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Abstract

:

The arid south Okanagan River Valley, British Columbia is a highly-modified landscape; where wetland and riparian habitat loss exceeds 85%, and 88% of remaining wetlands experience at least one harmful anthropogenic stressor. This multi-stressor landscape for amphibian species at risk led to a collaborative stakeholder approach for habitat restoration and species recovery. The main project goal was to increase the quantity and quality of lowland wetland habitat by reconnecting known amphibian-breeding sites with constructed and/or enhanced small ponds. Long-term amphibian monitoring data were used to determine strategic locations for wetland construction and/or enhancement. Habitat enhancement outcomes (Ntotal = 21 sites) since 2006 include 10 newly constructed ponds, enhancement of eight re-contoured ponds after historic infilling, and invasive predatory species removal at three sites. Project ponds were monitored annually (2007 to 2014) for calling frogs, the presence of eggs, and metamorphic emergence. Early signs of colonization and metamorphic success for Great Basin Spadefoot (Spea intermontana) (N = 13 sites) and Pacific treefrog (Pseudacris regilla) (N = 7 sites) populations have been observed, however no records of Blotched tiger salamanders (Ambystoma mavortium) colonization has been detected. Wetland habitat construction and enhancement have doubled the number of available fishless ponds to support breeding within the study area and engaged landowners through voluntary stewardship. Whether constructed or enhanced ponds have aided species recovery is unclear, though the colonization and successful metamorphosis of some species provides early supporting evidence that it will.
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1. Introduction


It has been estimated that, 32.4% of amphibian populations are globally threatened (IUCN categories; [1]) implying a rate of mass extinction [2]. Habitat loss is considered the most significant factor in this decline; other stressors such as pollution, overexploitation, non-native species, and disease are also contributing factors (see [3]). To counteract these problems, a variety of approaches have been used including translocation and habitat restoration [4,5,6]. In each of these initiatives, the lack of quantification of success or failure of these techniques has often made it difficult to determine if they have made any long-term difference to amphibian populations on a local or broader scale. In Canada, amphibians experience the same stressors as elsewhere along with a shorter growing season and extreme winter temperatures [7]. Even with the highest annual average temperatures in Canada [8], in the south Okanagan River Valley, British Columbia, the long-term survival of amphibian populations is uncertain in the lowland valley (see [9] for map of this area) Status reports on amphibians at risk in the Okanagan River Valley note the impact of habitat loss [10,11]. These amphibian species are relying on less than 16% of the historic wetlands [12] yet there is recognition that the remaining wetland ecosystem supports unique desert adapted amphibian diversity [13].



Within the south Okanagan River Valley, British Columbia, low species richness (66% of sites < 2 species) and very low reproductive success in the remaining ponds in this region (67% of sites < 10 individuals of any early life stage), suggests that survival of populations may require intervention. While natural ponds are scarce, agricultural ponds in the lower Valley now represent an alternative and perhaps prevalent breeding habitat [9] and likely contribute significantly to amphibian population persistence [14]. The creation of small ponds that are near to one another and interconnected by relatively natural corridors may be an approach that could support recovery of distinct populations of amphibian species at risk occurring in the south Okanagan River Valley. The south Okanagan River Valley landscape fits within the theoretical principles of Island Biogeography Theory [15], ‘Single Large Or/And Several Small’ (SLOSS/SLASS) protected area management [16], and the dynamics of Metapopulation Theory [17]. However, the value of artificial construction of wetlands to mitigate losses for amphibians can be successful or, in some cases, ambiguous [4,18]. While it is suggested that surrounding habitat features might not influence pond species diversity [14], terrestrial habitat and surrounding pond clusters have been landscape indicators in some species occurrence [19]. Perhaps more important, is species specific habitat preference, dispersal ability (see review [20]), and shallows for breeding [21]. Similarly, spatial orientation has been associated with colonization and richness [22] along with accessibility to nearby fishless aquatic habitat with minimal anthropogenic disturbance [6]. The association of predatory fish with reduced species richness [21] and amphibian avoidance of habitats, that may drive patchy configuration (vs. metapopulations) [23] is well acknowledged in the literature. Constructing ponds to support predator free environments are critical in regions, like ours, where historic native aquatic predators are few in pond mosaics but predator introductions are pervasive; such sites might act as sinks or ecological traps luring species into poor quality habitat.



Our long-term goal is to produce a complex of wetlands where amphibian communities are similar to, or increasing in population size, compared to existing south Okanagan River Valley ponds [9]. After constructing and enhancing 21 ponds within the south Okanagan River Valley we tested several hypotheses to determine whether these ponds attracted amphibians, and if they could successfully reproduce in these ponds. We propose a hypothesis to explain the use of constructed and enhanced wetlands as a recovery action to support amphibian species at risk. If amphibians can use anthropomorphic breeding sites, then the construction of strategically placed ponds within the dispersal ability of species will increase the number of potential breeding sites and consequently this utilization will result in successful reproduction and serve to increase breeding habitat. We also examined whether terrestrial soil habitat characteristics that are required by fossorial species surrounding constructed or enhanced ponds were similar or different than existing ponds.




