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INTRODUCTION

Wetlands are strongholds of biodiversity and support a disproportionately large number of species by offering protection and breeding sites [START_REF] Cohen | Do geographically isolated wetlands influence landscape functions?[END_REF]. Amphibians are particularly vulnerable to the effects of wetland degradation and destruction, because their survival often depends on both wetlands themselves and surrounding terrestrial matrix among wetlands [START_REF] Dudgeon | Freshwater biodiversity: importance, threats, status and conservation challenges[END_REF]. This vulnerability is a consequence of their biphasic life cycle: they rely on wetland habitats for breeding [START_REF] Semlitsch | Principles for management of aquatic-breeding amphibians[END_REF][START_REF] Mushet | Mapping anuran habitat suitability to estimate effects of grassland and wetland conservation programs[END_REF], and use the terrestrial matrix [START_REF] Joly | Habitat matrix effects on pond occupancy in newts[END_REF] for foraging and moving to other wetlands [START_REF] Harper | Demographic consequences of terrestrial habitat loss for pool-breeding amphibians: predicting extinction risks associated with inadequate size of buffer zones[END_REF]. Breeding success is determined by the quality of the wetland itself [START_REF] Mushet | Mapping anuran habitat suitability to estimate effects of grassland and wetland conservation programs[END_REF], and migration success is determined by the distribution of wetlands and by the permeability of the terrestrial matrix, both providing resting and foraging habitat for migrating species [START_REF] Calhoun | Temporary wetlands: challenges and solutions to conserving a 'disappearing'ecosystem[END_REF].

Wetland loss decreases wetland density and increases travel distances for amphibians, simultaneously impacting breeding and migration success [START_REF] Gibbs | Importance of small wetlands for the persistence of local populations of wetland-associated animals[END_REF].

Habitat Suitability Models (HSMs) are frequently used by conservation planners to estimate the likelihood of occurrence and the abundance of threatened species in a geographic area [START_REF] Carvalho | Habitat suitability model for European wild rabbit (Oryctolagus cuniculus) with implications for restocking[END_REF], with the purpose of evaluating the capacity of a given habitat to support a selected wildlife species (U.S. Fish and Wildlife Service, 1981). HSMs are typically developed by assessing statistical relationships between existing occurrences of a species and habitat features [START_REF] Store | Integrating spatial multi-criteria evaluation and expert knowledge for GIS-based habitat suitability modelling[END_REF]. These statistical models require empirical data, which are expensive and time-consuming to obtain [START_REF] Store | Integrating spatial multi-criteria evaluation and expert knowledge for GIS-based habitat suitability modelling[END_REF]. Large spatial and temporal scales are recognized to be fundamental for amphibian research because changes to landscape conditions across scales may have important impacts on habitat connectivity and migration [START_REF] Hazell | Frog ecology in modified Australian landscapes: a review[END_REF][START_REF] Bishop-Taylor | Surface water network structure, landscape resistance to movement and flooding vital for maintaining ecological connectivity across Australia's largest river basin[END_REF]. Earth observation satellite data (Bishop- [START_REF] Bishop-Taylor | Impact of hydroclimatic variability on regional-scale landscape connectivity across a dynamic dryland region[END_REF], expert knowledge [START_REF] Store | Integrating spatial multi-criteria evaluation and expert knowledge for GIS-based habitat suitability modelling[END_REF] and Geographical Information Systems (GIS) [START_REF] Store | A GIS-based multi-scale approach to habitat suitability modeling[END_REF] have been successfully combined for developing HSMs. When such data are not available, HSMs can be developed by aggregating habitat features using expert knowledge [START_REF] Store | Integrating spatial multi-criteria evaluation and expert knowledge for GIS-based habitat suitability modelling[END_REF].

Despite the increasing interest in HSMs, wetland conservation policies and management strategies often focus on wetlands as stand-alone features on the landscape [START_REF] Amezaga | Biotic wetland connectivity-supporting a new approach for wetland policy[END_REF]. In other words, the focus is often on wetland habitats and the capacity of a given wetland habitat to support a selected wildlife species (USDA Fish and Wildlife Service, 1981). The species life history traits, which are especially important for species requiring migration to different wetlands in their life cycle, and the suitability of the corridors that connect wetlands and allow for organism migration are often not considered. Such a "wetland-by-wetland" approach focuses on compensating for wetland loss through various mechanisms, such as wetland protection, restoration, and construction (National Research Council, 2001), and has led to fundamental changes in the types and distribution of wetlands in the landscape [START_REF] Thomas | Compensatory wetland mitigation and the watershed approach: a review of selected literature[END_REF][START_REF] Accatino | Landscape consequences of aggregation rules for functional equivalence in compensatory mitigation programs[END_REF]. There is an emerging recognition that wetland conservation strategies must consider not only the wetland itself, but also the connections among wetlands, which act as conduits of energy and mass among wetlands [START_REF] Cohen | Do geographically isolated wetlands influence landscape functions?[END_REF]. For example, in their review on amphibians metapopulation dynamics, Marsh and Trenham (2001) highlight the importance of considering not only breeding wetlands, but also the terrestrial matrix, in research and management applications. Moreover, they suggest using modeling approaches to explore the consequences of amphibian dispersal behavior.

