Climate and ice in the last glacial maximum explain
patterns of isolation by distance inferred for alpine
grasshoppers
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(Excoffier et al., 2009). Coalescence of mtDNA haplotype diver-
sity within these expanding populations typically indicates
reduced population size during cold cycles, which is widely
interpreted as the result of less habitat being available. However,
some species are likely to have found their preferred habitat was
shrinking during the interglacial rather than glacial phases
(Lister & Stuart, 2008; Dong et al., 2017). Relatively small range
shifts are typically inferred for species that are perceived as
tracking narrow elevational habitat zones on mountains
(e.g. Schmitt, 2007; Gentili ef al., 2015), but it could be the case
that cold-adapted species had larger populations and more con-
tinuous ranges during comparatively lengthy cold periods
(Dergachev, 2015). Alpine specialists tend to be restricted in dis-
tribution to higher latitudes and/or fragmented high elevation
habitats, but they might retain high genetic diversity from larger
populations in the recent glacial past. Signatures of gene flow
may remain from when their populations were not isolated on
mountain peaks.

Our modern anthropogenic perspective is from the situation of
an interglacial climate, but prevailing conditions have existed for
a relatively short time (Dergachev, 2015), whereas colder



the list of 19 climate variables down to seven using the R pack-
age
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subset of these models based on their ROC values (>0.8). Using
the ensemble model, ensemble forecasts were projected for the
LGM. Plots were produced for each time period using the
Ensemble Model mean weights model (EMmw). EMmw
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sequences (Nei, 1987) using R package pegas (Paradis, 2010).
Matrilineal relationships were inferred using median-joining hap-
lotype networks (Bandelt et al., 1999) generated using POpART
(Leigh & Bryant, 2015) and the R package igraph (Csardi &
Nepusz, 2006), to represent the relationships between haplotypes
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analysis of pronotum shape), which is consistent with visible sex-
ual dimorphism including size (Table 2(A)). Difference in prono-
tum shape between males and females decreased when we used a
size-corrected shape analysis (Table 2(B)) revealing an allometric
effect (Gould, 1966; Klingenberg, 2016). A significant effect of
latitude on shape variation was detected with pronota being nar-
rower in northern versus southern individuals. A less pronounced
narrowing of pronota with increasing elevation was also apparent.
Despite the significance of sex, latitude and elevation as explana-
tory variables, most shape variance (92%) was still unexplained
(Table 2(B)).

There were three significant principal components in the pro-
notum shape data explaining 40.4% (PC1), 14.0% (PC2) and
8.3% (PC3) of variation. A Mantel test revealed a significant
positive spatial correlation between pairwise morphological dis-
tance and geographic distance (Females, Z = 0.4515,
P = 0.000999; Males, Z = 0.2308, P = 0.02298; Supporting
Information Fig. S1.5).

Naive clustering (Gaussian mixture modelling) of pronotum
variation using three significant PCA components and size

resolved four clusters of specimens with the best fitting model
(EEEA: ellipsoidal, equal volume, shape and orientation model
with four components). These clusters largely partition the per-
mutations of male, female, northern and southern grasshoppers
(Figure 4). The northern phenotype was common at Mt Olym-
pus, Mt Hutt, Fox Peak, Danseys Pass, Pukaki, Lake Tekapo,
Mt Dobson, Rock & Pillar Range, while the southern phenotype
was common in Cardrona, Remarkables, Lake Dunstan, Snow
Farm, Old Man Range, Lindis Pass, Old Woman Range, Lindis
Valley, Alexandra, James Peak and Mt Pisa (Fig. 4(B)).

Using the four clusters resolved by Gaussian mixture model-
ling, specimens were in general grouped with other specimens
of the same sex and geographic location (north/south), but there
were 81 misassignments out of 490 individuals (adjusted Rand
index = 0.6474, 83.5% correct assignment). Most specimens
were correctly assigned to sex on the basis of pronotum shape
(19 misassignments), but some grasshoppers from northern sites
did not cluster with geographically adjacent individuals. In par-
ticular, we found several misassignments among male grasshop-
pers collected from Mt Olympus and Cardrona (approximately
40% of misassignments). Other geographically misassigned



Information Table S1.4) and low in the smallest samples
(e.g. Lake Dunstan, Lake Tekapo and Remarkables). Nucleotide
site variation differed considerably among population samples,
ranging from 0 to 0.0347.

Few ND2 mitochondrial DNA haplotypes were shared among
population samples, and the overall st was significantly
greae
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not substantially changed, was more than twice the size of our
estimates that also considered the LGM distribution of montane
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