2. Methods


2.1. Site Selection


Sites for wetland pond construction, enhancement, and/or non-native invasive species removal were selected based on known herpetofaunal species data, biological criteria (e.g., dispersal abilities, see [24,25]). We also used historical wetland occurrence records, or where a partnership with a non-government organizations, government organizations and conservation authorities existed (i.e., wetland mitigation compensation British Columbia Ministry of Transportation and Infrastructure). The partnership arrangements required landowners to sign a five to ten-year voluntary stewardship agreement that outlined permissible (e.g., installation of bat boxes) or restricted activities (e.g., addition of non-native plant or animal species) around the pond.



Ideally, the biological and management criteria for choosing sites for wetlands activities are within the 500 m critical core habitat representing the terrestrial area required by the species to sustain life history requirements [26,27]. Therefore, areas within 500 m of a known target species breeding population [9] were preferred (Figure 1). To support connectivity movement between wetland features and breeding sites, we target areas within 500 m of an additional water way (pond, lake, creek, oxbow). While the nature of the road network within a restrictive topography present a significant threat to species [28], we set a criterion of a minimum 100 m distance from a roadway.




2.2. Pond Habitat Construction and Enhancement


Pond habitat activities were classified into one of three classes (Table 1):




	
Construction (N = 10): No pre-existing pond in the locale since at least 1938 [12],



	
Enhancement (N = 8): Pond existed historically and was in filled,



	
Invasive predatory species removal (N = 3): Pond exists with predatory non-native species present.








The technique used to artificially construct and enhance ponds was developed following Biebighauser [29]. All construction and enhancement activities had a site plan and a stewardship agreement. The plan envisioned the size and shape of the pond, buffers, and re-vegetation if needed. The plan and agreement also guided conservation management practices such as maintaining buffers, the location of any structures (e.g., spray shed, nest box, fencing etc.), and information regarding the value and actions that support native species and habitat conservation. A preliminary on-site assessment was conducted to ensure appropriate site conditions (i.e., test hole to observe inundation and the depth of fine textured soil, such as clay and silt loam, needed to retain water). Where the substrate was permeable, an alternative design was implemented installing an ‘aquatic safe’ synthetic 45 mL ethylene propylene diene monomer (EPDM) liner coupled with a geotextile fabric pad to reduce root penetration and to absorb wildlife impact (N = 3).



In some sites, access to supplemental water was available through existing infrastructure. At project sites with agricultural irrigation, runoff likely contributed to pond surface water and could provide water for new plantings. Project sites with a pond liner also had accessibility to irrigation water for supplemental filling. The water management practices at each site were independently controlled by the landowner.



In six sites, a registered professional biologist was hired to assess if any species at risk might be negatively impacted by the activities. All activities were conducted in the presence of a biologist and when on private lands the owner was present to participate. Construction and enhancement activities were conducted in the fall when the ground was driest and the likelihood of disturbing wildlife was decreased. A single exception was made, where coordination with Conservation Authorities (Province of British Columbia, Report all Poachers and Polluters) permitted activities in early spring.



An experienced contractor using either a backhoe or an excavator excavated the sites for the reconstructed ponds. The general aspects of pond shape and water depth were variable and often constrained by the site geographical, physical properties, and land-use characteristics, when possible, the bank was contoured with a 10:1 slope ratio (1 m of rise for every 10 m horizontal distance). Design considerations included species-specific priorities. This meant that sites designed to attract Great Basin spadefoots (Spea intermontana) were generally dug less than 0.6 m deep relying predominantly on surface run off, whereas ponds designed to attract Blotched tiger salamanders (Ambystoma mavortium) had depths as deep as 1.5 m. The depth of ponds was based on identified key attributes of the species needed to provide the shallow areas for egg and larval development [26,27], and in the case of the deeper ponds to prevent cat tail intrusion and maintain permanent open water. The excavated material (surface vegetation and subsurface soil) was reincorporated into the banks (N = 13), or because of restricted land availability or a very high density of non-native invasive plants were either moved to compost on site (N = 1), or taken off site to the regional dump (N = 4). To reduce erosion and promote soil structure, in addition to reduce weed invasion [30], the exposed excavation area was seeded by hand using a winter rye as a cover crop followed by straw mulch [29].



