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Abstract

Context The Rainwater Basin region in south-central
Nebraska supports a complex network of spatially-
isolated wetlands that harbor diverse floral and faunal
communities. Since European settlement, many wet-
lands have been lost from the network, which has
increased distances among remaining wetlands. As a
result, populations of wildlife species with limited
dispersal capabilities may have become isolated and
face greater local extinction risks.

Objectives We compared the pre-European settle-
ment and current extent of the Rainwater Basin
network to assess the effects of wetland losses on
network connectivity for a range of maximum disper-
sal distances.

Methods We constructed network models for a range
of maximum dispersal distances and calculated net-
work metrics to assess changes in network
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connectivity and the relative importance of individual
wetlands in regulating flow.

Results  Since European settlement, the number of
wetlands in the Rainwater Basin has decreased
by > 90%. The average distance to the nearest
neighboring wetland has increased by 150% to
~ 1.2 km, and the dispersal distance necessary to
travel throughout the whole network has increased
from 3.5 to 10.0 km. Last, relative importance of
individual wetlands depended on the maximum
dispersal distance. Which wetlands to preserve to
maintain connectivity might therefore depend on the
dispersal capabilities of the species or taxa of interest.
Conclusions To preserve a broad range of biodiver-
sity, conservation efforts should focus on preserving
dense clusters of wetlands at fine spatial scales to
maintain current levels of network connectivity, and
restoring connections between clusters to facilitate
long-range dispersal of species with limited dispersal
capabilities.

Keywords Connectivity - Dispersal distance -

Habitat fragmentation - Network modeling - Playa
wetlands - Rainwater Basin

Introduction

The central and southern Great Plains region of North
America stretches from Nebraska to Texas and New
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Mexico, USA, and includes a high-density network of
> 50,000 spatially-isolated playa wetlands (Smith
2003). Playas within the Great Plains are shallow,
often circular depressions with a hydric clay soil
bottom that collect and hold precipitation and runoff
water, but are not directly connected to groundwater
(Osterkamp and Wood 1987; Smith 2003; Smith et al.
2012). The predominate hydrological state of playas is
dry with ponding typically occurring only after a series
of intense precipitation events; which wetlands in the
network contain water at any time is therefore strongly
dependent on the temporal and spatial patterns in
precipitation (Haukos and Smith 1993; Smith 2003;
Johnson et al. 2011). Depressions may or may not
contain water in a certain year, rarely remain flooded
continuously among years or potentially remain dry
for decades depending on location and precipitation
patterns across the region (Johnson et al. 2011). As a
result, which wetlands are ponded is highly variable
from year to year.

Playas within the Great Plains perform many
important ecosystem functions, including aquifer
recharge, native plant refugia, floodwater collection,
and maintaining local biodiversity (Haukos and Smith
1994; Smith 2003; Smith et al. 2011, 2012). Further-
more, playas provide critical breeding, stop-over, and
wintering habitats for many species of invertebrates,
amphibians, mammals, and birds, including several
species of crustaceans, dragonflies, and snails, eastern
narrow-mouthed toad (Gastrophryne carolinensis),
Great Plains toad (Anaxyrus cognatus), tiger salaman-
der (Ambystoma tigrinum), western chorus frog
(Pseudacris triseriata), harvest mouse (Micromys
minutus), northern grasshopper mouse (Onychomys
leucogaster), striped skunk (Mephitis mephitis),
American avocet (Recurvirostra americana), black-
necked stilt (Himantopus mexicanus), northern bob-
white (Colinus virginianus), and red-winged blackbird
(Agelaius phoeniceus; Haukos and Smith 1994; Smith
2003; Smith et al. 2012). Many resident wildlife
populations are restricted to ponded wetlands, but
individuals can disperse among wetlands to connect
local populations and form geographically distinct
metapopulations within the network (MacArthur and
Wilson 1967; Levins 1970; Smith et al. 2012).
However, movements of individuals throughout the
network are dependent on the proximity of ponded
wetlands to others. Decreased inundation probabilities
or the complete loss of individual wetlands could have
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severe implications for plant and animal populations,
because they restrict the dispersal of individuals in
response to changing environmental conditions, and
thereby reduce the persistence of metapopulations and
ability of species to adjust their ranges (Hanski and
Gilpin 1991; Clergeau and Burel 1997; Opdam and
Wascher 2004; Becker et al. 2007; Jetz et al. 2007;
Smith et al. 2012).