The aim of our study is to develop an integrated framework to improve habitat suitability evaluation for amphibian populations in a wetlandscape. Wetlandscapes are defined as multiple wetlands that present biotic and abiotic connections within an associated hydrological catchment larger area than that of individual wetlands [START_REF] Thorslund | Wetlands as large-scale nature-based solutions: Status and challenges for research, engineering and management[END_REF]. We demonstrate the framework in the wetlandscape of the Nose Creek watershed in Alberta, Canada, selecting two amphibian species: the northern leopard frog (Rana pipiens) and the great plains toad (Anaxyrus cognatus). The framework focuses on two assumptions: (1) both wetlands and their connections within the wetlandscape must be characterized by indices considered in defining HSMs [START_REF] Cushman | Effects of habitat loss and fragmentation on amphibians: a review and prospectus[END_REF][START_REF] Mushet | Geographically isolated wetlands: rethinking a misnomer[END_REF][START_REF] Kininmonth | Closing the collaborative gap: Aligning social and ecological connectivity for better management of interconnected wetlands[END_REF]; and (2) wetlands and their connections are integral parts of a network-based HSM and amphibian population model [START_REF] Fortuna | Spatial network structure and amphibian persistence in stochastic environments[END_REF]). To operationalize assumption (1), we develop two indices: the Wetland Suitability Index (WSI), which assesses the goodness-of-fit of each wetland according to the requirements of the amphibian species; and the Movement Permeability Index (MPI), which assesses the permeability of the surrounding terrestrial matrix for amphibian migration. To operationalize assumption [START_REF] Thorslund | Wetlands as large-scale nature-based solutions: Status and challenges for research, engineering and management[END_REF], we describe the wetlandscape as a wetland network where we simulate an amphibian population dynamics model [START_REF] Zamberletti | Connectivity among Wetlands Matters for Vulnerable Amphibian Populations in Wetlandscapes[END_REF]. The use of a dynamic ecological model makes it possible to take into account the phenomena linked to metapopulations and migration dynamics, especially defining sink and source habitats [START_REF] Iles | Source-sink dynamics of bumble bees in rapidly changing landscapes[END_REF][START_REF] Zamberletti | Connectivity among Wetlands Matters for Vulnerable Amphibian Populations in Wetlandscapes[END_REF]. Model results and indices were compared to determine the interactive/integrated importance of the two assumptions on amphibian survival. The aim of this study is not to give specific management prescriptions, but to pave the way for a holistic approach to the management of wetlandscapes for amphibians, highlighting the general principles and proposing methodological directions to be improved with future refinements. 

METHODS

Index definitions

The typical life cycle of amphibians, which involves spring breeding in wetland habitat, foraging in wetland surrounding terrestrial habitat, and late summer migration through the terrestrial landscape, was modeled using two indices: the Movement Permeability Index (MPI) and the Wetland Suitability Index (WSI). The first aimed to determine the permeability of the terrestrial matrix resulting in the aquatic and terrestrial corridor suitability among wetlands to support amphibian migration, and the second aimed to quantify the suitability of a wetland to sustain an amphibian population. The list of variables considered for index evaluation is presented in Table 1 which explains the reasoning, the index in which the variable is used and for which species.

(Table1)

Movement Permeability Index (MPI). The MPI describes the permeability of the terrestrial landscape used by amphibians during their migration (i.e., month of September) evaluating the role of a wetland as "stepping stone". The MPI was computed for each grid cell of the wetlandscape. The MPI ranged from 0 to 1, where 0 meant that the cell was not suitable for the amphibian's movement (i.e., it contained obstacles that would make amphibian movement difficult, such as road barriers (COSEWIC, 2009)), and 1 meant that the cell was very suitable for the amphibian's movement. The MPI was a function of both terrestrial and aquatic features of the landscape, since amphibians could migrate both through terrestrial corridors (e.g., roads, agricultural fields) and aquatic corridors (e.g., streams and riparian areas). The suitability of migration through the wetland area was a function of calculated scores reflecting the amphibian's ability to migrate through terrestrial corridors on the wetlandscape (Terrestrial Corridor subfunction) and aquatic corridors on the wetlandscape (Aquatic Corridor subfunction). The terrestrial and aquatic corridor subfunctions were scored between 0 and 1, and the minimum of the two scores was used to represent the MPI:

𝑀𝑃𝐼 = 𝑚𝑖𝑛(𝑇𝐶, 𝐴𝐶) (1) 
where TC is the Terrestrial Corridor score and AC is the Aquatic Corridor score. Figure 1b shows the aggregation schemes for MPI and a detailed description is given in Appendix S1.

Wetland Suitability Index (WSI). The WSI describes the ability of a wetland to meet the needs of an amphibian for reproduction and the survival of offspring through their metamorphic cycle. The WSI was evaluated for each wetland of the wetlandscape. The index ranged from 0 to 1, where 0 indicated that the wetland was not suitable for the amphibian's needs and 1 indicated that the wetland was very suitable for the amphibian's needs. The wetland "area" was defined as the wetland itself plus a buffer of surrounding terrestrial habitat whose size was defined by the maximum walking distance that an amphibian species could travel during the breeding and foraging phase (i.e., NLF buffers: 200 m for breeding and 2000 m for foraging [START_REF] Kendell | Northern leopard frog reintroduction strategy for Alberta[END_REF]; GPT buffers: 1300 m for breeding and foraging (COSEWIC, 2010)). The suitability of the wetland was expressed as a function of calculated scores reflecting the wetland's ability to meet the amphibian's requirements:

