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There is increasing awareness that the long-term success of ecological restoration efforts can be compromised if projected climate change is not effectively incorporated in restoration planning. We propose an approach that aims to support the decision-making process for seed provenance selection in ecological restoration when clear genetic-based guidelines for seed transfer are not available. The approach takes advantage of the increasing availability and refinement of user-friendly web-based GIS interfaces that allow non-experts to directly access biodiversity and environmental data, and build species distribution models. It offers an easily accessible desktop method that land managers and practitioners can use to gain insight: (1) on the overall spatial implications of projected climate change to their restoration project; (2) whether assisted gene flow through climate-adjusted provenance may be appropriate for a given species at a given restoration site; and (3) how far away and in which direction from the restoration site seeds should be collected from. This approach should be used in the early stages of the restoration project to help frame the decision-making process in a climate change context, and can also be used as a platform where other lines of evidence are integrated. We advocate that, in the context of rapid climate change, the climate-adjusted provenance is a promising approach to seed sourcing in ecological restoration, and we suggest its refinement in a way that hedges against uncertainty in climatic projections.
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INTRODUCTION

Worldwide, ecological restoration is being used to mitigate environmental degradation, with global annual investment surpassing $US 2 trillion (Aitken and Whitlock, 2013; Williams et al., 2014). Concomitantly, there is increasing awareness of the threat anthropogenic climate change poses to this investment, and the need to explicitly consider and manage the risk through strategies such as the managed translocation of germplasm within (assisted gene flow) or outside (assisted migration) current species ranges (Erwin, 2009; Aitken and Whitlock, 2013; Lunt et al., 2013). This has prompted a discussion about seed provenance strategies that maximize the resilience of restoration plantings to the effects of projected climate change (Broadhurst et al., 2008; Sgrò et al., 2011; Breed et al., 2013; Prober et al., 2015; Hodgins and Moore, 2016).

Until recently, the most common seed-sourcing approach has been local provenance, where seeds are collected locally. This approach is based on evidence that local genotypes are often best adapted to local environmental conditions and outperform non-local genotypes in those conditions (e.g., Keller et al., 2000, although see Leimu and Fischer, 2008). However, strict adherence to local provenancing has been challenged for encouraging the establishment of populations that may not harbor sufficient genetic diversity to cope with rapid environmental change, and for potentially encouraging the selection of inbred or genetically depauperate seed sources in highly transformed and fragmented landscapes (Broadhurst et al., 2008; Sgrò et al., 2011; Breed et al., 2013).

The potential limitations of restricting seed collections to local provenance in an era of rapid environmental change have led to the development of alternative seed sourcing strategies that seek to maximize genetic variation. Composite provenancing attempts to mimic natural gene flow dynamics and uses mixed seed sources collected in a decreasing radius from the restoration site (Broadhurst et al., 2008). Admixture provenancing also uses mixed seed sources but has no spatial bias toward the restoration site (Breed et al., 2013). Predictive provenancing prescribes collecting seeds from areas that currently have climatic conditions matching those projected for the restoration site (Crowe and Parker, 2008; Bellon et al., 2011; Sgrò et al., 2011). This approach has been largely used in forestry and relies on species distribution models (SDMs) to identify seed provenance regions (e.g., Isaac-Renton et al., 2014). Finally, climate-adjusted provenancing advocates collecting seeds from multiple populations in the direction of the projected climate change, including local seeds (Prober et al., 2015). The latter two provenance strategies explicitly consider the directional nature of climate change. Furthermore, they both aim to increase the adaptive capacity of species to projected climate change at a restoration site using seeds from pre-adapted populations elsewhere in the species range.

Ideally, the identification of seed transfer zones for ecological restoration (whether to confirm local provenance or to identify adaptive capacity) is informed by knowledge of the species genetic adaptive capacities, derived from common garden trials, reciprocal transplant experiments (e.g., Mátyás, 1996), and even genomic screening (e.g., De Kort et al., 2014; Steane et al., 2014, 2017a). However, this information has been mostly obtained for commercial or dominant tree species (e.g., Gray et al., 2011; Isaac-Renton et al., 2014; Steane et al., 2017b). Only recently have efforts been made to establish genetic-based seed transfer zones for key species used in restoration, but information is generally limited for most species and regions (Clair et al., 2013; Durka et al., 2017; see also Table 1 in Bower et al., 2014).


