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Topographic Complexity Facilitates Persistence Compared to Signals of Contraction and Expansion in the Adjacent Subdued Landscape
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Topographically heterogeneous areas are likely to act as refugia for species because they facilitate survival during regional climatic stress due to availability of a range of microenvironments. The Stirling Ranges are a topographically complex area in the generally subdued and ancient landscape of south-western Australia. We investigated the influence of these landscape features on the evolutionary history of the rare woody shrub, Banksia brownii through a combined approach using phylogeographic analysis of sequence data from three chloroplast sequences, the trnV–ndhC, trnQ–rps16, and rpl32–ndhF intergenic spacer regions, and species distribution modeling. The Stirling Ranges showed high genetic diversity and differentiation among populations consistent with localized persistence and maintenance of large populations in an area that species distribution modeling identified as providing habitat stability at the Last Glacial Maximum as well as under warmer conditions. In contrast, populations in the adjacent subdued lowlands showed signals of low diversity, suggesting contraction, and subsequent expansion from localized refugia in the west. Cool summers are an important climatic variable for the species and species distribution modeling showed suitable habitat identified at the LGM suggesting expansion at this time following likely contraction during earlier warmer climatic oscillations. The isolated, coastal population at Vancouver Peninsula showed low diversity but no differentiation and it may have been established in more recent historical times, possibly through Aboriginal movement of seed. Our analysis of B. brownii highlights the complex evolutionary history of the species and the influence of topographic complexity and habitat heterogeneity in this global biodiversity hotspot.
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INTRODUCTION

Refugia are important landscape features for biodiversity conservation because they facilitate the survival of species by providing stable environments throughout regional adverse conditions (Keppel et al., 2012; Rahbek et al., 2019). A range of approaches can be used to identify refugia, including spatial-temporal pattern-based approaches such as palaeobiology, ecology and genetics, and process-based approaches such as evaluation of climatic conditions, resource availability and disturbance (Keppel et al., 2012). Phylogeography, which explores the impact of historical processes on the genetic structure and geographic distribution of modern populations, is commonly used to identify refugia through assessing patterns of contraction, expansion and persistence in species across a variety of landscapes and over historical timescales (Byrne, 2007, 2008; Keppel et al., 2012; Byrne et al., 2017). In addition, species distribution models (SDMs) are a useful approach to validate and/or complement biogeographic inferences derived from molecular markers (Scoble and Lowe, 2010; Svenning et al., 2011; Forester et al., 2013), and have been increasingly used to support evolutionary and phylogeographic studies (e.g., Schorr et al., 2013; Dalmaris et al., 2015).

Topographically heterogeneous areas are likely to act as refugia that facilitate broad scale persistence in species during regional climatic stress due to availability of a range of microenvironments (Byrne, 2008; Byrne et al., 2008, 2011, 2017; Garrick, 2011; Keppel et al., 2012; Trew and Maclean, 2021) and the capacity for decoupling of local and regional climatic conditions (Dobrowski, 2011; Ashcroft et al., 2012). In an analysis of the vulnerability of global biodiversity hotspots to climate change, Trew and Maclean (2021) identified a key role of topographical complexity along with elevation as a driver of diversification, and many of the global biodiversity hotspots occur in mountainous regions. In contrast, subdued landscapes with large flat areas and few major geomorphological features often have a poorer refugial capacity than complex landscapes that may only facilitate persistence in very localized areas, yet they house fewer physical barriers to dispersal, allowing greater potential for spatial expansion of populations from refugia during favorable regional conditions. The biodiversity hotspots in Mediterranean type ecosystems are located on the western coasts of landmasses in generally lowland landscapes where coastal climate buffering and stable landscape provide broad refugia over evolutionary times (Esler et al., 2018), although some areas of topographical heterogeneity in these regions are likely to have acted as localized refugia for some species as they provide spatial-temporal complexity at more localized spatial scales. As well as providing areas of environmental heterogeneity, topography can also alter the diversity and distribution of species by shaping the level of connectivity between populations. For example, heterogeneous areas typically contain more barriers to gene flow than subdued areas, driving genetic divergence of populations (Spear et al., 2005; Vignieri, 2005; Giordano et al., 2007; Rhodes et al., 2014; Byrne et al., 2017; Trew and Maclean, 2021). As a result, topographically complex landscapes often harbor higher levels of genetic diversity, and in certain cases topographically complex landscapes may be useful a priori as management units for biodiversity conservation in the absence of specific empirical data (Garrick, 2011; Byrne et al., 2017).