𝑊𝑆𝐼 = 𝑚𝑖𝑛 (𝑊𝑆𝐼 𝑏𝑟𝑒𝑒𝑑𝑖𝑛𝑔 , 𝑊𝑆𝐼 𝑓𝑜𝑟𝑎𝑔𝑖𝑛𝑔 ) ( 2 
)
Where WSIbreeding is the suitability during the breeding phase (i.e., from April to May) and WSIforaging is the suitability during the foraging phase (i.e., from June to August). WSIbreeding and WSIforaging resulted from the aggregation of functions representing features that were fundamental for amphibian breeding and foraging (i.e., if one of these characteristics was missing, amphibians perceived the habitat as completely unsuitable), and were not fundamental (i.e., they contributed to make a habitat more suitable, but if they were missing the habitat remained suitable for an amphibian to breed or to forage). Fundamental and non-fundamental functions were evaluated separately by aggregating wetland sub-functions, with sub-functions resulting from variables derived from satellite imagery and land use/land cover maps. Figure 1c shows the aggregation scheme with all variables, sub-functions, functions and final scores (see further Appendix S2).

The lack of amphibian data for our study area presented a major limitation to the MPI and WSI model formulation. Therefore, we developed the models to be adherent to amphibian scientific literature. Additionally, we performed a global sensitivity analysis using the SAFE Matlab Toolbox [START_REF] Pianosi | A simple and efficient method for global sensitivity analysis based on cumulative distribution functions[END_REF] to assess the parameters that had the most influence on the MPI and WSI. The results of the sensitivity analysis are fully described in the Appendix S3.

Amphibian population dynamics model

Amphibian population dynamics within the wetlandscape were simulated using a model described in [START_REF] Zamberletti | Connectivity among Wetlands Matters for Vulnerable Amphibian Populations in Wetlandscapes[END_REF] and summarized here. There were two key periods during the year (t): amphibian breeding in the wetland and amphibian migration among wetlands. 𝑁 𝑡 𝑖 is the number of amphibians at the beginning of year t in wetland i, 𝑁 𝑡+ 1
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𝑖 is the number of amphibians in the wetland after the breeding phase, and 𝑁 𝑡+1 𝑖 is the number of amphibians in wetland i after the migration phase of year t.

Breeding. During the breeding stage of the life cycle, the adults in each wetland produced offspring that complete the metamorphic cycle, subsequently migrating and reproducing in other wetlands the following year. The population 𝑁 𝑡+ 1
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𝑖 is composed of the population 𝑁 𝑡 𝑖 and the offspring that successfully completed the metamorphic cycle. The survival of offspring in a wetland was negatively affected by the "density effect", where a deficiency of resources occurred as a result of increased population density. The carrying capacity (K) of the amphibian species represented the maximum population size of the species that the environment could sustain, considering existing resources:

𝑁 𝑡+ 1 2 𝑖 = 𝑁 𝑡 𝑖 + 𝑚𝑎𝑥 (0, 𝑟𝑁 𝑡 𝑖 (1 - 𝑁 𝑡 𝑖 𝐾 )) ( 3 
)
where r is the intrinsic growth rate.

Migration. The migration stage simulated the movement of amphibians from wetland i to wetland j. The number of amphibians at the time t+1 that reached the wetland i was given by:

𝑁 𝑡+1 𝑖 = 𝜙(1 -𝜇)𝑁 𝑡+ 1 2 𝑖 + ∑ 𝑤 𝑖𝑗 (1 -𝜙) 𝑀 𝑖 𝑗=1 𝑁 𝑡+ 1 2 𝑗 (4)
where 𝑀 𝑖 is the number of wetlands connected to wetland i, 𝜙is the fraction of amphibians returning to the same wetland the year after (philopatric behavior, see Appendix S4 for further explanation), 𝜇is the natural mortality, wij is the fraction of the amphibian population that left wetland j and reached wetland i alive, which was computed considering the suitability of the connections between wetlands i and j, the mortality that occurred during migration between wetlands i and j and during overwintering, and natural amphibian mortality. We performed a global sensitivity analysis on the parameters of the amphibian model using the SAFE Matlab Toolbox [START_REF] Pianosi | A simple and efficient method for global sensitivity analysis based on cumulative distribution functions[END_REF], described in Appendix S4.

Coupling MPI and WSI with the amphibian dynamic model.

The WSI estimated the carrying capacity K of wetlands and the MPI evaluated the connectivity, wij, among wetlands. The carrying capacity K of each wetland was therefore defined as:

𝐾 = 𝑊𝑆𝐼 • 𝐴 • 𝑁 (5)
where A is wetland area (m 2 ) and N represents the number of amphibians supported by a unit of wetland area (amphibians/m 2 ). If WSI = 1, the carrying capacity corresponded to the nominal carrying capacity, whereas if WSI < 1 the carrying capacity was reduced. The connectivity wij between wetland i and wetland j was defined as a function of the connection costs and suitability for migration. First, the cost (𝑐 𝑢 ) of moving through a wetlandscape cell (u) was calculated as:

𝑐 𝑢 = 1 -𝑀𝑃𝐼 𝑢 (6)
The least-cost connectivity network between wetlands was computed using the Cost Connectivity tool implemented in ArcGIS (ArcGIS 10.5, Spatial Analyst toolbox, Distance toolset). The Cost Connectivity tool identified the connections from each wetland to each of its least-cost neighbors. The corridors were weighted by the corridor's cost, which could vary from 0 to 200 and represented the sum of the costs 𝑐 𝑢 of the cells along the corridors. Connections that were greater than the amphibian maximum walking distance during dispersal (10 km for NLF and 1.3 km for GPT, for the entire migration period) were discarded. The remaining connections' costs (𝑐 𝑖𝑗 ) were normalized so that the sum of all connections exiting a wetland had a cost equal to one. We computed the corridors' suitability as follows:

𝑠 𝑖𝑗 = 1 -𝑐 𝑖𝑗 (7) 
where i and j were the wetlands that were connected to each other, and 𝑐 𝑖𝑗 was the normalized connection's cost.