Since European settlement, many playas in the
Great Plains have been lost due to drainage, deliberate
filling, the excavation of ditches and pits, land-use
change, watershed alterations, and increased sedimen-
tation rates (Samson and Knopf 1994; Luo et al. 1997,
Smith 2003; Johnson et al. 2012; Burris and Skagen
2013). Moreover, the persistence of remaining wet-
lands is threatened by increasing sediment accumula-
tion, which could be exaggerated by regionally
predicted climate change (Luo et al. 1997; Burris
and Skagen 2013; Uden et al. 2015). Large-scale
wetland losses have not only reduced the total
available number and area of extant wetlands, and
wetland density, but also reduced network connectiv-
ity by increasing the distance among remaining
wetlands (Johnson et al. 2012; Burris and Skagen
2013; Mclntyre and Strauss 2013; Albanese and
Haukos 2017).

The Rainwater Basin region in south-central
Nebraska has experienced some of the largest losses
of wetlands in the Great Plains (Schildman and Hurt
1984; Bishop and Vrtiska 2008; Nugent et al. 2015;
Tang et al. 2016). Spanning ~ 15,800 km? the
Rainwater Basin region once harbored ~ 12,000
shallow predominantly wind-formed playa wetlands,
ranging from < 1 to 400 ha, that together formed a
complex network of high-density, but spatially-iso-
lated wetlands (Fig. 1; Frye 1950; Kuzila and Lewis
1993; LaGrange 2005; LaGrange et al. 2011). Due to
anthropogenic activities, about 80-90% of the histor-
ical wetlands in the Rainwater Basin region have been
lost or highly altered since European settlement
(Schildman and Hurt 1984; Nugent et al. 2015; Tang
et al. 2016). As a result of these wetland losses,
wildlife populations in the Rainwater Basin might
have become more isolated and could face increased
local extinction rates. Unfortunately, how large-scale
wetland losses have impacted the connectivity and
structure of the Rainwater Basin network, and thereby
wildlife populations, remains unknown.



Landscape Ecol (2018) 33:1939-1951

1941

Fig. 1 Map of wetlands in
the historical (N = 11,755
wetlands) and current

(N = 1164) extent of the
Rainwater Basin region of
Southcentral Nebraska
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One way to assess changes in network connectivity
and structure is the use of network models (Barrat et al.
2008). Network models can be used to calculate a
large set of network metrics to assess different aspects
of flow and connectivity of wildlife populations across
spatially-structured habitat networks, such as the
Rainwater Basin wetlands, and have been increasingly
used in recent years (Bunn et al. 2000; Urban and Keitt
2001; Fortuna et al. 2006; Galpern et al. 2011;
Rayfield et al. 2011; Foltéte et al. 2012; Albanese
and Haukos 2017). Network models are well suited to
account for the hierarchical structure of most complex
networks (Vicsek 2002; Palla et al. 2005; Clauset et al.
2008). Complex networks regularly contain well-
connected sub networks, and at lower hierarchical
levels, some individual wetlands play key roles in
regulating flow among sub networks, while others do
not. The structure and connectivity of the network
further depends on the dispersal capabilities of the

wildlife species or taxa of interest (Urban et al. 2009;
Albanese and Haukos 2017). Wetlands that are within
flying distance for birds might be out of reach for a
salamander. Because the distribution of wildlife
populations and movements of individuals are directly
affected by the hierarchical structure of the network,
effects of wetland losses on the network need to be
assessed on multiple structural levels and for a range
of dispersal capabilities (Urban et al. 2009; Galpern
etal. 2011; Rayfield et al. 2011; Albanese and Haukos
2017). Here, we use network models to compare the
pre-European settlement and current extent of the
Rainwater Basin network to assess effects of the large-
scale physical loss of wetlands on network connectiv-
ity and structure at the whole network and individual
element level for a range of maximum dispersal
distances.

@ Springer
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Methods
Data acquisition and manipulation

We used ArcMap 10.3.1 to assemble and examine the
historical (pre-European settlement) and current
extent of wetlands for the Rainwater Basin region
(ESRI 2015). For the historical network, we used the
Rainwater Basin Priority Wetland data layer from the
Rainwater Basin Joint Venture (ScienceBase-Catalog
2013). The Priority Wetland layer was based on four
sources: historical soil surveys, National Wetland
Inventory (NWI) data, Soil Survey Geographic
Database (SSURGO), and a 2005 Ducks Unlimited,
Inc. satellite survey. The final historical layer con-
tained a total of 11,755 wetlands in the Rainwater
Basin.