Table 1. Examples of web-based GIS interfaces that embed SDM tools.
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A SPATIALLY EXPLICIT APPROACH TO SUPPORT THE DECISION-MAKING PROCESS FOR SEED PROVENANCE SELECTION

We propose a spatially explicit desktop approach to support seed provenance selection in restoration projects when clear guidelines for genetic-based seed transfer zones are not available. Our approach provides a simple and readily accessible method that practitioners can use to gain insight: (1) on the overall spatial implications of projected climate change to their restoration project; (2) whether assisted gene flow through climate adjusted provenancing may be appropriate for a given species at a given restoration site; and (3) how far away and in which direction from the restoration site seeds should be collected.

The proposed approach requires geographic information system (GIS) software for visualization and preparation of spatial layers, and SDM software for estimation of species distributions under historical and projected climates. Examples of freely and openly available GIS software include GRASS GIS (https://grass.osgeo.org) and QGIS (http://www.qgis.org). Maxent (Phillips et al., 2006; Phillips and Dudík, 2008) is the most widely used software for SDM and is also freely and openly available (https://biodiversityinformatics.amnh.org/open_source/maxent/). The SDMtoolbox (Brown, 2014) is a GIS toolkit to be used with the commercial software ArcGIS (version 10.1 or higher; ESRI), and it embeds Maxent as well as several tools that facilitate the data preparation required for model building and post-modeling processing.

Alternatively, practitioners can make use of the increasing availability and ongoing refinement of user-friendly web-based GIS interfaces that allow non-experts to directly access biodiversity and environmental data and build SDMs. These include, for example, the Atlas of Living Australia (http://www.ala.org.au), the Biodiversity and Climate Change Virtual Lab (http://www.bccvl.org.au), and Lifemapper (http://lifemapper.org). These web-based GIS interfaces vary in their geographic coverage, type of environmental data available, modeling techniques and settings (see Table 1). Hence, the decision on whether to use desktop software or a web-based GIS interface, and which interface, depends on the available GIS and modeling skills, software, environmental data and geographic region, among others.

Geographic information systems can provide an effective platform for accessing and visualizing key spatial data relevant for provenance planning, including historical species distributions, historical, and projected climate layers, species habitat suitability (even if coarse) under current and projected climates, and other environmental factors that affect species distributions (e.g., soil, topography, habitat fragmentation). Nevertheless, the availability of embedded SDM tools on web-based GIS interfaces does not replace the direct involvement of professional modelers when fine-tuned results are required. This is because those interfaces can only afford limited ability to explore different data sets and model settings, and because of the inherent knowledge required for good modeling (Guisan et al., 2013).

The proposed approach focuses on a pool of plant species occurring at the restoration site and/or immediate vicinity and that can be used in revegetation, and uses the following three questions to determine which provenance approach is likely appropriate for each species (Figure 1).
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FIGURE 1. A spatially explicit approach to support the decision-making process for seed provenance selection in ecological restoration when clear guidelines for genetic-based seed transfer are not available. The approach relies on the sequential query of spatial data (including species distribution, and historical and projected climatic conditions) to determine which provenance approach is likely most suitable for a given species at a given restoration site. Three main questions used are: (1) Does the species span a relevant climatic gradient? (2) What is the species projected range under future climate conditions? (3) Where is the restoration site located in relation to the species historical and projected range? The proposed approach can also help understanding which species from adjacent warmer and drier/wetter areas can be suitable for the revegetation works. In such cases, non-local species that are predicted to have their range shifted toward the restoration site (marked with an asterisk *) could be potential candidates.



Does the Species Span a Relevant Climatic Gradient?

The size and spread of a species distribution can be assessed through either point data or estimated habitat suitability. If a widespread species spans a relevant climatic gradient (e.g., temperature of the warmest quarter, annual rainfall), then there is scope for assisted gene flow from warmer and drier/wetter environments.

How Is the Species Distribution Projected to Change?

Response patterns to climate change indicated by SDMs include no change, range expansion, range contraction, and complete range shift. When species ranges are predicted to contract or shift, a provenance approach that incorporates existing genetic adaptation from warmer and drier/wetter conditions may be appropriate (Crowe and Parker, 2008; Sgrò et al., 2011; Prober et al., 2015). SDMs can also provide guidance on how far from the restoration site seeds should be collected. The choice of climate change severity scenario and projection year will greatly influence the SDM-suggested distances. Long-term climatic projections have a high degree of uncertainty and represent a greater mismatch with the short-term climatic conditions plants may endure in the early, more vulnerable, stages of their life cycle (i.e., seedling and sapling stages; Gray et al., 2011; Isaac-Renton et al., 2014). For this reason, it is generally recommended that projection timeframes of 10–30 years be used (Gray et al., 2011; Aitken and Bemmels, 2016). It has also been recommended that the choice of climate change severity scenario should be dependent on the projects' approach to risk (Snover et al., 2013), as explained in Section Dealing with Uncertainty. We recommend that the maximum distance for seed collection should not exceed the distance between the restoration site and sites with current climatic conditions similar to those projected for the former (Figure 1).