While the construction and enhancement activities to establish ponds were completed in one to three days’ effort, the invasive predatory fish (Carassius auratus, N = 1 site) were removed using seine nets over two consecutive spring seasons (2008 and 2009) [31]. Removal of American bullfrogs (Lithobates catesbeianus) required extensive effort over eight seasons (N = 2 sites, 2004 to 2011; as described in [32]).




2.3. Species Monitoring


From late April to mid-July, both daytime visual encounter surveys and nighttime auditory surveys were conducted at each site on two to six occasions per season using standard methods from The British Columbia Ministry of Environment Guidelines [33]. Visual encounter surveys involved searching the pond shoreline and submergent vegetation zone, in some cases using a dip net. All species observed were counted and the life stage (e.g., egg, larval, metamorphic, hatchling, adult) recorded. Auditory surveys lasted at least five (uninterrupted) minutes and were recorded using a calling index, where 0 = no calls heard, 1 = calling individuals can be counted, 2 = calls of individuals are distinguishable (some calls overlap), 3 = full chorus, individuals cannot be distinguished [33]. As the detection of any occurrence was valuable, all incidental calls were also recorded. In 2007–2008, 2014 permanent ponds (N = 4 sites) adjacent to known Blotched tiger salamander sites were surveyed using baited (canned sardines) minnow traps fitted with flotation noodles. Commercial minnow trap dimensions were 23 × 41 cm with a 3 cm opening on each end and constructed with 0.65 mm galvanized steel mesh and a spring-clip closure. Traps were set at sundown and retrieved early the following morning. All animals were released at the point of capture. Time surveys were conducted by graduate students and the author, whereas effort was often conservatively estimated for trained non-governmental organization volunteers and landowner voluntary reports, which represented about 20% of survey effort.



All procedures conducted in this research followed the Canadian Council on Animal Care [34] using approved protocols from Environment Canada (Delta, British Columbia and University of Waterloo (AUP # 1109) Institutional Animal Care Committees; research permits were obtained from the British Columbia Ministry of Environment (#PE06-21835; #PE13-87949). To ensure no cross contamination of amphibian disease or transport of non-native species among sites all field equipment was disinfected with 10% bleach solution daily. To further reduce risk, sites with known American bullfrog populations had dedicated site-specific equipment.




2.4. Terrestrial Soil Characteristics


In 2008, terrestrial substrate suitability to enable fossorial species burrowing, represented by soil compaction, was assessed at a subsample of regional pond sites (Ntotal = 21 sites) as a measure of upland terrestrial habitat quality. Using a handheld penetrometer (Cole Parmer #EW-99039-00) the unit was placed upright against the substrate until the calibration mark on the piston was level with the soil; the hole’s depth was then measured as an indicator of compressive strength from 0 to 4.5 tons per sq ft. Pond sites were classified as conventional orchards; e.g., use of conventional farming techniques including inputs, tilling etc. (N = 8)—reference; e.g., native grasslands or non-grazed fields (N = 6); and a subsample of our constructed (project) ponds (N = 7) (Table 1). The reference sites were selected based on the presence of known breeding amphibians, whereas the conventional sites were based on the accessibility to ponds on private lands and in some cases had breeding amphibian. The subsample of seven constructed ponds was selected from 13 possible pond sites, and was based on accessibility to surrounding areas and spatial representation of sites within the valley.



From the pond shoreline, at each cardinal direction, measurements were taken along a transect at 3, 13, 28, and 192 m respectively. At each sampling point, three repeated penetrometer measurements were taken and the average recorded. A one square meter quadrat was visually estimated for the dominant cover. The type of land cover at the sampling points was recorded and included 11 quadrat classes: water, reed canary grass (Phalaris arundinacea L., Poaceae) hay field, new vineyard or recently tilled vineyard, native vegetation, native desert grasses, invasive weeds, couch grass (Elymus repens (L.) Gould, Poaceae), cement or gravel, no-till area between the fruit tree lines, and other; i.e., garbage, structure.



To compare differences between the three site classifications and with increasing distance from ponds, a repeated measures analysis of variance compared site classifications with a multiple comparison post hoc Dunnett test comparing each classification with the reference sites. A second analysis was a univariate test assessing the quadrat class (e.g., hay field), treating distance as independent, followed by a Tukey post hoc analysis to determine which quadrat classes are contributing to differences seen among substrate types. All statistical analyses were performed using Statistica 6.1, Statsoft, (TIBCO Software Inc., Tulsa, OK, USA) [35].





3. Results


Of the 21 project sites, 13 sites were constructed within the priority 500 m buffer areas of adjacent breeding sites (Figure 2). A variety of ephemeral and permanent ponds were designed (Table 1), with four sites within proximity and constructed or enhanced specifically for Blotched tiger salamanders (Ambystoma mavortium) (Sites # 9, 10, 14, 17). Some sites required additional construction, most notably site #11 that was enhanced in fall 2007; it failed to hold water and required an ethylene propylene monomer (EPDM) liner that was installed in fall 2010. Site #19 was the only site that failed outright—it has not successfully held water since construction. Three enhancement sites that filled with water initially are becoming seasonally dry sooner and more frequently (Sites # 4, 5, 15; Table 1).