To assess the current extent of the Rainwater Basin
wetlands, we used 2008 NWI data from the U.S. Fish
and Wildlife Service (https://www.fws.gov/wetlands/
data/Mapper.html). Here, we focused on palustrine
emergent wetlands (NWI code: PEM1) within the
historical extent of the Rainwater Basin, and elimi-
nated man-made pits, ditches, and reservoirs.
Although irrigation pits and ditches might be used by
some species, such as frogs (Uden et al. 2014), they
generally have limited utility as wetland habitat for
most native wildlife. We limited our analyses of the
current network to wetlands that fell within or were
adjacent to polygons representing historical wetlands,
which excluded a small number of wetlands with
different soil characteristics to enable a direct com-
parison of both networks. The NWI dataset contained
some wetlands where portions were classified differ-
ently than palustrine emergent, and wetlands that were
dissected by roads. As a result, some wetlands were
comprised of multiple adjacent or nearby (< 25 m)
polygons that were labeled as palustrine emergent.
Following visual inspection of these conditions, we
merged adjacent or nearby polygons to represent a
single wetland. In some cases (< 20), historical wet-
lands were represented in the current extent by several
smaller wetlands that were > 100 m apart. We con-
sidered those smaller wetlands as separate wetlands
for the purpose of our analysis of the current wetland
network. Our actions resulted in the inclusion of 1164
wetlands in the current Rainwater Basin network.

For our analyses of the historic and current extent of
the Rainwater Basin, we focused on the physical
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presence of wetlands alone and decided not to include
the more dynamic nature of the ecological state of
wetlands in the network in these analyses (e.g.,
probability of inundation, hydroperiod; Barrat et al.
2008; Urban et al. 2009; Galpern et al. 2011; Albanese
and Haukos 2017). Analyses based on the physical
location of wetlands are well-suited to explore main
patterns in network connectivity and structure, as well
as to assess loss of network potential (Urban et al.
2009; Albanese and Haukos 2017).

Calculating network metrics

We used Program Pajek to calculate network metrics
and compare network structure and connectivity
between the historical and current extent of the
Rainwater Basin wetlands (Mrvar and Batagelj 2016;
Albanese and Haukos 2017). First, we imported
network data for both networks by using the centroid
location of each wetland as a node. We then
constructed a series of networks by gradually increas-
ing the maximum dispersal distance (h) by 500-m
intervals until all wetlands within the network were
connected to at least one other wetland
(h = 0.5-12.0 km). Along a continuum of link
lengths, or maximum dispersal distances, there will
be ranges of link lengths where patterns in connectiv-
ity and structure in the network will remain relatively
constant, while at other lengths rapid changes in the
network can be observed (Barrat et al. 2008; Albanese
and Haukos 2017). Therefore, key similarities and
differences among wildlife taxa in response to large-
scale losses of wetlands can be explored. Although the
flow among nodes can be modeled in more complex
ways with the use of kernel density estimators or
distance-decay functions, we used a binary presence or
absence of flow among nodes based on absolute
distance alone. A binary presence or absence of flow
still implies that movements are more frequent among
proximal wetlands than among wetlands that are
further removed from each other (Bunn et al. 2000;
Urban et al. 2009; Albanese and Haukos 2017). For
both the historical and current network, and for each
500-m step in maximum dispersal distance, we
calculated a set of network metrics on two structural
levels: the whole network and individual elements, or
wetlands (Rayfield et al. 2011; Albanese and Haukos
2017).
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At the whole network level, we calculated the
maximum cluster size and network diameter, two
commonly used metrics of landscape connectivity
(Bunn et al. 2000; Urban and Keitt 2001; Urban et al.
2009; Albanese and Haukos 2017). Maximum cluster
size is defined as the total number of wetlands in the
largest connected subnetwork. Rapid declines in
maximum cluster size indicate values of dispersal
distance at which the network breaks into smaller
disconnected subnetworks and no longer functions as
one global network (Barrat et al. 2008; De Nooy et al.
2011). The network diameter is measured as the
number of links in the longest most direct path
between any pair of wetlands in the network, and
quantifies how dispersal distance affected the direct-
ness, or efficiency, of flow throughout the network
(Barrat et al. 2008; De Nooy et al. 2011). The diameter
of the network often increases when decreasing the
maximum dispersal distance, as longer direct links are
eliminated and the longest shortest path requires more
indirect links to reach its destination.