The Mediterranean type ecosystem global biodiversity hotspot in south-western Australia provides an excellent opportunity to investigate the effects of topography on species responses to historical climatic fluctuations since it has some areas of topographic complexity embedded in a largely subdued and ancient landscape that has remained unglaciated throughout the Pleistocene (Hopper and Gioia, 2004). The biota of the South-West Australian Floristic Region (SWAFR; Hopper and Gioia, 2004) has generally shown signals of persistence throughout Pleistocene climatic cycles with little evidence for major contraction and expansion (Byrne, 2008), although see Nistelberger et al. (2014) where signals of expansion from coastal refugia were noted in the widespread Calothamnus quadrifidus complex. In subdued landscapes it is generally difficult to identify specific factors associated with refugia, although more topographically complex areas, such as granite outcrops and other geomorphological formations, and coastal areas where climate is moderated, have been hypothesized as refugia (Byrne, 2008; Byrne et al., 2008). The influence of microclimatic conditions has been recognized and evaluation of microclimatic factors has shown that localized climatic conditions can be quite different from regional climates, with interactions between elevation exposure, moisture and temperature range creating climate buffering (Ashcroft et al., 2012; Ashcroft and Gollan, 2013). These more subtle influences on climate, particularly in association with topographic complexity, may be particularly important in identifying refugial areas that facilitate broad scale persistence, and understanding species responses to climatic change in south-western Australia where large scale geographical features are not prominent in the landscape.

The critically endangered SWAFR endemic plant, Banksia brownii R.Br., occurs across a small geographic range that encompasses areas of both complex and subdued topography. It is distributed across three geographically disjunct regions, the mountainous Stirling Ranges that encompass a range of habitats and are characterized by high species richness and endemism (Hopper and Gioia, 2004), the topographically subdued Millbrook-Waychinicup region further to the south, and a single population on the coastal Vancouver Peninsula. The small geographic range of B. brownii makes it an ideal species in which to explore the refugial role of mountainous topographic features and localized climatic conditions on species evolutionary history. Furthermore, insight into the phylogeographic distribution of genetic diversity in B. brownii will inform conservation actions for this critically endangered species. A study of nuclear diversity has identified substantial genetic differentiation between the three regions with significantly higher genetic diversity maintained in the Stirling Ranges (Coates et al., 2015). The high level of differentiation suggests the populations in the three regions may have been subject to historical isolation, and higher diversity in the Stirling Ranges suggests the region may have provided greater opportunities for persistence with larger and more stable population sizes.

Here, we adopted a combined approach using phylogeography and species distribution modeling to investigate the impact of topographic complexity on the evolutionary history of B. brownii during Pleistocene climatic oscillations. We utilized cpDNA sequence data analysis to provide insight into historical phylogeographical processes as it evolves slowly and tracks evolutionary lineages, and spatial distribution modeling to assess the influence of bioclimatic variables on distribution to evaluate three predictions of the influence of topographic complexity and disjunct distribution on evolutionary history of the species. Since more heterogeneous landscapes are considered to facilitate the persistence of larger populations, we predicted that the topographically complex Stirling Ranges would act as a refugium with populations having a higher level of haplotype diversity than those in the more subdued coastal landscapes of Millbrook-Waychinicup and Vancouver Peninsula that may have been subject to contraction/expansion events. Increased altitudinal relief, with populations restricted to high elevations, is expected to act as a barrier to seed dispersal and thus we predict higher population differentiation in the Stirling Ranges compared to the Millbrook-Waychinicup and Vancouver Peninsula areas. Finally, we expected to corroborate previous proposals that three geographic regions represent three distinct evolutionary lineages with little evidence for dispersal between these regions.



METHODS


Study Species

Banksia brownii is a long-lived woody shrub with 2–3 m in height that produces large, conspicuous inflorescences that are pollinated by a range of nectar feeding birds and small mammals (Day et al., 1997). The species is self-compatible with a mixed mating system and significant levels of selfing (Sampson et al., 1994). While occurring in heathland and shrubland-dominated landscapes, the species occupies different habitats, associated with different substrates, across the three regions. In the Stirling Ranges, the populations occur on slopes of rocky quartzite and shale soils (Semeniuk, 1993), in the Millbrook-Waychinicup region they occur on low elevation slopes and gullies associated with lateritic uplands and granite, and in the Vancouver Peninsula on sandy, shallow soils associated with granite adjacent to the Southern Ocean. In the Stirling Ranges, rainfall averages vary considerably with elevation (Courtney, 1993), with the highest rainfall (700–1,000 mm) centered on the main peaks (highest peak at 1,099 m in Bluff Knoll). The populations of the Millbrook-Waychinicup region receive an annual rainfall of 700 mm, whereas Vancouver Peninsula, in the southern-most region, receives an average rainfall similar to the Bluff Knoll area (1,000 mm). The species is highly susceptible to the introduced soil-borne pathogen Phytophthora cinnamomi that causes death and population extirpation (Barrett and Yates, 2014). Much of the Stirling Ranges have become infected with Phytophthora cinnamomi, which has caused decline of the montane heath, as well as decline and extirpation of several B. brownii populations since the 1980's (Barrett and Yates, 2014). Phytophthora cinnamomi is also present in the Millbrook-Waychinicup and Vancouver Peninsular areas. Due to the extirpation of 10 populations and the ongoing decline of all other extant populations, B. brownii is ranked as Critically Endangered under the Red List criteria of the International Union for the Conservation of Nature (IUCN, 2001).