3.1. Species Monitoring


No trend was observed with the colonization or production of metamorphs among constructed versus enhanced ponds or between permanent versus ephemeral ponds (S1). While 8 of 21 ponds where not within the 500 m buffer, five of those sites were colonized (Site # 1, 6, 11, 15, 16). During sampling, only two of six native amphibian species used the ponds in great numbers (Table 2). The Great Basin spadefoot was the most frequent species to colonize (18 of 21 ponds) and successfully produce metamorphic individuals (13 of 21 ponds) (S2, S3). The Pacific treefrog (Pseudacris regilla) colonized a similar number of ponds (15 of 21 ponds) but was less successful at producing metamorphic individuals (7 of 21 ponds). A third amphibian, the Columbia spotted frog (Rana luteiventris) was only observed as producing metamorphic individuals twice at one site (Site # 1).



A maximum of 10 sites (2008) produced Great Basin spadefoot metemorphs in any given year; two sites produced metamophs annually (Site # 12, 13). The presence of both Great Basin spadefoot and Pacific treefrogs metamorphosing in the same year occurred at five sites (Site # 2, 3, 13, 14, 16), whereas two sites had both species present but only one successfully metamorphosed in any single year (Site # 1, 8). Six sites failed to produce metamorphs in any year, but calling adults, eggs, or tadpoles were detected (Site # 4, 5, 7, 11, 18, 20).



While successful removal of American bullfrogs occurred at two sites (Site # 20, 21) both sites retain non-native invasive fish (bass, Micropterus sp.) and only one site (Site # 20) had a single adult Pacific treefrog observation. Successful removal of non-native invasive goldfish (Carassius auratus) at Site 14 resulted in rapid colonization of both frog species and successful metamorphosis in most years.



Two small shallow built ephemeral pond sites failed to hold water in any given year (Site # 11, 15), and one larger one (Site # 19) failed in all years.




3.2. Substrate Characteristics


Substrate compaction at the subsample of regional reference sites was similar to substrate compaction at our constructed ponds; whereas, substrate at conventional orchard sites (Dunnett: mean squared error (MSE)= 2.85, degrees freedom (df) = 35, statistical significance p-value (p) = 0.018) was significantly more compact (Tukey: F(2, 35) = 7.12, p = 0.003). Further, substrate compaction increased significantly with distance (Tukey: F(6, 105) = 2.24, p = 0.05) from agricultural ponds (Figure 3). Due to the low frequency of some class observations, eight of eleven quadrate classes were used for analysis (reed canary grass, hay field, new vineyard or recently tilled vineyard, native vegetation, native desert grasses, couch grass, cement or gravel, no-till area between the fruit tree lines) (S4). Among quadrat classes, couch grass (MSE 1.83) and cement/gravel (MSE 4.76) substrates were significantly more impenetrable (Tukey: F(7, 257) = 136.19, p < 0.000), compared to all other quadrat classes which were similar to each other (Dunnett: MSE 0.27 to 0.66).





4. Discussion


Our ‘small pond’ project supports our hypothesis that strategically constructed and enhanced ponds can provide breeding habitat aiding in the species at risk recovery of Great Basin spadefoot in the lower south Okanagan River Valley. While the action of constructing ponds to support the Blotched tiger salamanders (Ambystoma mavortium) remain elusive. We conducted pond monitoring ranging between two to eight years’ post construction and enhancement activities. We highlight this because too many restoration projects have too few years post-construction monitoring or neglect to report challenges. Monitoring, evaluation, and adaptive enhancement efforts are recognized where project outcomes change over time. Nonetheless, we contend that our results now support a scaled-up implementation of restoration management that can be applied throughout the Okanagan River Valley and a broader recommendation that pond construction and enhancement can mitigate anthropogenic stressors in degraded landscapes for pond species. In a landscape where ponds are sparse, the anecdotal observation by landowners, local naturalists, and the authors, of a plethora of native species utilizing project ponds fuels support for continued restoration.