Where Is the Restoration Site Located in Relation to the Species Historical and Projected Range?

Clear understanding of the location of the restoration site in relation to the historical and projected species range is a simple and yet key element for provenance planning. If the restoration site is located at the center or cooler boundary of the species distribution, then assisted gene flow incorporating genetic adaptation from warmer and drier/wetter areas may facilitate persistence under future climates. In contrast, if the restoration site is located at the species warmer, contracting range boundary and/or outside the projected range, then a local/composite provenance is the only appropriate option. In this situation, there are no pre-adapted populations from which to source seed from, and thus adaptation depends largely on variation within the local population (Davis and Shaw, 2001). In these circumstances, restoration of the historical community assemblage may not be an adequate goal, and consideration should be given to selection of different species from adjacent warmer and drier/wetter areas that occupy similar habitat conditions to that of the restored site (Figure 1). This process of purposefully moving species to facilitate or mimic natural range expansion as a direct management response to climate change is known as assisted migration. In this case, SDMs can be used to understand whether those (non-local) species are likely to have their range shifted toward the restoration site (marked with an * on Figure 1) under future climatic conditions.

INTEGRATING OTHER LINES OF EVIDENCE

Consideration of genetic adaptive variation is most important when a species spans a regional climatic gradient, when its range is predicted to contract or shift, and when restoration sites are within the historical and projected range. When genetic adaptive variation data are not available, nor are the resources, in terms of funding or time, to undertake such investigations, knowledge developed on related species could be used (Byrne et al., 2013; Aitken and Bemmels, 2016). Mbogga et al. (2010) and Isaac-Renton et al. (2014) also suggest that field-collected or remotely sensed-data of climate-driven plant health decline (especially relevant for trees) could be used to advocate for a provenance approach that increases the resilience of restoration plantings through assisted gene flow. In contrast, if the populations of a widespread species are isolated by topographic or environmental features (e.g., mountain ranges, granite outcrops in a matrix of a different geology; Tapper et al., 2014), then a more cautious approach is needed. This might include consideration of the likely role of those features on the partitioning of genetic diversity between populations.

Habitat fragmentation is another important factor to be considered when planning provenance selection. Seed quality and seed quantity may be compromised in small remnant populations because of inbreeding and reduced pollinator activity (Young et al., 1996). For this reason, collection of genetic material should seek, as much as possible, large, healthy populations (Hancock et al., 2016; Harrison et al., 2017).

Key known ecological interactions should also be taken into account when climate-adjusted provenance or assisted migration of species from adjacent warmer areas is being considered (Lunt et al., 2013). The possible role of ecological interactions (e.g., competition, trophic associations, and mutualisms) in limiting the success of assisted migration interventions has been discussed (e.g., McLachlan et al., 2007). For example, species may not establish in areas unless obligatory mutualists, such as pollinators (e.g., Pemberton, 2010) or mycorrhizal fungi important for plant germination and growth (e.g., Schwartz et al., 2006), occur in, or are moved to, that same area. On the other hand, predation or disease at the recipient site may also prevent plant establishment.

DEALING WITH UNCERTAINTY

Decisions on provenance selection in an era of extensive land transformation and rapid climate change are typically challenged by uncertainty. In SDM, uncertainty can originate from several sources, including parameterization of the models, climate projections, and quality and resolution of the species presence and environmental data (Barry and Elith, 2006; Heikkinen et al., 2006). Some sources of SDM uncertainty can be minimized through implementation of good modeling practices. These include data cleaning for elimination of spurious and misidentified records, selection of non-correlated predictors and analysis of their fitted response functions, consideration of the sampling bias, and use of sensitivity analyses to evaluate the impact of model calibration decisions (Elith and Leathwick, 2009). However, other sources of uncertainty, such as the inherent uncertainty of climate change projections, are irreducible, but can be explicitly dealt with using established methods (Littell et al., 2011). For example, Snover et al. (2013) provide a structured approach and general guidelines for selecting climate-change scenarios for ecological impact assessment and conservation decision making, which can be applied to provenance selection. Importantly, these authors recommended that the choice of climate change severity scenario should be dependent on the projects' approach to risk. A risk-adverse approach that seeks to minimize climate risk may use a high severity climate scenario (the largest negative effects are taken into account so to prevent the worst case outcomes); whereas a low or intermediate severity scenario might be more appropriate for a risk-tolerant approach (Snover et al., 2013). Genetic risks also need to be evaluated through a genetic risk framework (Byrne et al., 2011), and taken into account in this decision-making process. Ensemble analysis is another example of an approach to deal with uncertainty in climate projections, and which characterizes and maps the consensus across different global climate models (Littell et al., 2011). Finally, Lee-Yaw et al. (2016) also suggest combining SDMs and reciprocal transplantation experiments to iteratively reduce the uncertainty on both approaches.