Amplification and Sequencing of Chloroplast DNA

We used genomic DNA extracted from individuals of 17 B. brownii populations by Coates et al. (2015). Of those populations, 12 were extant (with DNA extracted from leaves of adult plants) and five were extinct (with DNA extracted from seedlings grown from stored seed collections) (Table 1). Samples from the extinct populations were taken from separate seed lots so as not to sample the same maternal chloroplast genome. A total of 94 individuals were selected for cpDNA analysis, with up to 3–8 samples per population (Table 1). Amplification and sequencing trials were completed on a small number of samples for six non-coding cpDNA loci found to be useful for phylogenetic analysis of Australian native plants (Byrne and Hankinson, 2012). Of the six loci trialed, the trnV–ndhC, trnQ–rps16, and rpl32–ndhF intergenic spacer regions were selected for analysis based on their sequence quality and nucleotide diversity. Polymerase Chain Reactions were completed in 50 μl volumes using the primers and protocols described by Shaw et al. (2007).


Table 1. Details of sampled populations of Banksia brownii and haplotypes detected in each population.
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Chloroplast Sequence Analysis

Sequencher v 5.0 (Genecodes Corp., MI, USA) was used to check sequence quality, trim sequences, edit miscalls and assemble forward and reverse sequences. Edited sequences were aligned using Clustal-W in Mesquite (Maddison and Maddison, 2007) with manual adjustments made where necessary, and the three cpDNA regions were then combined to form one continuous matrix. Indels were manually coded as binary characters to avoid overestimation of nucleotide diversity. Haplotypes were identified in DNAsp (Librado and Rozas, 2009) and both haplotype diversity (h) and nucleotide diversity (π) were calculated in Arlequin. Population size changes and neutrality were assessed by calculating Tajima's D (Tajima, 1989) and Fu's Fs (Fu, 1997) in Arlequin (Excoffier and Lischer, 2010) as well as Ramos-Onsins and Roza's R2 (Ramos-Onsins and Rozas, 2002) in DNAsp. Mismatch analyses examine a distribution of the number of nucleotide differences between sequences in a population, which is expected to be unimodal following demographic expansion due to many alleles with a shared coalescence time, but multimodal during demographic stasis. Mismatch analyses were completed in Arlequin and test for departures from spatial and demographic expansion models, therefore when P < 0.05 there is no support for expansion. Goodness-of-fit models of spatial or demographic expansion were tested with Harpending's raggedness index (HRag) and the sum of squared differences (SSD). To examine phylogenetic relationships, a median-joining maximum parsimony network of the 10 haplotypes was constructed in Network v 4.6.1.1 (Bandelt et al., 1999) with indels treated as binary characters and epsilon set to zero.



Species Distribution Modeling

All 46 known extant and extinct populations of B. brownii, recorded at the Western Australian Herbarium, were used in the model, and their geographic coordinates confirmed using GPS.

Modern climatic data (averaging period 1961–1990) at a spatial resolution of 0.0025° (~250 m) were obtained from Yates et al. (2010), who derived 19 bioclimatic variables using minimum monthly temperature, average maximum monthly temperature, average monthly precipitation and average monthly areal potential evapotranspiration data layers provided by the Australian Bureau of Meteorology National Climate Center. A subset of five bioclimatic variables was identified from the broad climatic dataset as these variables have been suggested by Yates et al. (2010) as being most relevant to plant distributions in south-western Australia: precipitation of the driest quarter (bio17), annual precipitation (bio12), mean temperature of the warmest quarter (bio10), mean temperature of the wettest quarter (bio8), and isothermality (bio3). Projections of these bioclimatic variables for 2070 were also obtained from Yates et al. (2010), using a medium severity climate change scenario that includes the moderate-impact model MIROC-M combined with the A1B emission scenario and medium climate sensitivity. Projections of the selected bioclimatic variables for the LGM were obtained from the WorldClim version 1.4 database (Hijmans et al., 2005) for two general circulation models, CCSM4 (Gent et al., 2011) and MIROC-ESM (Watanabe et al., 2011). Both datasets were at a 5 arc-minute spatial resolution and were resampled to a 0.0025° resolution via bilinear interpolation.