Our constructed and enhanced ponds ultimately doubled the availability of fishless ponds in the lower valley [8]. Just over half the enhanced and constructed ponds (12 of 21 ponds) are located on conservation lands protecting the ponds in perpetuity. However, ponds on private lands are where the greatest need exist to connect wetland mosaics. Overall, 70% of ponds were within dispersal abilities, several exceeding 500 m, and resulted in colonization within the first two years of construction and produced metamorphic success 38% of the time. Our project increased the number of regionally known lowland Great Basin spadefoot breeding ponds from eleven to twenty-nine increasing the potential for species recovery. We have evidence of amphibian colonization at 90% of our ponds (19 of 21 ponds), with confirmed metamorphosis at 62% of ponds (13 of 21 ponds). Where eggs and/or tadpoles were detected, but not metamorphs, it was presumed that predation was a likely contributor. Predatory bird and snake’s species were often observed depredating eggs and tadpoles at ponds. We suspect as ponds naturalize the rates of predation will decrease as refugia develop. Species response to habitat features over time has reported increased metamorphic success with vegetation cover [36]. Permanent ponds resulted in about twice the likelihood of metamorphic success compared to the ephemeral ponds. Ephemeral ponds with metamorphic success was likely a result of supplemental irrigation water (see below). Many variables may contribute to site occupancy or population trends; however, no clear pattern was observed between or any of the location variables. Distance to a known breeding pond was not a predictable variable, as five sites were colonized that exceeded our 500 m buffer. Further, the use of constructed ponds (where no previous pond existed) was just as variable as the use of enhanced ponds where wetland sites were historically present. We suspect that the lack of overall habitat availability and the narrow geographic scale contributed to the use of our project ponds. Our next steps are an analysis to examine overall regional patterns of breeding pond use and the influence of micro-habitat characteristics and landscape variables.



While the detection of adult herpetofauna indicated successful dispersal to many ponds and the presence of early life stages suggested successful mating, our measure of pond success was the production of metamorphs as an indicator of habitat quality that can support sustaining populations. Survival was not measured, but one study estimated survival from egg to metamorph in anurans to be 0.7% to 1.3% (Sahara frog species, [37]). Studies examining metamorphs at constructed ponds compared to references sites have shown variable outcomes beyond simple presence, including altered community structure, and variability in metamorphic body size depending on species [5,38]. Similarly, some authors contribute differences in metamorphic development to be due to hydrologic regimes, pond size, substrate, vegetation, and surrounding terrestrial habitats and the limited availability of species to colonize [5,14]. While not measured here, variation in similar habitat characteristics have been anecdotally observed and the limited availability of individuals to colonize is hypothesized for the Blotched tiger salamander [31].



The aim of our restoration and enhancement criteria was to increase the likelihood of colonization and connectivity between ponds. Topics of dispersal, home range, and corridor-use are only recently being explored in the northern part of Great Basin spadefoot range, where mean migratory movements are significantly longer than previously thought (range 75 to 2350 m; [39]). If Great Basin spadefoot movement ranges are similar for our study area, then all ponds within the lower south Okanagan River Valley are bisected by highways and fragmented by multiple land uses. The number of Blotched tiger salamander breeding ponds in the lower valley are few and clustered within restrictive areas [9,40]. We were particularly selective in the locations of ponds that targeted restoring salamander habitat, such as direct adjacency to a known breeding site and without road barriers. It may be possible to increase the availability of suitable Blotched tiger salamander habitat within a cluster since resident salamanders have been found to stay within 150 m of their breeding ponds within the valley [41]. But since all lowland ponds are within 1 km of wetlands where a negative association has been found between the presence of tiger salamanders (Ambystoma. t. tigrinum) and lineal distance of paved roads [42] it is unlikely that salamander populations may be restored at a landscape level. While limited in overall regional scale, highway mitigation efforts (i.e., fencing, ecopassages) have shown success at reducing amphibian mortality within a 3.2 km stretch that bisects upland terrestrial from a Blotched tiger salamander breeding pond cluster and an important ephemeral wetland area [28].



A high priority when building ponds is the ability to hold water and achieving the length of pool duration required for larval development [38]; this may seem trite but improper design for such basic outcomes can doom projects. We designed some ponds to fulfill the needs of ephemeral pond breeders and some for species requiring multi-year larval development and permanent ponds. Like natural ephemeral wetlands, particularly in an arid environment, it was expected that constructed ephemeral ponds reliant on surface water would likely remain dry in some years. We expected that amphibians breeding in our ephemeral ponds may experience potential risk of larval mortality due to seasonal drought. It is not known if the mortality risk due to seasonal hydrology differs between natural and constructed ephemeral ponds. The population fluctuations of the Great Basin spadefoot rely on population growth in some, but not all years. Consequently, the failure of some ponds to become inundated with water or the failure to produce metamorphs in some years might not be critical to overall long term population growth and may more closely represent natural patterns. Not surprisingly, sites relying strictly on surface runoff were frequently observed dry. We hypothesized at two sites (Site # 11, 19), that a perforation in the natural clay liner during construction resulted in the failure to hold water. In the first case, a liner was installed and the pond now holds water and in some years, produces metamorphs. However, in the second case, management to mitigate water loss has yet to be taken (Site # 19). It is possible that these sites were poorly selected or designed and it is important to acknowledge such challenges in restoration activities. Increasing hydroperiod in a natural environment is challenging, particularly constructed ephemeral ponds without supplemental water. On the other hand, dry ponds after metamorphosis have some benefit in the south Okanagan River valley and elsewhere in that it discourages successful colonization by non-native invasive species such as predatory fish or the American bullfrog, who is dependent on permanent aquatic environments. The local prevalence of intentional stocking in small ponds is pervasive and the risk of fish intrusion during flood years poses a risk to some of our permanent ponds. A long-term challenge is the maintenance of permanent ponds as fish free.