We advocate that climate-adjusted provenancing provides an approach to enhancing adaptation of restoration plantings to future climates that maximizes the benefits of mixing seed sources to increase adaptive genetic variation whilst minimizing risk. This approach explicitly considers the directional nature of climate change (in contrast to the composite and admixture provenances). Furthermore, it capitalizes on naturally occurring genetic adaptation to warmer and drier/wetter conditions that may be present in the species local and regional gene pools along the climatic gradient (e.g., McLean et al., 2014; Steane et al., 2014, 2017a; Prober et al., 2015). Moreover, it is less affected by SDM uncertainty than the climate-predictive provenance, being able to hedge against uncertainty in SDMs projections. This is because it can use SDMs to establish the direction and spatial distances from the restoration site seeds should be collected, but does not rely on those models to explicitly identify provenance zones that match future climates. Equally important, the climate-adjusted provenance approach can be implemented in an adaptive management framework (Williams, 2011). This, on the one hand, can weigh the uncertainty present in each case on the spatial distances for seed collection and, on the other hand, empirically test the use of seeds from different non-local populations in experimental plantings along with local sources (Harrison et al., 2017).

A CASE STUDY—ECOLOGICAL RESTORATION OF RIPARIAN HABITAT IN SOUTH-WESTERN AUSTRALIA

The recent decline of the invasive European blackberry (Rubus anglocandicans) in the lower-mid Warren catchment (34°30′29.00″S, 116°05′17.50″E) of south-western Australia due to a newly described root rot pathogen, Phytophthora bilorbang (Aghighi et al., 2014), has left large river sections denuded of riparian understory. This pathogen is not well known and its long-term interactions with European blackberry stands are not yet fully understood. The region has high conservation value, with most native forest maintained within conservation reserves, and thus, an inter-agency restoration effort was undertaken to avoid re-invasion of the riparian habitat (http://www.warrencc.org.au/Projects/warren-donnelly-rivers-restoration-biodiversity-project/).

The exposure to climate change of five key species selected for the restoration plantings (Astartea leptophylla, Banksia seminuda, Callistachys lanceolata, Lepidosperma effusum, and Taxandria linearifolia) were investigated using SDMs. Spatial data were compiled and prepared using the commercial software ArcGIS (ESRI). Species data were compiled from two biodiversity online databases (NatureMap https://naturemap.dpaw.wa.gov.au/ and Atlas of Living Australia http://www.ala.org.au/). We primarily used location records from NatureMap, which gathers data from Western Australian datasets, including the Western Australia Herbarium. We further used Atlas of Living Australia to source location records from non-Western Australian botanical collections. Data were scrutinized to remove misidentified, suspected inaccurate or duplicate records. Environmental predictors included historical (1961–1990) and projected (2050) bioclimatic (Yates et al., 2010), topo-hydrographic (Geoscience Australia, 2009), and remnant vegetation extent (Western Australian Department of Agriculture and Food, 2011) layers. The incorporation of non-collinear, fine-scale topo-hydrographic variables that depict the species requirements for explicit environmental resources can improve predictive ability of models (e.g., McLane and Aitken, 2011). Five bioclimatic variables considered most relevant to plant distributions in southwestern Australia (Yates et al., 2010) were used. These included annual precipitation, precipitation of the driest quarter, mean temperature of the warmest quarter, mean temperature of the wettest quarter, and isothermality. Projected climate data considered three climate change severity scenarios (low-, medium-, and high-severity), which are based on three emission scenarios (B1, A1B, and A1F1) and three climate sensitivities (low, medium, and high), and encompass the range of uncertainties in future climate for southwestern Australia (Yates et al., 2010).