The Maximum Entropy method (Maxent) is one of the most widely used and effective for species distribution modeling using presence-only data (Elith et al., 2011). The software MaxEnt v3.3.3k (Phillips et al., 2006; Phillips and Dudík, 2008) was used to model the distribution range of B. brownii under modern climatic conditions. This model was then used to project the species distribution at the LGM and in 2070. The LGM models, CCSM4 and MIROC-ESM, were consistent and similar and thus we averaged both to create one single LGM model. The background environment was constrained to a rectangular area including the focal biogeographic subregions (IBRA v7, http://www.environment.gov.au/land/nrs/science/ibra) occupied by the species, and included 10,000 background or pseudo-absence points.

The default Maxent settings were used, with the exception that model building was restricted to hinge features (Phillips and Dudík, 2008). Species occurrence data often exhibit a spatial bias in survey effort (Schulman et al., 2007) so a sampling effort bias layer (target group method; Phillips et al., 2009) was created using the records density of all plant species belonging to the four main terrestrial botanical families (Myrtaceae, Proteaceae, Fabaceae, and Cyperaceae) in the region. The Pearson pairwise correlation coefficient was calculated between the five bioclimatic variables so that highly colinear variables (r > |0.70|) would not be introduced in the same model. The response curves of the variables, their percentage contribution and individual importance on the Jackknife tests were considered for selection of the best predictors. We determined the overall quality of the model outputs by examining the area under the ROC (receiver operating curve) curve (AUC) scores. The models were initially trained on 75% randomly assigned occurrences, with the remaining 25% used as an evaluation data set. Then, after analyzing the consistency of the results using the training and testing datasets, we trained the models using all occurrences.

In addition to climate suitability, we calculated climate stability, as this has been linked to current patterns of species diversity (Svenning et al., 2011) and location of refugia (Ashcroft, 2010). Niche stability was calculated between the LGM and present (NStabLGM−Present = 1-|NSLGM-NSPresent|) and between present and 2070 (NStabPresent−2070 = 1-|NSPresent-NS2070|), using Maxent's niche suitability (NS) values (Gugger et al., 2013).




RESULTS


Chloroplast Diversity and Neutrality

A total of 1972 base pairs (bp) of non-coding sequence were obtained from the three non-coding cpDNA regions trnV–ndhC (555bp), trnQ–rps16 (677 bp), and rpl32–trnL (740 bp). The trnV–ndhC intergenic spacer was the most variable of the three cpDNA regions, exhibiting three indels and three transitions, followed by rpl32–trnL with two transversions, and trnQ–rps16 exhibited one transversion. Ten unique haplotypes were identified based on these nine mutations (Table 1). Nucleotide and haplotype diversity across all populations were 0.0064 (±0.0032) and 0.784 (±0.026) respectively. No genetic diversity was detected in the Vancouver Peninsula population, so it was omitted from most statistical comparisons between regions. Nucleotide diversity was higher in the Millbrook-Waychinicup region than in the Stirling Ranges due to the indels present in the haplotypes from this region (Table 2). Of the 10 haplotypes identified, six were restricted to the Stirling Ranges. There were five population-specific haplotypes; H02, H05, and H06 from the BK, EK, and EP populations in the eastern Stirling Ranges, and H07 and H08 from the HR population of the Millbrook-Waychinicup region. Two haplotypes were shared across multiple regions; H03 that was found in Millbrook-Waychinicup and the Stirling Ranges and H09 that was present in all three regions (Table 1, Figure 1).


Table 2. Nucleotide and haplotype diversity in populations and regions of Banksia brownii assayed with three chloroplast sequences, the trnV–ndhC, trnQ–rps16 and rpl32–ndhF intergenic spacer regions.
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FIGURE 1. Location of sampled populations of Banksia brownii and distribution of haplotypes within populations (A) and haplotype network (B). Population locations represent extant (squares) and extinct (diamonds) populations and haplotype frequencies are represented by pie charts for each population. Color-coding of haplotypes on the map corresponds to those in the median-joining maximum parsimony haplotype network. Diamonds on the network branches represent mutations between haplotypes and circle sizes are relative to haplotype frequencies with number of individuals with each haplotype given in parentheses below haplotype labels.


The three neutrality tests, Tajima's D, Ramos-Onsins and Rozas R2 and Fu's Fs, were all not significant for the entire dataset and for the individual geographic regions (Table 3). The distribution of haplotype frequencies both within regions and across all populations did not differ from those expected under either a demographic or spatial expansion model (P > 0.05) according to mismatch analysis (Table 3).


Table 3. Results of neutrality tests and mismatch analysis for populations and regions of Banksia brownii assayed with three chloroplast sequences.

