-history traits and dispersal ability congregate [48]. In
addition, these clustered wetlands are characterized, on average, by a high local resilience based on
supporting a triangular linkage structure [49,50]. On the other hand, node betweenness maps identify
wetlands acting as ‘stepping-stones’ for species dispersal across the domain, thus supporting the
identification of ecological corridors used by species to maintain viable metapopulations. Loss or
disruption of these wetlands, either from climate change or land-use alteration, decreases available
habitats (i.e. metapopulation capacity) and their connectivity (i.e. network fragmentation) and
decreases species fitness, thus increasing the risk of metapopulation extinction [32,33]. From a
landscape management perspective, it is important to decide the priority of interventions because
‘hubs’ or ‘stepping-stones’ wetland do not always coincide (see electronic supplementary material).

Many species use multiple patch habitats, and the spatial complexity of these habitats has strong
impacts on population dynamics and long-term viability. Indeed, intra-patch dynamics play an
important role in the persistence of species with different preferences for habitat niches. For example, in
Texas playa lakes, species that require deeper inundation (e.g. species C: wetland stage greater than
80 cm) cannot find suitable conditions and are driven to extinction (figure 4). In ephemeral wetlands,
periodic drying imposes severe constraints on species behaviour, development and life history, such that
only species adapted to deal with drying are successful in these habitats [51]. Thus, physical factors
constrain habitat availability for species and contribute to their diversity. Determining how spatio-
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temporal variability of patchy habitats influences the dispersal of multiple species across the landscape will

be critical for investigating metacommunity dynamics and regional biodiversity [52,53].

4.3. Advantages and limitations
Our studysuggests that predicting species presence andpersistence inpatchyhabitats requires understanding
the consequences of stochastic spatio-temporal dynamics of patch suitability and accessibility. Parsimonious
hydrologicmodelswere used to generate time series of wetland hydrologic conditions, whichwere then used
to establish temporal dynamics of patch connectivity (network topology). Linking parsimonious hydrological
and ecological models in D-SPOM enables prediction of occupancy dynamics in patchy habitats. Here, the
linkage is expressed first in terms of wetland area (§3.1) and then by considering a single wetland as
divided into three micro-habitats (§3.4). However, depending on the type of focal species, other patch
attributes (e.g. wetland perimeter) could be used to define wetland suitability. D-SPOM is a general
framework that is not restricted only to wetland studies but could also be applied to other types of patchy
habitats whose temporal dynamics are induced by stochastic forcing. For example, hydroclimatic forcing
also includes physiologic stress on vegetation resulting from fluctuations in root-zone soil-water storage
and the loss of vegetation during persistent droughts and flooded periods. Thus, for insect species
dependent on patchy habitats in grasslands, and soil microbial communities critical for nutrient cycling,
such stochastic fluctuations drive spatio-temporal dynamics in habitat suitability.

Our analysis does not consider uplandmatrix effects,where heterogeneity of land cover can either impede
or facilitate species dispersal in natural or human-impacted landscapes [54]. Anisotropy indispersal directions
maydetermine the choice of patch habitat by individuals.Matrix and anisotropyeffects can be accommodated
by assigning weights to the network links. Non-stationarity in species traits (c, e, D) is also not considered in
our analysis, instead represented by fixed average values. This assumption is likely to be violated when
evolution modifies species response to environmental variables. Under these circumstances, natural
selection may change dispersal rates across an invasive species expanding range [55,56]. Here, we assumed
that the metapopulations are adapted to the mean conditions of their respective landscapes. However,
when extreme conditions persist, occupancy levels drop significantly, but might slowly recover to ‘average’
conditions, as evident in the Texas case study simulations.

Finally, difficulties in collecting long-term and high-resolution (e.g. daily-based) monitoring data for
individual populations at landscape scale in patchy habitat present challenges for validation of D-SPOM
with empirical occupancy data. However, D-SPOM simulations can help identify key patches and critical
time periods for hydrologic and species monitoring. For instance, high-degree patch nodes during the
wet and dry seasons would be the ideal hotspots for assessing the distribution of focal species in the
landscape. Models can also guide habitat management for conservation by identifying those stepping-
stones of fundamental importance for enhancing habitat capacity and accessibility, or by using the
notion of NLDC to suggest the optimal location for the creation of new habitats.
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