At the element level, we calculated the degree
centrality and betweenness centrality for each wetland
to assess their relative importance to network connec-
tivity. The degree centrality, or degree, is the total
number of direct links that a wetland has with other
wetlands in the network (Barrat et al. 2008; De Nooy
et al. 2011). Well-connected wetlands with high
degree could reduce extinction risk of local popula-
tions by allowing flow from many neighboring
wetlands (Urban et al. 2009). The betweenness
centrality measures which fraction of the total number
of shortest, most direct, paths between any pair of
wetlands in the network pass through the wetland of
interest (Barrat et al. 2008; De Nooy et al. 2011).
Wetlands with high betweenness scores are important
for flow within a network and could regulate flow
among subnetworks. Betweenness can therefore be
used to assess which wetlands function as “stepping
stones” in the network (Urban et al. 2009). Wetlands
with high degree and high betweenness values could
therefore be especially important for conservation
(Albanese and Haukos 2017). We constructed visual
depictions of network metrics with ArcGIS and base
functions of R (ESRI 2015; R Core Team 2017).

Results

We found that the number of wetlands in the
Rainwater Basin has decreased by 90% between the
historical and current extents (11,755 vs. 1164
wetlands). The large-scale loss of wetlands increased
the average distance to the nearest neighboring
wetland by ~ 150% from 486 £+ 3SE m for the
historical network to 1233 + 38 m for the current
network. Many wetlands < 20 ha were either lost
from the network or decreased in size, while wetlands
> 20 ha were lost at relatively lower levels, which has
resulted in a 63% increase in average wetland size
from 6.98 £ 0.19SE ha for the historical extent to
11.35 + 0.88 ha for the current extent (Fig. 2).

‘Whole network metrics

Wetland losses had substantial consequences for
network connectivity. The average degree per wetland
was consistently lower for the current extent, and
decreased by 84% at a 12-km dispersal distance
(395.3 £ 1.5SE vs. 62.0 £ 1.41) to 69% at a 500-m
dispersal distance (1.3 + 0.01 vs. 0.4 £ 0.02; Fig. 3).
Maximum wetland cluster size declined with declin-
ing dispersal distance for both the historic and current
extent of the Rainwater Basin. However, the largest
cluster in the historical network remained close to
100% of the network until a dispersal distance of

1000 10000
|

100
|

0.1

— Historical Wetlands

---- Current Wetlands

T T I T I T
0.01 0.1 1 10 100 1000

Wetland Area (ha)

Number of Wetlands of Greater Area
10
|

0.01
1

Fig. 2 Cumulative size distribution of wetlands for the current
and historical extent of wetlands in the Rainwater Basin region
of south-central Nebraska
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Fig. 3 Average degree (number of links per wetland) as a
function of maximum dispersal distance for the current and
historical extent of wetlands in the Rainwater Basin region of
south-central Nebraska

3.0 km was reached, while the size of the largest
cluster in the current network decreased rapidly at a
dispersal distance of 9.5 km (Fig. 4a). Both networks
separated into similarly geographically located clus-
ters as a result of restrictions in dispersal distances.
First, networks split into a western and larger eastern
half at 3.0 km for the historical network and 9.5 km
for the current network (Fig. 5). At5.5 km, the eastern
half of the current network split in three parts along a
north—south axis, while this only happened in the
historical network when maximum dispersal had been
decreased to 2.0 km. Finally, the current network is
split in many smaller clusters at 2.0 km, while the
same happens at a dispersal distance of 1.0 km in the
historical network (Fig. 5).

Patterns in network diameter closely followed
changes in maximum cluster size in both the historical
and current networks (Fig. 4b, c). Ranges of decreas-
ing maximum dispersal distances that led to large
breaks in the network logically coincided with sharp
decreases in network diameter. In contrast, for ranges
of decreasing maximum dispersal distance where
cluster size remained relatively similar, network
diameter kept increasing until the last remaining links
among clusters were broken, indicating a lowered
efficiency of movements before large breaks in the
network. Furthermore, the diameter of the current
network at 12 km is ~ 22% larger than the historical
extent, which indicates a decrease in the efficiency of
movements even when the entire network is
connected.
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wetlands in the Rainwater Basin region of south-central
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at each maximum dispersal distance (c)
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«Fig. 5 The ten largest clusters with at least 20 wetlands for four
dispersal distances (3.0, 2.0, 1.5, and 1.0 km) for the historical
extent (left panels) and four dispersal distances (9.5, 5.5, 3.0,
and 2.0 km) for the current extent (right panels) of wetlands in
the Rainwater Basin region of south-central Nebraska. Depicted
dispersal distances coincide with significant drops in maximum
network cluster size (see Fig. 4a)