[image: Table 3]



Phylogenetic Relationships

A low level of divergence between B. brownii haplotypes resulted in short branch lengths in the MJMP network with nine of the 11 connections representing single mutations. The most common Stirling Ranges haplotype, H01, occupied the most central location in the MJMP network suggesting that this is most likely an ancestral haplotype. Although it was the most common and widespread haplotype, H03 had only two phylogenetic connections in the network, suggesting that its high frequency is a result of a recent expansion. Three Stirling Range haplotypes (H02, H04, and H05) were the most divergent (Figure 1), separated from the remaining haplotypes by at least four mutational steps in the MJMP network. The haplotypes with the largest geographic range (H03 and H09), were most closely related to two haplotypes (H08 and H07) that were only found in one population (HR) in the Millbrook-Waychinicup region.



Species Distribution Modeling

The model explaining the current distribution of B. brownii (Figure 2) had high predictive performance (AUC = 0.983) and included the following variables: mean temperature of the warmest quarter (66.5% variation explained), annual precipitation (28.1%), and precipitation of the driest quarter (5.3%). The response curves of the variables indicated that the probability of species presence was higher than 50% in areas with mean temperature of the warmest quarter lower than 25°C, and annual precipitation between ~625 and 900 mm. The Pearson pairwise correlation coefficient between any of the variables included in the model was r < |0.70|. The realized current distribution of the species was generally well-predicted by the model, with the exception of the population in Vancouver Peninsula, which scored a low probability value.


[image: Figure 2]
FIGURE 2. Distribution models of Banksia brownii for (A) the present, (B) the last glacial maximum (~21,000 years; average LGM model based on CCSM4 and MIROC-ESM) and (C) projected climate at 2070. Warmer colors indicate a higher probability of species presence, whereas colder colors indicate a lower probability of species presence. Records of B. brownii (extant and extinct) used for the modeling are represented in black circles in (A).


The distribution models of B. brownii at the LGM (both CCSM4 and MIROC-ESM models) indicated that the species range is likely to have been wider than the current range (Figure 2). The model shows high habitat suitability across the landscape and in particular, in the lowland areas to the south-southwest of the Stirling Ranges. In contrast, the estimated distribution of B. brownii for 2070 suggests range contraction, with maintenance of areas of high habitat suitability in the peaks of the Stirling Ranges, mainly in the eastern area, but little habitat suitability in the areas of current distribution in the Milbrook-Waychinicup area. Interestingly, the model for 2070 suggests increased habitat suitability in the Vancouver Peninsula. The modeling suggests that while habitat stability was high for all populations between the LGM and the current era, this is likely not to be the case into the future, with the eastern area of the Stirling Ranges showing most habitat stability (Figure 3).


[image: Figure 3]
FIGURE 3. Climatic stability for B. brownii (A) in the past, between the LGM and present, and (B) in the future, between present and projected for 2070.





DISCUSSION

The phylogeographic patterns identified in B. brownii are consistent with the influence of topography in shaping the distribution of genetic diversity in the species. These patterns are also consistent with species distribution modeling of habitat suitability at the Last Glacial Maximum, and also under warmer conditions projected in the future, which is also likely to be representative of maintenance of habitat suitability during warmer cycles during the late Pleistocene. As predicted, the complex topography of the Stirling Ranges appears to have facilitated refugial opportunities for B. brownii throughout Pleistocene climatic oscillations with maintenance of higher haplotype diversity. The much more subdued and lower elevation landscape of the Millbrook-Waychinicup region showed the predicted signal of spatial expansion across a subdued landscape with a common haplotype widespread across most populations, although this expansion appears to have occurred into suitable habitat during cooler times at the LGM. In contrast, the isolated Vancouver Peninsula may represent a more recently established population, most likely sourced from the Millbrook-Waychinicup area, perhaps through transport by Aboriginal people.