The corridor's suitability was used to define the mortality due to migration 𝑑 𝑖𝑗 . We assumed that the higher the suitability of the connection, the lower the mortality due to migration through the connection itself. The mortality due to migration was therefore equal to the normalized cost of the connection:

𝑑 𝑖𝑗 = 1 -𝑠 𝑖𝑗 = 𝑐 𝑖𝑗 (8)
The suitability 𝑠 𝑖𝑗 was normalized so that the sum of all connections exiting a wetland had a suitability equal to one. The normalized suitability term 𝑠 𝑖𝑗 ̃represented the probability that an amphibian in wetland i chose to move to wetland j.

The fraction of the amphibians that left wetland i and reached wetland j alive (wij) was

given by a combination of the connection's normalized suitability𝑠 𝑖𝑗 ̃ , the mortality occurring during migration and during winter 𝑑 𝑖𝑗 , and the natural mortality 𝜇:

𝑤 𝑖𝑗 = 𝑠 𝑖𝑗 ̃• (1 -𝑑 𝑖𝑗 ) • (1 -𝜇) (9) 
Wetland connectivity was then defined as the sum of the wij terms for all wetlands i entering wetland j.

Case Study

The Prairie Pothole Region (PPR) of North America is a glacial landscape characterized by depressional wetlands known as prairie potholes. The PPR extends from Alberta, Canada in the north to the north-central United States in the south. Prairie potholes tend to be small (<1 ha) [START_REF] Watmough | Environment Canada's Prairie & Norther Region. Habitat Monitoring Program Phase II: Recent habitat trends in the Prairie Habitat Joint Venture[END_REF], shallow (< 1 m in depth) [START_REF] Huang | Demonstration of a conceptual model for using LiDAR to improve the estimation of floodwater mitigation potential of Prairie Pothole Region wetlands[END_REF], and generally dry out through summer and fall [START_REF] Winter | Hydrologic studies of wetlands in the Northern Prairie[END_REF]). The Nose Creek watershed (51°16'57"N, 114°7'14"W) is located in the eastern portion of the PPR along the northern edge of Calgary, Alberta, and is 886 km 2b,c). All data acquired and used as part of this study may be found in Appendix S5.

(Fig2)

Amphibian species

Two amphibian species were selected to evaluate the sensitivity of their populations to wetland suitability and connectivity. The selected species were the Northern Leopard Frog (Rana pipiens) and the Great Plains Toad (Anaxyrus cognatus), which have contrasting preferred habitats (i.e., the Northern Leopard Frog spends most of its time in aquatic habitat, whereas the Great Plains Toad spends most of its time in terrestrial habitat) and migration abilities (i.e., Northern Leopard Frog migrates over longer distances than the Great Plains Toad).

Northern Leopard Frog. The Northern Leopard Frog (NLF) requires two different habitat types to complete its life cycle: (1) an aquatic habitat, where it breeds in the spring and hibernates in the winter, and (2) a terrestrial habitat where it forages in summer. Breeding starts in spring and lasts until the middle of summer. Eggs are laid near the surface in shallow water, where aquatic vegetation is abundant enough to provide protective cover and a substrate on which to attach egg masses [START_REF] Kendell | Survey protocol for the northern leopard frog[END_REF]COSEWIC, 2009). After breeding, adults leave the water and migrate towards the foraging areas, where their preferred habitat is open areas with low-growing vegetation (COSEWIC, 2009). Adults return to the water to hibernate in winter, seeking permanent waterbodies deep enough that they do not freeze to the bottom and are well oxygenated. The NLF can migrate up to 10 km in any direction into suitable habitat using mesic corridors and waterbodies [START_REF] Kendell | Northern leopard frog reintroduction strategy for Alberta[END_REF]. The NLF used to be widely distributed in the eastern half of Alberta (Figure 2a), but in the late 1970s their population declined dramatically, and they are now found only in the mixed grasslands in the south of the province.

They are presently classified as "at-risk" and are designated as a threatened species under the Wildlife Act (Alberta Sustainable Resource Development, 2003).

Great Plains Toad. The Great Plains Toad (GPT) requires two different habitats during its life cycle: [START_REF] Saura | Stepping stones are crucial for species' long-distance dispersal and range expansion through habitat networks[END_REF] an aquatic habitat where it breeds in the spring, and ( 2 

Model scenarios

The amphibian model was applied to the Nose Creek watershed, which has been largely modified by urban expansion and agricultural development (see Appendix S5 for information on data sources). Starting population sizes were equal to 20 individuals in each wetland and parameterized as in Table S7 in Appendix S4, and after a simulation period of 100 years, the total population abundance reached a steady state that was sufficient to capture the population dynamics of the wetland network. We plotted the carrying capacity of a wetland (x-axis dependent on WSI), the connectivity of the wetland within the wetlandscape (y-axis dependent on MPI), and the simulated mean population of the wetland for each amphibian species (Figure 5). The plots allowed for the exploration of the dependence of the population on carrying capacity and connectivity, and to determine if the selected species-at-risk could survive in the wetlandscape. The plots were then classified using a Jenks natural break classification method [START_REF] Jenks | The data model concept in statistical mapping[END_REF], and based on this classification, wetlands were prioritized for the specific conservation management strategy needed to support the amphibian population.