Individual wetlands

We found that patterns in degree centrality differed
between historical and current networks. At dispersal
distances > 2 km, the historical network contained
multiple concentrations of wetlands with high degree
centrality, almost all located in the eastern half of the
network (Fig. 6). In the current network, wetlands
with the highest degree were all concentrated in the
southwest of the eastern half of the network (Fig. 6).
Wetlands with high degree centrality became less
clustered and more evenly distributed throughout the

Dispersal Distance = 10 KM Dispersal Distance = 8 KM

network at lower maximum dispersal distances
(h < 2 km) for both the historical and current extent.

Which wetlands have the greatest betweenness
centrality values was dependent on the maximum
dispersal distance. Before the network decomposed
into multiple large clusters, wetlands with the highest
betweenness centrality scores were mostly located
along an east to west axis where they connected two
relatively large clusters. After the western and eastern
halves of the network had split, wetlands with the
highest betweenness scores were found in the eastern
part of the network, where they connected the northern
half to the south (Fig. 7).

Discussion
By directly comparing network metrics on multiple

structural levels, we showed that large-scale wetland
losses in the Rainwater Basin have substantially
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Fig. 6 The degree centrality as a function of maximum
dispersal distance for the historical (top 8 panels) and current
extent (bottom 8§ panels) of wetlands in the Rainwater Basin
region of south-central Nebraska. Wetlands with a top 5%
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degree centrality score are depicted in black, wetlands with a top
10% score in dark gray, and wetlands with a lower score in light

gray
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Fig. 7 The betweenness centrality as a function of maximum
dispersal distance for the historical (top 8 panels) and current
extent (bottom 8 panels) of wetland in the Rainwater Basin
region of south-central Nebraska. Wetlands with a top 5%

altered network structure and reduced network con-
nectivity. Losses of playa wetlands in the Rainwater
Basin have been relatively evenly spread throughout
the network, but resulted in a ~ 150% increase in the
distance to the nearest wetland. In general, greater
distances among wetlands have likely made it harder
for individuals of species with limited movement
capabilities to disperse throughout the Rainwater
Basin, which will increase local extinction risk of
wildlife populations and reduce persistence of
metapopulations (Hanski and Gilpin 1991; Clergeau
and Burel 1997; Opdam and Wascher 2004; Becker
et al. 2007; Jetz et al. 2007; Smith et al. 2012).

Effects of maximum dispersal distance on network
connectivity

Effects of wetland losses on the connectivity and
structure of the Rainwater Basin network were
strongly dependent on the maximum dispersal

betweenness centrality score are depicted in black, wetlands
with a top 10% score in dark gray, and wetlands with a lower
score in light gray

distance, and are therefore species-specific. At the
whole network level, we found that losses have
decreased the average degree of wetlands and
decreased the maximum cluster size for most tested
maximum dispersal distances. Wildlife species with
low dispersal capabilities (< 3.5 km; e.g., amphibians
and invertebrates) were already restricted to subnet-
works in the historical network, but are now facing
greater levels of isolation as previously large subnet-
works have broken into smaller clusters. Populations
of wildlife species with intermediate dispersal capa-
bilities (3.5-9.5 km; e.g. turtles, resident birds, and
small mammals) were fully connected by dispersal
events of individuals throughout the complete histor-
ical network, but are much more restricted in the
current extent. Populations of these species are now
more likely to function in spatially-isolated metapop-
ulations, instead of one large metapopulation. Last,
populations of species with dispersal capabilities
> 9.5 km, such as migratory and some resident birds,
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and larger mammals, are still connected throughout
the entire Rainwater Basin network, but an increase in
network diameter indicates that dispersal events might
be more scarce. Because the current Rainwater Basin
network remains fully connected for distances

> 9.5 km, these species might be affected more by
reductions in local density, total area, or quality of
habitat instead (Naugle et al. 1999; Fairbairn and
Dinsmore 2001). Consequences of wetland losses on
network connectivity in the Rainwater Basin are
greatest for plant and wildlife populations with
dispersal capabilities < 3.5 km, which might face
increased local extinction risks and reduced persis-
tence of metapopulations (Hanski and Gilpin 1991;
Clergeau and Burel 1997; Opdam and Wascher 2004;
Becker et al. 2007; Jetz et al. 2007; Smith et al. 2012).