Complex Topography and Refugia

Regions of complex topography are predicted to be refugia during times of climatic unsuitability (Byrne et al., 2008; Trew and Maclean, 2021) and the Stirling Ranges, as an area of complex topography in an otherwise subdued landscape, has been hypothesized to be a refugium in south-west Western Australia (Gardner, 1944; Marchant, 1973). The phylogeographic analysis of B. brownii conducted here is consistent with this hypothesis. Species distribution modeling at the LGM also indicates habitat suitability across this region, as well as the lowland southern areas, as cool summers would have provided favorable conditions across a larger landscape. Species distribution modeling also shows maintenance of some habitat suitability across the Ranges under warmer conditions, which would have occurred during Pleistocene climate oscillations, as exemplified by future projected warmer conditions. These analyses provide valuable insight into the history of present-day populations in the Stirling Ranges. The higher level of haplotype diversity identified in the Stirling Ranges, compared to that in populations occurring in the adjacent much more topographically uniform landscape, suggests the region has maintained larger and more connected populations, as reservoirs of genetic diversity. This pattern is congruent with the findings of Coates et al. (2015) based on nuclear microsatellite data, who reported that some 75% of the total genetic diversity in B. brownii is found in populations in the Stirling Ranges populations compared to that in the Millbrook-Waychinicup and Vancouver Peninsula populations. Maintenance of historically larger, more connected populations in the Stirling Ranges implies that the region has acted as a refugium over prolonged periods and through varying climates, with complex topography providing opportunities for persistence over the multiple climatic cycles of the Pleistocene. There has been one other phylogeographic study of a plant species in the Stirling Ranges, Banksia biterax (Bradbury et al., 2019), and this showed a similar pattern of cpDNA and nuclear divergence between the Stirling Range populations and geographically disjunct populations elsewhere, again suggesting long term isolation and persistence. Byrne et al. (2001) also noted the presence of a significantly divergent haplotype in the Ravensthorpe Range population of Acacia verricula, indicating long term persistence of the species in this region of complex topography that is further to the east of the Stirling Ranges. Studies on invertebrates support the view that the Stirling Ranges have acted as a center of genetic diversity for the trapdoor spider (Moggridgea tingle) attributed to a combination of complex topography as well as a history of population subdivisions through Pleistocene climatic oscillations (Cooper et al., 2011), and Rix and Harvey (2012) found populations of assassin spiders in the Stirling Ranges harbored greater genetic diversity and differentiation compared to those elsewhere. The Stirling Ranges are well-known as a center for plant diversity (Hopper and Gioia, 2004), with significant speciation in genera such as Darwinia, Beaufortia, Calothamnus, and Hypocalymma (Keighery and Beard, 1993), and also a center for millipede speciation in the genus Atelomastix (Moir et al., 2009). Our study, and that of Coates et al. (2015), show it is also a center of both historical and contemporary genetic diversity in B. brownii.

Populations of B. brownii in the eastern Stirling Ranges had higher levels of chloroplast diversity, and greater sharing of haplotypes than those in the west, and neutrality tests were consistent with signals of both demographic and spatial expansion. Higher diversity in the western populations was also observed in the nuclear genome (Coates et al., 2015). This pattern suggests that eastern populations had greater connectivity to one another and have maintained larger population sizes. Greater connectivity in the east is consistent with localized topographic features, as the five eastern populations (SU, WH, BK, EK, and EP) are (or were) located at points along a continuous ridge stretching east to west. This ridge dominates the eastern half of the Stirling Ranges and may have acted as a corridor for seed dispersal. Furthermore, the ridge may have facilitated persistence of historically large and semi-continuous populations of B. brownii, that have become fragmented only more recently. Conversely, the three western populations are situated on comparatively solitary peaks separated by significantly deeper valleys. The greater level of altitudinal relief between these peaks may have acted as a physical barrier to gene flow, a trend which has been reported in other species worldwide (Spear et al., 2005; Vignieri, 2005; Giordano et al., 2007; Rhodes et al., 2014).



Simple Topography and Range Expansion

Subdued landscapes with simple topography provide fewer opportunities for refugia than topographically complex areas yet facilitate contraction/expansion dynamics during times of climatic change. The Millbrook-Waychinicup populations showed some diversity and differentiation in the western most populations but widespread distribution of a single haplotype in the rest of the region, and neutrality tests were consistent with both demographic and spatial expansion. Low diversity coupled with low levels of population differentiation is a signal of recent geographic expansion (Hewitt, 2004) and this occurs across most of the Millbrook-Waychinicup region. The higher haplotype diversity and differentiation in the western most populations of the Millbrook-Waychinicup region (HR and ML) suggest the species may have persisted there during the Pleistocene climatic oscillations in a localized refugium. A single shared haplotype across the central and eastern populations of the Millbrook-Waychinicup region is consistent with subsequent expansion of B. brownii in an easterly direction, originating from more diverse and ancient populations in the west. These signals of contraction and expansion are also supported by the species distribution modeling that indicated habitat suitability was maintained during the favorable conditions of the LGM, but there was little habitat suitability in the region under warmer conditions exemplified by future climate projections. This is consistent with range contraction during warmer climatic conditions and expansion during cooler conditions at and since the LGM. Signals of expansion in areas inland from the south coast have also been noted in Calothamnus quadrifidus (Nistelberger et al., 2014), although in this case the expansion was from putative coastal refugia, rather than from the topographically complex Stirling Ranges as the species doesn't occur in that upland environment. The more uniform topography of the Millbrook-Waychinicup region combined with restricted areas of suitable substrate such as lateritic uplands, most likely provided localized refugia for B. brownii populations. Thus, populations that persisted throughout unfavorable conditions in this landscape may have undergone more severe bottlenecks, resulting in lower levels of genetic diversity in comparison to populations in the Stirling Ranges. However, subdued landscapes have the benefit of providing fewer geographical barriers to seed dispersal, and this is likely to have promoted the successful colonization or recolonisation of areas further east once climatic pressures were alleviated.