The project ponds located within agricultural lands benefited from an increase in surface water from irrigation and the availability of water infrastructure to artificially augment ponds. While augmenting ponds with water may appear to be a straightforward solution and in some cases feasible, it is neither cost effective nor a self-perpetuating system. Further, environmental and landscape ques used by the Great Basin spadefoot for stimulating movement to breeding ponds, calling, and subsequent breeding do not follow a clear pattern. The timing of Great Basin spadefoot breeding choruses and subsequent egg laying in existing agricultural ephemeral ponds have been connected to the timing of irrigation and subsequent wetland inundation, versus rain that has been observed in other regional ponds [40].



Two of our liner ponds located on the upper benches in natural habitat require regular augmentation with water to ensure metamorphic success. However, in these two cases the landowners wait till nearby choruses begin and then augment the ponds and do so until metamorphic development is completed, representing a more natural breeding chronology. While the initial intention was for ephemeral ponds to perform as natural systems, it is realized that the manipulation of water has become a recommended approach to climate change mitigation [43]. Further, our constructing permanent ponds adjacent to known Blotched tiger salamander (Ambystoma mavortium) sites did not result in any observation of colonization, which might be a lag in dispersement because of high site fidelity to natal ponds (e.g., Eastern tiger salamander, [44]) with an estimate of 20% dispersal to new ponds (e.g., California tiger salamander Ambystoma californiense, [45]).



Restoration efforts may be marginalized if only a single habitat is considered, which is a common occurrence when working with rare and specialized species. Great Basin spadefoot ecological research has primarily focused on associations with the aquatic breeding habitat [46,47,48]. Loss and transformation of native soils in the Okanagan River Valley [49] represent a serious issue for the maintenance of ecosystem function [50,51]. The impact of habitat modification and the availability of loose sandy soil, was significantly greater and often impenetrable around existing agricultural pond sites and sites adjacent to road ways or developed areas compared to our reference and project site ponds. The soil compaction around conventional orchard ponds was often greater than 253 kg/m2, which likely impedes fossorial species movement through agricultural and urban developed lands. Intense agricultural practices (high inputs, monocrop culture, soil compaction) and urbanization are the mechanisms driving the loss and transformation of critical native desert habitat [12] at an ongoing rate that has not been quantified. Protecting the unique biodiversity of the south Okanagan River Valley will require wide scale protection of soil habitat element within a landscape management framework that incorporates all systems and spectrums of transformation [52].



The existence or provision of sandy substrates with native vegetation enhancement is an absolute necessity when restoring spadefoot habitats and corridors [33]. Our substrate results support that, at least a subsample of our constructed ponds was in habitats similar to reference sites. Our intention was to select the best possible habitat for project sites, however only 12 of 21 project sites had habitat with native vegetation and loose sandy soil. The remaining sites were within agricultural lands where farming practices likely contribute to a variety of stressors. Long term monitoring of regional wetlands has found agricultural ponds to be key breeding sites [9], however agricultural sites may serve as ecological traps [53] where individuals select sites with a myriad of stressors (i.e., chronic and acute contaminant exposure, rapid hydrological changes). The purpose of our soil penetrability analysis was to examine if our project site selection could provide adequate terrestrial refugia microhabitat. The soil penetrability among many of our project sites was similar to regional reference sites with known breeding populations. Due to the limitations of our sampling design, we cannot assess if there is a relationship between sites with loose sandy soil and habitat use among land-use types. A landscape analysis examining such a relationship would provide greater understanding to the degree of importance or extent which substrate restoration is needed. It can be presumed that as the sandy soil landscape is altered and compacted via urban and agricultural use, there are fewer and more sparsely distributed pockets of suitable burrowing microhabitats. In urban environments, well-drained sandy soils are being replaced with solid asphalt, grass sod, and other materials unable to provide suitable refugia for burrowing species [48]. Laboratory and field trials have established that adults cannot successfully burrow into sod, and less so in gravel [54]. Additionally, energy costs and predation exposure with increased or failed burrowing increase significantly under unsuitable substrate conditions compared with loose soils. Newly metamorphosed spadefoots (Scaphiopus h. holbrookii) were more sensitive to substrate modifications: In addition to sod and gravel, metamorphosed spadefoots could not burrow into water-saturated soils [54]. Similar experiments looking at juvenile substrate preferences found a higher degree of specificity in substrate selection required for successful burrowing [48] compared to adult spadefoots (S. h. holbrookii). As substrates in urbanized and agricultural areas of the Okanagan become increasingly impervious, the likelihood of spadefoots being excluded from these areas increases.