RESULTS

The WSI values computed for each wetland within the wetlandscape are presented in Figure 3. 

In Figure 5a, we plotted wetland carrying capacity (x-axis, dependent on WSI) vs. wetland connectivity (y-axis, dependent on MPI) and classified wetlands into three classes according to their mean amphibian population abundance. Wetlands in class 1 were characterized by both high carrying capacity and high connectivity and had the largest mean populations. These wetlands were classified as prioritized for protection; 2% of wetlands for NLF and no wetlands for GPT were in class 1. Wetlands in class 2 were characterized by low carrying capacity and high connectivity, resulting in low mean populations; 44% of wetlands for NLF and 3% wetlands for GPT were in class 2. The amphibian populations in these wetlands would benefit by improving the wetland's carrying capacity (i.e., improve the WSI score). Wetlands in class 3 were characterized by high carrying capacity and low connectivity, resulting in low mean populations; 54% of wetlands for NLF and 97% wetlands for GPT were in class 3. The amphibian population would benefit by improving the wetland's connectivity (i.e., improve the MPI score).

(Fig5)

Three wetlands that belonged to the three different regions were selected randomly to present the results of the population dynamics model (Figure 5b). Wetlands in class 1 had many incoming amphibians and many newborns resulting in a large total population. Wetlands in class 2 had many incoming amphibians but a small number of newborns as the wetland did not have the properties to support breeding, leading to an intermediately sized population. Wetlands in class 3 had a small number of incoming amphibians and consequently also a small number of newborns.

The global sensitivity analysis on amphibian model parameters revealed that amphibian growth rate and mortality and wetland carrying capacity were the key variables explaining the total population within each wetland of the wetlandscape (See Appendix S4 for a detailed description of the global sensitivity analyses). In the case of the WSI, key variables that emerged from the global sensitivity analysis for the NLF included land cover in the buffer, wetland vegetated area, average surface inundation probability and wetland elevation. For the GPT the key variables were land cover in the buffer, wetland vegetated area, average surface inundation probability, percentage of cover cropland, marsh, stream intersection, soil texture and land cover and wetland elevation. In the case of MPI, key variables that emerged from the global sensitivity analysis for both amphibian species included land cover, soil texture, and road (i.e., the variables used to define the terrestrial corridor sub-function). See Appendix S3 for detailed results on the global sensitivity analysis.

DISCUSSION

Wetlands have been recognized as important refuges of biodiversity [START_REF] Semlitsch | Are small, isolated wetlands expendable?[END_REF]Millennium Ecosystem Assessment, 2005) and their destruction and degradation have contributed to the decline and extinction of many freshwater organisms [START_REF] Dudgeon | Freshwater biodiversity: importance, threats, status and conservation challenges[END_REF][START_REF] Clarkson | Wetland Ecosystem Services[END_REF], especially amphibians [START_REF] Mushet | Mapping anuran habitat suitability to estimate effects of grassland and wetland conservation programs[END_REF][START_REF] Whittaker | Global declines of amphibians[END_REF]. Amphibians rely on both aquatic and terrestrial habitats within wetlandscapes [START_REF] Semlitsch | Principles for management of aquatic-breeding amphibians[END_REF][START_REF] Mushet | Mapping anuran habitat suitability to estimate effects of grassland and wetland conservation programs[END_REF]. This study aimed to demonstrate the importance of both the wetland itself (i.e., aquatic habitat) and its connectivity (i.e., terrestrial and aquatic connections among wetlands) for amphibian populations, describing the wetlandscape as a wetland network [START_REF] Marton | Geographically isolated wetlands are important biogeochemical reactors on the landscape[END_REF][START_REF] Calhoun | Temporary wetlands: challenges and solutions to conserving a 'disappearing'ecosystem[END_REF]. General principles that have emerged from this study that could inform management of wetlandscapes for amphibians are summarized in Table 2.

(Table2)

Principle 1. Adopt a holistic approach to the management of wetlandscapes.

Population dynamics operate at both local and landscape scales. At local scales, occupancy is influenced by processes such as habitat quality and intra-specific competition. At landscape scales, occupancy is influenced by processes such as migration (Dunning et al. 1992;[START_REF] Browne | The relationship of amphibian abundance to habitat features across spatial scales in the Boreal Plains[END_REF]. Coupling two indices at different spatial scales (i.e., the WSI at wetland scale and the MPI at landscape scale) within a wetlandscape made it possible to deal with multiscale levels describing amphibian dynamics within the wetlandscape. Following the principles of landscape ecology [START_REF] Cushman | Effects of habitat loss and fragmentation on amphibians: a review and prospectus[END_REF]U.S. Environmental Protection Agency, 2015), we applied a holistic approach by considering the wetlandscape not as sum of its elements, but as the integration of the elements [START_REF] Naveh | What is holistic landscape ecology? A conceptual introduction[END_REF][START_REF] Turner | Landscape ecology: what is the state of the science?[END_REF]: wetland removal or terrestrial habitat modification affects amphibian dynamics in the whole wetlandscape.