The HR population in the west was the most divergent population in the Millbrook-Waychinicup region, with two unique haplotypes present. Unfortunately, there were only three individuals of B. brownii remaining in this population when samples were collected, thus inferring the evolutionary history of the population is challenging. The apparent divergence of the HR population could have been a consequence of prolonged genetic isolation; however, this scenario seems unlikely given a lack of any obvious geographical barriers to gene flow. A second and more probable explanation is that the two HR-specific haplotypes were historically more widespread, noting that these haplotypes are derived from the haplotype that is common in the adjacent populations, and severe contraction of this population has caused stochastic and random retention of these haplotypes in this population and extirpation in other populations.

Of the three geographic regions examined here, the Vancouver Peninsula exhibited the lowest level of chloroplast diversity, with only one common haplotype identified in the single population present in this location. This is consistent with the low genetic diversity based on more rapidly evolving nuclear microsatellite data reported in this population (Coates et al., 2015). However, the nuclear analysis revealed a high level of differentiation of the Vancouver Peninsula population from the Millbrook-Waychinicup region and the Stirling Ranges, that was not evident in the chloroplast haplotype analysis undertaken here. The contrasting signals of genetic differentiation between the slower-evolving chloroplast genome and the more rapidly evolving nuclear microsatellites are interesting and provide some indications of the origin of the Vancouver Peninsula population. The isolation of this population from the rest of the species could have resulted from contraction during times of unsuitable climate and lack of later expansion, or could represent a long distance colonization event facilitated by animals or humans. The species distribution modeling showed low habitat suitability for the species in the Vancouver Peninsular under the current climate and at the LGM, providing little support for a hypothesis of long-term isolation. The shared chloroplast haplotype with the closest and western-most population of the Millbrook-Waychinicup region indicates common ancestry with that population and a most likely source of origin, if the population is more recently established. There is a growing body of evidence to support transportation of plants by aboriginal people in Australia (Bell et al., 2014; Rossetto et al., 2017; Silcock, 2018) and more recently in south-western Australia (Lullfitz et al., 2020). Granite outcrops are important landscape features to Aboriginal people in SWAFR both now and in the past, and were places of resource and water availability suitable for ceremonial gatherings (Smith, 2011; Mitchell, 2016). The Vancouver Peninsula population occurs at a granite outcrop that is a known Aboriginal cultural site (Goode et al., 2005), and as banksia cones have been implicated as potential fire sticks and may have been a totem. It is possible that B. brownii may have been transported to the site through seasonal Aboriginal movement some time over the past 50,000 years, and the population has remained genetically isolated since then. While the shared haplotype with the Millbrook-Waychinicup region is consistent with potential recent establishment, it could also arise through a bottleneck effect from small population size. The low diversity in the nuclear genome also supports a hypothesis of small population size and/or recent colonization, while the level of nuclear differentiation suggests longer term isolation but could also arise from a founder effect and small population size.



Conservation Considerations

In long un-glaciated landscapes, such as southwestern Australia, topographic complexities in the landscape, such as ranges or deep valleys, provide historical refugia for species persistence by offering heterogeneous environments and a degree of climatic buffering (Keppel et al., 2012). Upland habitats, such as the Stirling Ranges, have also been acknowledged as areas of potential refuges from contemporary threats such as habitat clearing, which occur at a higher frequency in more accessible low-lying landscapes (Hardy et al., 2010). Identification of historical refugia in unglaciated landscapes can reveal present-day high-quality habitats that may function as potential future refugia for species under currently changing climates (Pearson, 2006; Byrne, 2008; Garrick, 2011; Ashcroft et al., 2012; Trew and Maclean, 2021). In light of anthropogenic climate change projections, and in the wake of broad scale habitat clearing in the SWAFR following European settlement, the recognition of the Stirling Ranges as a reservoir for genetic diversity in B. brownii demonstrates the importance of this landform to the conservation of biodiversity in the SWAFR. The identification of an area of localized refugia in the western part of the current distribution in the lowlands demonstrates that localized environments can facilitate persistence in areas of low topographic complexity in areas where few barriers to dispersal enables widespread expansion and colonization during more favorable conditions. In addition, the habitat stability modeling indicates that while conditions in the past between the LGM and present have provided high habitat stability facilitating species persistence in the Stirling Range and expansion in the lowlands, the moderate level of habitat stability between present and future conditions, which are projected to be warmer and drier, indicates that management actions may be required to facilitate species persistence in the future.