The relative importance of individual wetlands to
network connectivity was also strongly dependent on
the maximum dispersal distance in both the historical
and the current extent of the Rainwater Basin network.
Which wetlands had high betweenness centrality
scores, and were therefore important for regulating
flow through the network as “stepping stones”, shifted
substantially at ranges of maximum dispersal dis-
tances at which the network broke into smaller
subnetworks. Because wetland losses in the Rainwater
Basin have substantially decreased the maximum
dispersal distance at which these breaks occur, those
wetlands in the Rainwater Basin important for local
and long-distance movements of species with disper-
sal capabilities of < 10 km have changed dramatically
since European settlement.

The dependence of the relative importance of
individual wetlands on maximum dispersal distance
poses an important problem for conservation. Most
studies that have tested effects of habitat loss on
network connectivity have been limited to a single
maximum dispersal distance, or species (Bunn et al.
2000; Urban and Keitt 2001; Urban et al. 2009; but see
Uden et al. 2014; Albanese and Haukos 2017).
However, which wetlands should be prioritized for
conservation likely depends on dispersal capabilities
of the species or taxa of interest, with potential future
losses of wetlands further influencing the relative
importance of remaining wetlands to the network. To
assess effects of habitat loss on a range of species,
researchers would therefore benefit from the develop-
ment of metrics that indicate the value of individual
wetlands to network connectivity at a multitude of
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maximum dispersal distances. Nevertheless, by main-
taining current levels of connectivity by preserving
wetlands that form dense clusters at fine spatial scales,
and restoring connections between subnetworks to
facilitate long-range dispersal events of species with
limited dispersal capabilities, conservationists might
be able to preserve a broad range of biodiversity.

The role of playa characteristics on network
connectivity

Although our direct comparison of network metrics
across the historical and current extent of the Rain-
water Basin provides useful knowledge on the con-
nectivity and structure of the Rainwater Basin
network, considering physical loss alone may be an
oversimplification of this large and complex network.
Playa wetlands are dynamic habitats and their contri-
butions to the network of inundated wetlands at any
given time is directly driven by their inundation
probability and hydroperiod (Barrat et al. 2008; Urban
et al. 2009; Galpern et al. 2011; Albanese and Haukos
2017), and, at larger spatial scales, by local wetland
densities and how easy it is for species to move
through the surrounding landscape. (Graf et al. 2007;
Mclntyre and Strauss 2013; Ruiz et al. 2014). In
reality, only a subset of wetlands will be inundated in
any given year, depending on the location and
amounts of precipitation events, and on how much
individual wetlands or entire watersheds have been
altered by humans (Johnson et al. 2011). In most years
only a subset of wetlands are inundated; therefore,
populations of wildlife species with limited dispersal
capability (e.g. most amphibians such as tiger sala-
manders, toads; plants; and aquatic invertebrates) will
effectively be subdivided in spatially-isolated subpop-
ulations. Long-distance dispersal among these sub-
populations is then only possible in wet years, when
enough playa wetlands are inundated to function as
“stepping stones” (Albanese and Haukos 2017).
Understanding how inundation probability of indi-
vidual playas influence network connectivity would be
especially important for the Rainwater Basin region.
Complex real-world networks, including playa wet-
land systems like the Rainwater Basin, often have high
levels of redundancy (Fortuna et al. 2006; Barrat et al.
2008; Albanese and Haukos 2017). In networks with
high redundancy, there are many alternative pathways
for individuals to travel among subpopulations in
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response to unpredictable and dynamic environmental
conditions. This will increase overall connectivity of
the network, especially when pathways are available
in years when others are not. Unfortunately, large-
scale wetland losses in the Rainwater Basin have
likely reduced the redundancy of the network, and
long-distance dispersal among subpopulations is
therefore likely more reliant on the availability of
remaining wetlands and pathways in the current extent
and limited to a relatively small subset of extremely
wet years.