Principle 2. Wetland habitat quality and connectivity are non-substitutable properties.

The joint effects of WSI and MPI reveal that the quality of wetland habitat and its surrounding terrestrial habitat and wetland connectivity are non-substitutable properties. Habitat suitability affects the occupancy of wetlands influencing all terrestrial and aquatic activities [START_REF] Piha | Amphibian occurrence is influenced by current and historic landscape characteristics[END_REF][START_REF] Mushet | Mapping anuran habitat suitability to estimate effects of grassland and wetland conservation programs[END_REF]. Habitat connectivity affects the individuals immigrating into each wetland and is fundamental to sustain a viable population [START_REF] Browne | The relationship of amphibian abundance to habitat features across spatial scales in the Boreal Plains[END_REF]. These properties act jointly but differently on population dynamics. It is therefore important to consider the two indices separately without building aggregated indices. Principles 3, 4, and 5 are a direct consequence of this principle.

Principle 3. Some wetlands are suitable both for their habitat quality and their connectivity.

Wetlands with high suitability (i.e., high carrying capacity) that are surrounded by landscapes with high permeability for movement (i.e., high connectivity) have the highest populations. High carrying capacity leads to high newborn production and survival creating amphibian hotspots [START_REF] Semlitsch | Principles for management of aquatic-breeding amphibians[END_REF]. High connectivity leads to wetlands serving as "stepping stones" that results in a high number of immigrants as well as emigrants to other wetlands [START_REF] Kramer-Schadt | Analyzing the effect of stepping stones on target patch colonization in structured landscapes for Eurasian lynx[END_REF][START_REF] Saura | Stepping stones are crucial for species' long-distance dispersal and range expansion through habitat networks[END_REF]. A balance between carrying capacity and connectivity leads to wetlands with the highest populations -the immigrants are able to find a wetland that can sustain them without producing the negative effect of density dependence [START_REF] Vonesh | Complex life cycles and density dependence: assessing the contribution of egg mortality to amphibian declines[END_REF][START_REF] Harper | Density dependence in the terrestrial life history stage of two anurans[END_REF], and wetland connections allow for successful emigration. These wetlands play a key role in the wetlandscape and should be prioritized for conservation.

Principle 4. Some wetlands are suitable habitats but are not adequately connected to other wetlands.

Low connectivity leads to low immigration, as wetlands are difficult to reach because they are physically isolated or surrounded by an unsuitable terrestrial matrix, preventing migration [START_REF] Baum | The matrix enhances the effectiveness of corridors and stepping stones[END_REF]. For wetlands with low connectivity, it is important to improve the permeability of the surrounding terrestrial matrix to enhance migration to suitable aquatic habitat.

Principle 5. Some wetlands are adequately connected to other wetlands but are not suitable habitats.

Low carrying capacity leads to low newborn production and low amphibian survival as the wetland environment does not meet the criteria for all life cycle requirements. Low carrying capacity also leads to low immigration, as immigrants face the negative effect of density dependence because resources are limited [START_REF] Vonesh | Complex life cycles and density dependence: assessing the contribution of egg mortality to amphibian declines[END_REF]. For wetlands with low carrying capacity, it is important to improve habitat quality to allow incoming amphibians to perform their life cycle functions and generate new individuals successfully.

Principle 6. Wetlandscapes are perceived in different ways by different species.

Different species vary in their life cycle requirements resulting in a different "relationship" with the wetlandscape [START_REF] Taylor | Connectivity is a vital element of landscape structure[END_REF][START_REF] D'eon | GPS radiotelemetry error and bias in mountainous terrain[END_REF][START_REF] Piha | Amphibian occurrence is influenced by current and historic landscape characteristics[END_REF]. The studied wetlandscape was more suitable for the NLF which prefers shallow standing water and has a higher migration ability (COSEWIC, 2009) than the GPT which requires clear waters to breed (COSEWIC, 2010). In particular, our outcomes highlight that the studied wetlandscape is not suitable at all for GPT dispersal: this is linked to both limited dispersal ability and the scarcity of coarse sandy soil which is preferred by the toad for dispersing. This result is consistent with the scattered distribution of the GPT in Alberta (Fig. 2) and also reported on the Government of Alberta website (Government of Alberta, 2019). Decision makers face trade-offs when protecting multiple species. Optimization techniques that explore these trade-offs can inform conservation priorities and restoration targets [START_REF] Mushet | Mapping anuran habitat suitability to estimate effects of grassland and wetland conservation programs[END_REF]. A future challenge will be developing optimization techniques that allow for the improvement of wetlandscapes for some species without harming other species.

Limitations of our approach

Limitations of our approach were related to the formulation of the two indices, the MPI and WSI. Based on the lack of available and existing data in our study area, our model could not be validated with empirical data of amphibian occupancy. This is a limitation faced by many studies of habitat assessments at wetlandscape scales [START_REF] Store | Integrating spatial multi-criteria evaluation and expert knowledge for GIS-based habitat suitability modelling[END_REF][START_REF] Zulian | Linking land cover data and crop yields for mapping and assessment of pollination services in Europe[END_REF][START_REF] Bishop-Taylor | Surface water network structure, landscape resistance to movement and flooding vital for maintaining ecological connectivity across Australia's largest river basin[END_REF]. In some of these studies, maps of amphibian movement were generated based on models [START_REF] Zulian | Linking land cover data and crop yields for mapping and assessment of pollination services in Europe[END_REF] or expert opinion [START_REF] Bishop-Taylor | Surface water network structure, landscape resistance to movement and flooding vital for maintaining ecological connectivity across Australia's largest river basin[END_REF].