Genetically and geographically differentiated population groups are often considered to represent separate conservation or management units (Palsbøll et al., 2007; Funk et al., 2012; Coates et al., 2018b). Coates et al. (2015) suggested the three regions of B. brownii may represent separate conservation units based on the level of genetic differentiation in the nuclear genome and the ecological and landform differences between the regions. Analysis of diversity in the cp genome presented here does not provide explicit evidence of historical divergence/isolation since most of the haplotypes in the Millbrook-Waychinicup and Vancouver Peninsular regions are also present in the Stirling Ranges populations. However, the patterns of diversity identified here do indicate different evolutionary histories in the regions, suggesting management as separate conservation units is appropriate and providing an additional factor for consideration in identification of these conservation units.

Quantifying genetic diversity at the population level provides a means of estimating how past and future population extinctions impact genetic diversity. In the case of B. brownii, the extinct populations at the eastern end of the Stirling Ranges had the highest levels of cpDNA divergence indicating their importance for the conservation of genetic diversity. The extirpation of these populations has resulted in a 30% reduction in the number of extant B. brownii chloroplast haplotypes maintained in wild populations, and highlights the importance of ex-situ seed collections in maintaining these haplotypes for future establishment in translocated populations. The importance of these populations to the overall diversity of B. brownii was also outlined by Coates et al. (2015) based on nuclear microsatellite data in which one population (BK) had the highest allelic richness, effective number of alleles and number of private alleles of all populations, while the other two (EK and EP) exhibited the highest contributions to the overall species diversity. A translocation has been undertaken using seed collected from the extinct BK, EK, and EP populations with a new population established at a disease-free site, maintaining the genetic variation once present in these populations (Coates et al., 2018a). In contrast, extirpation of two populations from the Millbrook-Waychinicup region (CB and HH) had a lower impact on the maintenance of B. brownii chloroplast diversity as these populations were both monomorphic and contained only the widespread haplotype. The contribution of these populations to genetic diversity in the nuclear genome was also found to be relatively low (Coates et al., 2015), indicating that seed from these populations does not add to the extant genetic diversity of the Millbrook-Waychinicup region.




CONCLUSION

Our phylogeographic study of B. brownii provides a clear example of the influence of topography and habitat heterogeneity on the species' evolutionary history. The contrasting genetic signals uncovered in the Millbrook-Waychinicup region in comparison to the Stirling Ranges are consistent with the influence of topography and habitat heterogeneity in shaping the species' response to climate fluctuations. Despite the relatively small geographical distribution of B. brownii, cpDNA analysis revealed three distinct evolutionary histories across the three population groups. The higher altitude Stirling Ranges are representative of ancient populations that are likely to have persisted in upland refugia through climate oscillations, maintaining large populations with substantial gene flow in times of maximum habitat suitability and persisting as smaller populations in times of warmer conditions where habitat suitability was still maintained. Conversely, the Millbrook-Waychinicup populations that occur in a subdued landscape with simple topography showed evidence of severe population bottlenecks causing a reduction in genetic diversity and signals of contraction most likely as a result of warmer climate fluctuations during earlier climatic cycles of the Pleistocene, with subsequent geographic/spatial expansion under more favorable conditions, including at the LGM as supported by spatial distribution modeling. We note that favorable conditions and expansion at the LGM is different from the usual interpretation of more arid conditions and contraction at the LGM for mesic species. In contrast to the Stirling Ranges and lowland populations, the evolutionary history of the isolated and coastal Vancouver Peninsula population is less clear. It could have persisted as a bottlenecked outlier population following major contraction during arid times; alternatively, it may represent a population established in more recent historical times, with seed dispersal facilitated by historical Aboriginal movement. The different genetic signatures in different regions of the species distribution exemplifies the complex evolutionary history of the biota in the highly diverse SWAFR, a global biodiversity hotspot, and highlights that species with relatively restricted geographic distributions may have complex evolutionary history in regions with variable topographic complexity.
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Geographic region

Stiring Range
Stiring Range

Stiring Range

Stiring Range

Stiring Range

Stiring Range

Stiring Range

Stiring Range
Millorook-Waychinicup
Millbrook-Waychinicup
Millorook-Waychinicup
Millorook-Waychinicup
Millorook-Waychinicup
Millorook-Waychinicup
Millorook-Waychinicup
Millorook-Waychinicup
Vancouver Peninsula

Haplotype (number)

HO1 (2), HO2 (1)
HO3 (1), HO4 (4), HOS (2)
HO1 (2), HOB (3)

Ho1 (7)

HO1 (6), HO4 (1)

H10 (3)

HO1 (5), HO9 (1)

H10 (7)

HO3 (7)

HO3 (8)

HO3 (3)

HO3 (4)

HO7 (1), HO8 (2)

HOS (1), HO (7)

HO3 (4)

HO3 (6)

HO9 (6)
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