Amphibian restoration typically focuses on breeding habitats, however accessibility to refugia in the terrestrial zone during non-breeding periods may be critical for fossorial species. A strategy to support land conservation and management that retain and enhance native vegetation and soil systems will likely have the greatest overall benefit to an arid ecosystem. However, restoration may be augmented if spadefoots are similar to other highly terrestrial amphibian species: they may make use of constructed burrows by other species. The use of mammal burrows for refugia and tree crevasse for overwintering have been observed during telemetry studies in Great Basin Spadefoots [55] and other desert burrowing amphibian species (Scaphiopus couchii [56]). Existing burrows may allow for movement across a greater range of substrates. As such, conservation of burrowing species and burrow structures could be explored as a supporting feature for restoration sites, particularly with modified substrates




5. Conclusions


The availability of suitable terrestrial, aquatic, and connecting habitat corridors is fundamental to amphibian reproductive success and long-term population persistence [24,57]. Fossorial amphibians are encountering landscapes with increasingly modified habitats on all fronts: including the lack of breeding ponds and increasing threat of impervious soils. Restoration efforts require an approach that addresses the unique aspects of species ecology. But, there is a need to go beyond a single species strategy with a narrow focus to address the needs of wetland mosaics and complex ecosystems [58]. Ongoing local support and recognition for small wetland conservation needs to continue, but requires protection of identified natural aquatic and terrestrial habitat elements under policy. The economic value of natural and constructed wetlands increase in areas under anthropogenic pressure, yet biodiversity is a highly-valued service (see meta-analysis: [59]). A recent evaluation of the Okanagan River Valley wetland ecosystem provides an estimated $314 million/year in regional natural capital and ecosystem services [60], which should place the value of restoration and conservation high. Both the social and ecological benefits of restoration can be significantly enhanced when spatial analysis of stressors and ecosystem services are combined [61].
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Figure 1. Biological criteria used for informing wetland enhancement and restoration activities within the south River Okanagan Valley, British Columbia study area [9]. Breeding success of known Great Basin spadefoot (pink triangle) and Blotched tiger salamander (red circle) was presumed by the presence of early life stages (e.g., eggs, tadpole/larvae, metamorph). To increase the likelihood of constructed and enhanced wetland colonization, a 500 m buffer around the known Great Basin spadefoot (pink perimeter) and Blotched tiger salamander (red perimeter) breeding sites was used to help prioritize wetland habitat activities. Amphibian (A) species codes: A-AMMV Blotched tiger salamander, A-SPIN Great Basin spadefoot. Biogeoclamatic zones include Bunchgrass, Ponderosa Pine (Pinus ponderosa), and Douglas-fir (Pseudotsuga menziesii). 
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Figure 2. Location of pond habitat activities (construction N = 10, squares, enhancement N = 8, circles, non-native species removal N = 3, stars) in proximity to priority known Basin spadefoot and Blotched tiger salamander breeding sites south Okanagan River Valley, British Columbia study area. Amphibian (A) species codes: A-AMMV Blotched tiger salamander, A-SPIN Great Basin spadefoot. 
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Figure 3. Soil compaction varied significantly with distance among a subsample of constructed, conventional orchards, and reference ponds with substrate compaction increasing with distance among conventional orchard and remained consistent among reference sites (Tukey: F(6, 105) = 2.24, p = 0.05). Bars denote 95% confidence interval. 
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Table 1. Summary of pond enhancement and construction site activities, general pond parameters, and site selection criterion, south Okanagan River Valley British Columbia, 2006–2012. Codes: NGO Non-governmental organization, GO Governmental organization.
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Land Tenure

	
Site #

	
Year *

	
Activity Type

	
Pond Dimensions (m)

	
Pond Shape

	
Pond Water Sub-Class

	
Type of Closest Water Body

	
Distance to Nearest Water Bodies (m)

	
Distance to Closest Known Breeding Pond ^ (m)

	
Distance to Highway (m)






