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similar environmental features shaping species and genetic level biodiversity patterns (Teske 

et al., 2011). The region is currently experiencing strong environmental changes, such as an 

increase in mean annual air temperature (Kruger & Shongwe, 2004), and sea surface 

temperatures (Rouault et al., 2010). The combination of unique oceanographic features and 

the marked environmental gradients in this region could easily drive species into vastly 

different physical conditions and substantially alter community compositions. There are 

however, few predictions of future species range shifts within this highly unique and 

threatened marine region (but see Bolton et al., 2012 for an empirical range shift example). 

Moreover, in other regions of the world, studies suggest species-specific responses to future 

change (Bates et al., 2014; Sunday et al., 2015), highlighting the need to identify future 

climatic refuges across multiple species and regions. Thus, this study compares vulnerability 

patterns across three ecologically important southern African marine invertebrates to identify 

areas of multispecies evolutionary potential in a known marine biodiversity hotspot. 

Specifically, this study aims to: 1) characterise spatial genomic composition and 

predict genomic vulnerability based on neutral and outlier loci per species; 2) predict species 

distributional shifts into the future, and the environmental drivers of these range shifts, and 3) 

compare species- and gene-environment relationships and vulnerability footprints between 

species and populations. We anticipate a mismatch between species and genomic 

vulnerability, as this has been previously shown within SDMs run at both the species and 

population level (Jay et al., 2012; Razgour et al., 2019). However, our novel approach 

directly compares species forecasts from SDMs with genomic forecasts from GF models, the 

latter of which are capable of capturing complex gene-environment relationships. Here, we 

expect that areas in which SDMs predict range losses (i.e. high vulnerability) might correlate 

with areas of low genomic vulnerability, as these populations may be pre-adapted to climatic 

changes such as warming. Verifying this hypothesis will increase our understanding of how 

climatic resilience differs between species and populations of co-distributed taxa occurring in 

a climate change hotspot. More broadly, this work is an essential step in predicting the 

trajectories of coastal ecosystems under global change. 

 

Materials and Methods 

Gradient Forest modelling to infer genomic variation-environment relationships 

To infer how climatic variables shape, and will continue to shape, the genomic variation of 

southern African rocky shore species, allele frequency data from genome-wide single A
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which is also pronounced by S. granularis at the 2070/2100 time point (Fig. S9, Appendix 

S2).  

 

Forecasted species distributions and principal environmental features driving them 

All individual model types resulted in relatively high ROC and TSS scores, and thus were 

included in the ensemble models for each species (Table S1, Appendix S1). Similar to the GF 

models, mean SSS was the most important predictor of C. punctatus, and mean SST was the 

most important predictor of S. granularis distributions in the SDMs (Fig. S2, Appendix S1). 

For P. angulosus, minimum air temperature and mean SSS were the important predictor 

variables in the SDMs (Fig. S2, Appendix S1). The species distribution models under RCP 

4.5 showed distinct distributional changes both between species, and within a species across 

time steps (Fig. 6). At the 2050 projection, C. punctatus exhibited an increase in habitat 

suitability along the west coast, P. angulosus showed a decrease in suitability along the east 

and western coasts, and S. granularis showed a slight reduction in suitability along the range 

edges (Fig. 6). These changes were slightly more pronounced in the RCP 4.5 2070/2100 

projections, with most of the southern African coastline projected as habitable for C. 

punctatus, and S. granularis and P. angulosus being restricted to the south and western 

southern African coasts (Fig. 6). Similar distributional patterns were projected under RCP 

8.5, but with habitat suitability being lower overall for all three species, especially for P. 

angulosus and S. granularis at the 2070/2100 time point (Fig. S3, Appendix S1).  

The convex hulls of the environmental space showed that going further into the past 

and/or future lead to greater deviations from the reference environmental space used in the 

SDMs, but did not significantly differ from the present-day space, as all of them contained 

the centroid of the hull (Fig. 7). Therefore, as expected, the models in 2070/2100 are 

potentially less certain than those for 2050. However, overall the model environmental space 

did not substantially change from the current environmental space, validating their use.  

 

Discussion 

This study provides novel insights into assessing the vulnerability of marine species to global 

change, which we found varies both within and between species. Here, SDMs predicted 

species-specific range shifts, yet the modelled predictions did not capture the high genomic 

vulnerability that some populations will likely experience within these species level changes. 

Thus, species level predictions alone may misrepresent the vulnerability of a species to A
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Figure 6 - Habitat suitability (ranging from zero, where species will likely be absent, to 1000, 

where species are most likely to be present) is shown for present day (a, d, g), and in the 

future under the intermediate RCP 4.5 scenario at 2050 (b, e, h), and a combination of 2070 

for the two terrestrial variables and 2100 for the two seascape variables (c, f, i), for C. 

punctatus (a-c), P. angulosus (d-f), and S. granularis (g-i). Darker shaded regions represent 

higher habitat suitability. 

 

Figure 7- Environmental variation within the species distribution models, shown in two-

dimensional space, with the global environmental space across all five time points shown in 

grey, and the environmental space pertaining to each time period overlaid in colour. The 

Present day (c), as well as two past time points: Last Glacial Maximum (a), Mid-Holocene 

(b); and two future time points: 2050 (e), 2070/2100 (f; 2070 for terrestrial layers, and 2100 

for oceanic layers) are shown.  
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