We attempted to overcome these limitations by performing a global sensitivity analysis on WSI and MPI to understand the most important parameters influencing each index and to compare them with other experimental studies. For the WSI, we found that land-cover and wetland vegetation were the most sensitive indices, a finding corroborated by [START_REF] Mushet | Mapping anuran habitat suitability to estimate effects of grassland and wetland conservation programs[END_REF]. For the MPI, we found that indices related to terrestrial corridors were the most sensitive indices, a finding corroborated by [START_REF] Browne | The relationship of amphibian abundance to habitat features across spatial scales in the Boreal Plains[END_REF]. Another clear limit to our indices is the turbidity evaluation. Since measured values are not available, we used wetland classification and stream intersection as a proxy for turbidity (see also table S3 in the supporting information). We recognise that this poor surrogate greatly influences the GPT indices and population dynamic results since clear water is critical for GPT breeding.

Additionally, the model that we used to reproduce amphibian dynamics [START_REF] Zamberletti | Connectivity among Wetlands Matters for Vulnerable Amphibian Populations in Wetlandscapes[END_REF] and, consequently, the MPI that we designed, did not explicitly consider the overwintering phase. This could be a critical point for amphibian species like NLF, which requires a specific habitat (e.g. deep permanent wetlands [START_REF] Kendell | Survey protocol for the northern leopard frog[END_REF]) to overwinter.

However, we attempted to implicitly consider overwintering habitats in the MPI, through including the index hydrological features, such as the presence of wetlands in the terrestrial corridors. This assumption could lead to an overestimation or underestimation of amphibian survival during this phase. Future amphibian meta-population models should explicitly consider the overwintering phase, in order to better reproduce the dynamics of amphibians which requires unique habitats to overwinter.

Our model represents a novel, multi-scale framework to studying the effects of wetland habitat quality and connectivity on amphibian populations. Model simulations highlight the importance of jointly considering wetland habitat quality and connectivity as complementary information for understanding amphibian population dynamics. General principles that emerged from the modelling exercise could be easily extended to other species and other wetlandscapes.

However, before applying the presented framework to species conservation, validation with field data is needed.

Tables

Table1: List of variables used to define the indices (in alphabetical order). Species (NLF or GPT)

and index (MPI and WSI) used for each indicator are listed. For WSI, the phase (B: breeding, F:

= foraging) is also indicated. An extended version of this table can be found in the Supporting Information. The citations list is reported in the footnote.

Indicator Description

Activity NLF GPT Average surface inundation probability

The NLF and GPT breed in wetlands (5, 7) and forage in moist habitats (9, 5). NLF uses mesic corridors and water bodies to migrate (4, 8); GPT uses mesic corridors to migrate, but there is no evidence that it migrates through water bodies (5).

WSI=B, F MSI WSI=B, F MSI

Ditches

NLF breeding is impaired by ditches because they affect the hydrology of a wetland through drainage ( 6). The GPT may breed in flooded shallow ditches of clear water (5 

WSI=B WSI=B

Land cover Amphibians have preferred habitats (e.g., grassland or shrubs), while other habitats are avoided (e.g., developed). Scores are determined for each cell of the landscape according to the documented NLF and GPT behaviors in literature [START_REF] Saura | Stepping stones are crucial for species' long-distance dispersal and range expansion through habitat networks[END_REF]3,6,8,9). Land cover scores can be found in the Supporting Information (Table S1 (4,5,8,12).

MSI MSI

Roads

Amphibians have been observed moving through roadways during their migration because of the flat and open surface [START_REF] Saura | Stepping stones are crucial for species' long-distance dispersal and range expansion through habitat networks[END_REF]10). However, walking through roads may involve a high probability of road mortality [START_REF] Saura | Stepping stones are crucial for species' long-distance dispersal and range expansion through habitat networks[END_REF]10). In order to consider both roads as a conductor and the mortality risk related to roads, we set a low score for roads that have a high level of traffic (e.g., paved road with many lanes) and a high score for roads

MSI MSI

Indicator Description Activity NLF GPT that have less traffic (e.g., unpaved roads or paved roads with only one or two lanes). See Supporting Information (Table S5). Soil texture and land cover GPT prefers coarse sandy soil to burrow and avoid desiccation in summer and cold temperatures in winter (3,6,8,9). The score of each cell is computed by multiplying (i) the land cover type score, and (ii) the soil texture score that could be found in the Supporting Information (Table S2).

WSI=n/a WSI=B, F MPI

Stream and waterbodies density

Since NLF migrates through mesic corridors and waterbodies (4, 8) we evaluated stream and waterbody density for each cell considering the average surface inundation probability value for each 3 x 3 neighborhood of cells.

MSI n/a

Stream intersection

The presence of inflowing water suspends sediments in the water which impairs GPT breed [START_REF] Thorslund | Wetlands as large-scale nature-based solutions: Status and challenges for research, engineering and management[END_REF].

WSI=n/a WSI=B

Wetland elevation

Since amphibians prefer warmer environments, we assumed wetland elevation as a proxy of temperature (6, 9). Higher elevations tend to be cooler. 10. [START_REF] Kendell | Northern leopard frog reintroduction strategy for Alberta[END_REF]11. Nussbaum et al. 1983;12. Seburn et al. 1997. 