	
Private

	
1

	
2006

	
Enhancement

	
22 × 28

	
Half moon

	
Permanent

	
Creek

	
118

	
668

	
243




	
NGO

	
2

	
2006 +

	
Enhancement

	
20 × 30

	
Oval

	
Permanent

	
Isolated oxbow

	
35

	
498

	
973




	
NGO

	
3

	
2006 +

	
Constructed

	
27 × 32

	
Oval

	
Permanent

	
Isolated oxbow

	
110

	
287

	
828




	
NGO

	
4

	
2006

	
Constructed

	
6 × 11

	
Oval

	
Ephemeral

	
Isolated oxbow

	
332

	
277

	
185




	
NGO

	
5

	
2006 +

	
Constructed

	
7 × 14

	
Oval

	
Ephemeral

	
Isolated oxbow

	
365

	
116

	
118




	
Private

	
6

	
2006

	
Enhancement

	
14 × 37

	
Half moon

	
Ephemeral

	
Permanent pond

	
128

	
629

	
344




	
Private

	
7

	
2007

	
Constructed

	
6 × 8

	
Oval

	
Ephemeral

	
Oxbow

	
15

	
385

	
310




	
NGO

	
8

	
2007

	
Constructed

	
8 × 9

	
Oval

	
Permanent

	
Oxbow

	
35

	
210

	
905




	
NGO

	
9

	
2007 +

	
Enhancement

	
17 × 31

	
Oval

	
Permanent

	
Permanent pond

	
100

	
55

	
110




	
NGO

	
10

	
2007 +

	
Enhancement

	
25 × 32

	
Oval

	
Permanent

	
Permanent pond

	
155

	
75

	
110




	
Private

	
11

	
2007

	
Enhancement; 2010 liner

	
7 × 55; liner 7 × 21

	
Teardrop

	
Ephemeral

	
Lake

	
110

	
1300

	
125




	
NGO

	
12

	
2007 +

	
Constructed-liner

	
30 × 50

	
Square

	
Ephemeral

	
Ornamental pond

	
65

	
65

	
185




	
NGO

	
13

	
2007 +

	
Constructed-liner

	
4 × 8

	
Oval

	
Ephemeral

	
Ornamental pond

	
405

	
405

	
676




	
Private

	
14

	
2008 *

	
Non-native Fish species

	
40 × 100

	
Oval

	
Permanent

	
Permanent pond

	
210

	
377

	
60




	
2009 *




	
Private

	
15

	
2009 *

	
Enhancement

	
17 × 19

	
Oval

	
Ephemeral

	
Ephemeral pond

	
297

	
1000

	
335




	
Private

	
16

	
2009 *

	
Enhancement

	
50 × 70

	
Horseshoe

	
Permanent

	
Lake

	
239

	
664

	
260




	
GO

	
17

	
2010

	
Constructed

	
17 × 42

	
Teardrop

	
Permanent

	
Permanent pond

	
79

	
140

	
82




	
GO

	
18

	
2011

	
Constructed

	
40 × 40

	
Oval

	
Permanent

	
Ephemeral pond

	
240

	
240

	
71




	
GO

	
19

	
2010

	
Constructed

	
32 × 51

	
Oval

	
Ephemeral

	
Permanent pond

	
75

	
840

	
25




	
Private

	
20

	
2004

	
Non-native species

	
62 × 84

	
Oval

	
Permanent

	
Permanent pond

	
317

	
360

	
170




	
2011 *




	
Private

	
21

	
2004

	
Non-native species

	
76 × 130

	
Oval

	
Permanent

	
Permanent pond

	
317

	
560

	
402




	
2011 *








* Spring habitat enhancement activities, all remaining activities were conducted in the fall. + Sites assessed for terrestrial soil suitability. ^ Distance to the closest known location of an existing Great Basin spadefoot or Blotched tiger salamander breeding site.
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Table 2. Annual search effort, colonization (presence of any life stage), and metamorphic emergence of amphibian species utilizing constructed and enhanced pond sites (2007 to 2014). Excludes two records of metamorphic Columbia spotted frogs (site # 1) presumed to have immigrated from known nearby breeding ponds.
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Year

	
2007

	
2008

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014






	
Number constructed or enhanced ponds

	
6

	
14

	
16

	
21

	
21

	
21

	
21

	
21




	
Auditory search effort (h)

	
2.25

	
4.18

	
4.35

	
5.13

	
7.43

	
5.05

	
6.11

	
7.32




	
Active search effort (h)

	
4.53

	
12.33

	
10.51

	
10.13

	
9.24

	
9.58

	
8.59

	
13.44




	
Great Basin spadefoot

	
colonized

	
2

	
10

	
12

	
15

	
10

	
13

	
15

	
13




	
metamorph

	
1

	
10

	
8

	
5

	
3

	
5

	
5

	
7




	
Pacific treefrog

	
colonized

	

	
7

	
8

	
9

	
9

	
4

	
6

	
8




	
metamorph

	
1

	
0

	
4

	
3

	
2

	
2

	
2

	
3




	
Number sites colonized

	
3

	
11

	
14

	
16

	
12

	
14

	
16

	
14




	
Number sites with metamorphic success

	
1

	
10

	
11

	
7

	
4

	
7

	
6

	
8
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