The SDMs were conducted using the freely available software Maxent (Phillips et al., 2006; Phillips and Dudík, 2008). The geographic extent of the models was constrained to the focal and immediately neighboring biogeographic regions occupied by each species, and was the same for the five species. To account for the spatial bias in survey effort, the records density of all plant species belonging to the study species' botanical families (Cyperaceae, Fabaceae, Myrtaceae, and Proteaceae) was used as a sampling effort bias layer (Kramer-Schadt et al., 2013). For selection of the best predictors, variables with a Pearson's pairwise correlation coefficient >|0.80| were not included in the same model and were tested separately. Predictors were selected based on the percentage of variation explained, performance in the Jackknife gain tests, and whether the response curves were ecologically meaningful.

The SDMs showed that the five species: (1) are widespread over a relatively large region and span a regional climatic gradient; (2) their ranges are likely to contract over time in a south and westwards direction, with an average ±SE of range decline of 15 ± 3, 39 ± 2, and 67 ± 6%, for the low, medium, and high severity climate change scenarios; 39 ± 1, 55 ± 1, and 75 ± 6%, when habitat loss was taken into consideration; (3) species range contractions are primarily driven by changes in annual precipitation (which is projected to decline by 4, 15, and 20% by 2050 under the low, medium, and high severity scenarios; Yates et al., 2010); and (4) the restoration sites are within the historical and projected distributions.

These results, together with the significant climatic changes that have already occurred in south-western Australia since the 1970s, with a 15–20% decline in annual rainfall (Bates et al., 2008), indicate that a climate-adjusted provenance could be appropriate. This assumes the species are likely to exhibit genetic adaptive capacity, which is currently being investigated (Hopley and Byrne, unpublished data). Catchments can work as natural geographic barriers to gene flow for riparian species dependent on stream flow for seed dispersal (Nilsson et al., 2010), thus the use of seeds from other catchments is not being considered. Figure 2 presents the study area, the results of the SDMs for the five plant species, and the implications for provenance of one selected species, B. seminuda. The current and projected species range boundaries for this species were drawn based on a visual assessment of the habitat suitability map. Alternatively, suitability thresholds that convert the suitability values (varying between 0 and 1) into presence-absence maps (0/1) could have been used (Liu et al., 2005).
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FIGURE 2. Illustration of the proposed approach using the case study in the Warren catchment of southwestern Australia. (A) Study area in a GIS containing the species distribution and environmental predictor data. (B) SDMs for the five species selected for restoration plantings under historical and 2050 projected climatic conditions (low, medium, and high-severity scenarios); models not taking land transformation into account are shown here for better visualization of the effects of projected climate change on species range; map colors represent habitat suitability, with warmer colors indicating higher habitat suitability and cooler colors indicating lower habitat suitability. (C) Implications for provenance of one of the species, Banksia seminuda, at the restoration site (represented with a black dot); the dashed and solid white lines represent the historical and projected north-east boundary range of B. seminuda, respectively. (D) Historical and 2050 projected annual rainfall (climatic variable explaining most variation on the SDM for B. seminuda) for the Warren catchment (100 mm classes). The annual rainfall at the restoration site is projected to decline from 1,195 mm to 1,147, 1,016, and 956 mm under the low, medium, and high severity climate change scenarios, respectively (see Yates et al., 2010 for descriptions of climate change scenarios). (E) Different approaches for provenancing B. seminuda for the given restoration site, taking into consideration projected rainfall and the projected species range. Circles represent native populations used for seed collection. The size of the circles represent the relative quantities of seeds from each population in the final seed mix.



FINAL REMARKS

Inaction toward incorporating climate change in ecological restoration in the present may come at a high cost in the future, potentially compromising the ability of restored plant communities to cope with climate change. We propose an approach that aims to support the decision-making process for seed provenance selection in ecological restoration when clear genetic-based guidelines for seed transfer are not available. The approach takes advantage of the increasing availability and refinement of user-friendly web-based GIS interfaces that allow non-experts to directly access biodiversity and environmental data, and build SDMs. It offers an easily accessible desktop method that practitioners can use to gain insight: (1) on the overall spatial implications of projected climate change on their restoration project; (2) whether assisted gene flow through climate-adjusted provenancing may be appropriate for a given species at a given restoration site; and (3) how far away and in which direction from the restoration site seeds should be collected from. This approach should be used in the early stages of the restoration project to help frame the decision-making process in a climate change context. It should also be used as a platform where other lines of evidence are integrated. These include information about species genetic adaptive variation, climate-driven health decline, key ecological interactions, topographic or environmental features potentially leading to the partitioning of genetic diversity between populations, and habitat fragmentation. We advocate that, in the context of rapid climate change, climate-adjusted provenancing is a promising approach to seed sourcing in ecological restoration, and we suggest its refinement in a way that hedges against uncertainty in climatic projections.
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