WSI=B

A

  flowchart outlining the integration among the amphibian population model and two indices (i.e., WSI and MPI) is presented in Figure 1. Satellite and ancillary data were used to derive the information required for index development (Figure 1 a.1). MPI assigned the amphibian migration permeability to each cell of the terrestrial matrix (Figure 1 a.2). WSI assigned the amphibian goodness-of-fit to each wetland (Figure 1 a.3). MPI was used to define the connections of wetland network (Figure 1 a.4), and WSI was used to compute the carrying capacity for each wetland (Figure 1 a.5). Wetland network and wetland carrying capacity were coupled within amphibian population model to simulate the amphibian dynamics on the wetlandscape (Figure 1 a.6). The influence of indices on model output were analyzed to assess amphibian survival within the wetlandscape (Figure 1 a.7). The methods are organized focusing on the two indices, MPI, WSI, and the amphibian population model. Then, the combination of the model and indices is described. Finally, a case study of a highly modified wetlandscape (i.e., Nose Creek watershed) is presented as an example of application. (Fig1)

The

  WSI values were generally higher for the NLF. This is due to the fact that almost all wetlands are marshes (Fig 2c), thus characterized by muddy water, which limits GPT breeding (Alberta Sustainable Resource Development and Alberta Conservation Association, 2009). The MPI values computed for each grid cell within the wetlandscape are shown in Figure 4. The wetlandscape was permeable for the NLF and individuals could easily move in the landscape resulting in highly connected wetlands (Fig 4c). Consequently, the NLF migrated more easily throughout the wetlandscape than the GPT. (Fig3)

Figure 2 .

 2 Figure 2. The Nose Creek watershed was selected to demonstrate our framework. (a) Land cover

Figure 3 .

 3 Figure 3. Wetland Suitability Index for the Northern Leopard Frog (top panel) and the Great

Figure 4 .

 4 Figure 4. Movement Permeability index for the Northern Leopard Frog (top panel) and the Great

  

  

  2 in size. The climate is continental and dry. The landscape consists of plains, with the altitude ranging from 1048 m to 1336 m above sea level. The western half of the watershed is covered by aspen forests and willow scrublands mixed with grasslands, and the

eastern half of the watershed is covered by grasses

(Natural Regions Committee, 2006)

. The Nose Creek watershed has been modified extensively by humans, with only small amounts of native vegetation remaining. Development covers approximately 12% of the watershed and agricultural activities (i.e., crop and pasture) cover approximately 70% of the watershed (Agriculture and Agri-Food Canada, 2013) (Figure

  ) a terrestrial habitat where it forages during summer and hibernates in winter. Breeding starts after the first spring rain, when the toads congregate in the wetlands. Eggs are laid over vegetation, preferably in temporary and shallow wetlands with standing and clear water (COSEWIC, 2010). After breeding, the adults leave the water and migrate towards the foraging area, where the preferred habitat is moderately coarse, sandy soil that allows them to burrow to avoid dry condition during

summer. In winter, adults hibernate by burrowing in coarse sandy soil below the frost line. The GPT can migrate up to 1.3 km in any direction into suitable habitat such as moist coarse soil environments but not through waters and streams (COSEWIC 2010). The GPT is distributed from the South Saskatchewan River to its tributaries and is also found in the extreme southwest corner of Saskatchewan. It is presently classified as "may be at-risk" (Alberta Sustainable Resource Development and Alberta Conservation Association, 2009) and as a "species of special concern" (COSEWIC, 2010).

Table 2 :

 2 General principles that could inform management of wetlandscapes for amphibians

n. Principle Potential consequence for management Operationalization of the principle Future research efforts needed

  

	4	Some wetlands are	Identify parts of the		
		suitable habitats but	wetlandscapes where		
		are not adequately	habitat connectivity should		
		connected to other	be improved.		
		wetlands.			
	5	Some wetlands are	Identify parts of the		
		adequately connected	wetlandscapes where		
		to other wetlands but	habitat should be enhanced		
		are not suitable	or restored.		
		habitats.			
	6	Wetlandscapes are	Management interventions	Indices of habitat quality	Develop optimization
		perceived in different	that improve the	and connectivity should be	techniques that can define
		ways by different	wetlandscape for a single	species-specific. But	conservation priorities and
		species.	species should do so	multiple benefits for	restoration targets taking
			without harming other	different species should be	multiple species into
			species.	sought.	account.
	1	Adopt a holistic	Management intervention	Use a dynamic modelling	Improve the understanding
		approach to the	in one part of the	approach based on	and the modelling of
		management of	wetlandscape can have	complex network theory.	animal ecology and
		wetlandscapes.	important consequences		movements.
			on the entire		
			wetlandscape.		
	2	Wetland habitat quality	Conservation policies	Develop separate indices	Further develop and
		and connectivity are	should explicitly target	for habitat quality and	validate indices with field-
		non-substitutable	habitat quality and	connectivity and analyse	based observations.
		properties.	connectivity as separate	them independently	
			but complementary	(rather than building an	
			objectives.	aggregated index).	
	3	Some wetlands are	Conservation priorities of	Define indices for	
		suitable both for their	wetlands should reflect a	describing habitat quality	
		habitat quality and	wetland's suitability for	and connectivity.	
		their connectivity.	both habitat quality and		
			connectivity.		
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