The inundation probability, and therefore the
availability, of playa wetlands for many species in
the Rainwater Basin will likely be affected by future
climate change. Predicted increases in temperature
and decreasing precipitation events, albeit at greater
intensities, in the Great Plains will likely reduce the
long-term inundation probability of playa wetlands;
thereby further reducing the availability of pathways
for long-distance dispersal at decadal or longer
temporal scales (Burris and Skagen 2013; IPCC
2014; Albanese and Haukos 2017). Reduced redun-
dancy of pathways among wetlands within the Rain-
water Basin has likely increased the time between
years with sufficient precipitation for long-distance
dispersal, and it is likely that climate change will
exacerbate this issue. Species with limited dispersal
capabilities, like the tiger salamander and native toads
that are largely limited to dispersal < 2 km (Orloff
2011), have already seen severe reductions in network
connectivity in the Rainwater Basin, with the largest
cluster size decreasing from 4191 to 80 wetlands in the
current extent. Low inundation probabilities of wet-
lands during dry years in combination with low
redundancy in the network due to past wetland losses
could sharply increase the risk of local extinction of
populations of tiger salamanders and species with
similar dispersal capacity. Understanding the influ-
ence of inundation probability and other characteris-
tics of playa wetlands on the connectivity of the
Rainwater Basin network, especially in the light of
past losses and future climate change is therefore
essential. Our results based solely on the geographical
location of wetlands reflect the effect of physical
wetland loss on the network potential of the Rainwater
Basin. Consideration of both physical and functional
loss would likely result in a network that is more
fragmented in reality (Albanese and Haukos 2017).
However, to what extent wetland characteristics like

inundation probability play a role in network connec-
tivity of the Rainwater Basin remains unclear.

Implications for conservation

Our analyses have shown that large-scale wetland
losses since European settlement have substantially
decreased connectivity and altered the structure of the
Rainwater Basin wetland network. Assessing effects
of past wetland losses can also provide important
insights for conservation. Where habitat patches
remain in the landscape and how characteristics of
remaining patches have changed over time could
illuminate causes of past losses. Most playa wetlands
that were lost from the Rainwater Basin were
relatively small (< 20 ha), likely because smaller
wetlands were preferentially drained and leveled due
to their size and increased sediment accumulation
rates in the region has disproportionally affected
smaller wetlands (Luo et al. 1997; Burris and Skagen
2013). Sediment accumulation rates will likely con-
tinue to increase because of locally predicted increases
in summer temperature, intensity of precipitation
events, and continued conversion of perennial vege-
tation cover to row crops. Although conservation
measures, such as restrictions on tilling, could offset
some of these losses, it is likely that remaining small
wetlands face an even greater risk of disappearing
from the landscape in the future (Luo et al. 1997;
Burris and Skagen 2013).

Future wetland losses will likely continue to
decrease network connectivity in the Rainwater Basin,
thereby further fragmenting wildlife populations with
steadily increasing dispersal capabilities. However,
the relative effect of loss of individual wetlands on
decreasing network connectivity depends on their
relative importance, which is based on physical
location and functionality. Wetlands with high degree
or betweenness centrality perform key functions as
hubs or stepping stones in the network, and the loss of
these key wetlands could lead to large reductions in
network connectivity (Urban and Keitt 2001; Alba-
nese and Haukos 2017). With the use of targeted
removal analyses similar to Albanese and Haukos
(2017) for playa networks on the Southern High
Plains, we could assess the importance of key wetlands
in the Rainwater Basin by comparing the effects of
removing a set of key wetlands on network
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connectivity and the removal of a random subset of
wetlands. However, with > 90% of wetlands already
lost to the Rainwater Basin, wildlife might be highly
susceptible to the future loss of any wetland because
populations are already constrained by past reductions
in network connectivity.

Analysis of past losses of wetlands can also help
guide restoration efforts. Although most work on the
effects of large-scale habitat losses on network
connectivity and structure have focused on modeling
future losses (Bunn et al. 2000; Urban and Keitt 2001;
Schick and Lindley 2007; Albanese and Haukos
2017), network models can also be used to identify
which lost wetlands would most improve network
connectivity when restored to the network. Further-
more, information on the relative importance of
wetlands to network connectivity can be combined
with prioritization models based on habitat quality,
such as the Rainwater Basin Easement Priority Model
created by the Rainwater Basin Joint Venture
(ScienceBase-Catalog 2013). Network models can
therefore be a useful tool to aid land managers in
selecting wetlands that perform important roles in the
network for both conservation and restoration.
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