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Abstract
1. Pleistocene sea-level change played a significant role in the evolution and as-
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present-day sea levels, often facilitated historical dispersal and gene flow be-

Handling Editor: Natalie Cooper tween islands that are today geographically disconnected.

2. Despite the importance of Pleistocene sea-level change, few software packages
exist that model the effects of this phenomenon in a standardised and general-
ised manner.

3. Here, we present PleistoDist, an R package that allows users to visualise and
quantify the effects of Pleistocene sea-level change on islands over time, and
test multiple temporally explicit hypotheses of inter-island dispersal and com-
munity assembly.

4. Re-analysing published datasets, we demonstrate how using PleistoDist to ac-
count for historical sea-level change can provide greater explanatory power
when analysing extant island communities, and show how population genetic
simulations can be used to generate spatiotemporally explicit neutral expecta-

tions of population genetic structure across island archipelagos.
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1 | INTRODUCTION

One of the key insights of the theory of island biogeography
(MacArthur & Wilson, 1967) is that the size and orientation of islands
play a significant role in structuring the evolution and assembly of
island communities. Specifically, the theory predicts that proximate
islands experience higher inter-island immigration, and consequently
increased gene flow and community similarity (Kimura & Weiss, 1964;
Simberloff, 1974), and that larger islands tend to have more species

(Gleason, 1922). Yet, empirical species distributions across island

archipelagos highlight numerous exceptions. At macroecological
scales, the distributions of terrestrial megafauna across the Sundaic
and Wallacean regions (Lohman et al., 2011; Wallace, 1869) and the
decoupling of species-area correlations on land-bridge islands in the
Aegean Sea (Hammoud et al., 2021) illustrate how land bridges can
facilitate dispersal, colonisation and biotic homogenisation between
distant islands. Phylogeographic studies have also demonstrated
that the patterns of intraspecific genetic differentiation within is-
land archipelagos are correlated with land-bridge connectivity (Cros
et al., 2020; Leonard et al., 2015).
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Incorporating the historical effects of Pleistocene sea-level
change into models of island biogeography is thus essential to better
understanding the patterns of community assembly and gene flow
observedinisland archipelagos (Lohman et al., 2011). However, while
many studies have qualitatively and quantitatively described the im-
pact of transient land bridges in island systems (Cros et al., 2020;
Reilly et al., 2019), few software packages exist that allow for such
analyses to be performed in a generalised and standardised manner.
To address the need for generalised methods that quantify the ef-
fects of sea-level change on islands, we present PleistoDist (https://
github.com/g33k5p34k/PleistoDistR), an R package that allows
users to visualise sea-level change over time and calculate multiple
metrics of island shape, inter-island distance, net inter-island migra-
tion and inter-island visibility, all normalised over time. This tool gen-
eralises workflows akin to those developed by Norder et al. (2018)
and Rijsdijk et al. (2014) by simplifying the effect of sea-level change
using a eustatic sea-level reconstruction, which assumes that sea-
level change is globally uniform, and applying it to high-resolution
bathymetric datasets to reconstruct the geographical extents of
islands at different time points. This software is designed to be ap-
plicable across a wide range of geographical contexts, and the maps
and island metrics generated by this workflow can be used to gener-
ate null expectations and hypotheses for ecological and evolution-
ary analyses. We demonstrate this with a nonexhaustive series of
worked examples spanning a variety of taxa and localities, showing
how PleistoDist can help address various biogeographic questions

and be used in conjunction with other software packages.

2 | PleistoDist WORKFLOW
2.1 | Inputfiles

PleistoDist requires two main input files: a bathymetry raster to
generate maps of island extents at different historical sea levels and
a shapefile of source points from which to calculate island metrics
and/or pairwise distances. By default, users are advised to use ba-
thymetry data from the General Bathymetric Chart of the Oceans
(GEBCO: https://www.gebco.net), a global database of Earth's ter-
restrial and undersea terrain at 15-arc-second resolution, although
PleistoDist can accept any type of ASClI-formatted bathymetry data
as input. Users must also specify a map projection appropriate to
their area of interest, as well as a time cut-off to set the temporal

scope of the analysis.

2.2 | Generating the interval file

PleistoDist models historical sea-level change by decomposing eu-
static Pleistocene sea levels (by default from Bintanja and van de
Wal (2008)) into a number of discrete intervals for a user-defined
period of time (3000kya by default, depending on the range of the
sea-level reconstruction). These intervals can be calculated in two

different ways: by binning over time with the getintervals_time func-
tion or by binning over sea level with the getintervals_sealvl func-
tion (Figure 1). Binning over time involves dividing the timespan of
interest into several equal time intervals and calculating the mean
sea level for each interval (Figure 1a). In contrast, binning over sea
level involves calculating the total range of sea-level change for the
timespan of interest and dividing this range into several equal bins
(Figure 1b). For the latter method, the mean sea level of each bin
is the average of the minimum and maximum sea level for that bin,
without respect to time. Once calculated, the intervals are written
to an ‘interval file’ (Figure 1) in comma-separated value (CSV) format
in the output folder.

2.3 | Generating maps of island extents

Users can generate maps of island extents based on mean sea lev-
els specified in the interval file (Figure 1) using the makemaps func-
tion. This function reprojects the input bathymetry raster into the
user-specified map projection using a bilinear resampling method
and generates raster and shapefile outputs of island extents in three
formats: a shapefile of island polygons, an ASCII flat raster with no
topography and an ASCII topographic raster that preserves the orig-
inal elevations of each land pixel. Since the makemaps function reads
intervals and mean sea levels directly from the interval file, users can
customise the output maps generated by this module by manually
editing the interval file. Users can also specify an offset value that
accounts for constant rates of tectonic uplift or subsidence across
the entire modelled region (Ali & Aitchison, 2014; Kealy et al., 2017).

2.4 | Calculating intra- and interisland metrics

Based on the maps generated, PleistoDist can calculate a variety
of intra- and interisland metrics for each time or sea-level interval
specified in the interval file, as well as calculate the weighted mean
of these values over time. For metrics of island shape, PleistoDist
includes functions that calculate island perimeter, area and sur-
face area for each interval. As for interisland distances, PleistoDist
can calculate three kinds of island-to-island distances (centroid-
to-centroid, least shore-to-shore and mean shore-to-shore dis-
tances; Figure 2), as well as two kinds of point-to-point distances
(Euclidean and least-cost distances; Figure 3) for each interval.
Islands that merge at particular intervals are considered fused for
these metrics.

In addition to metrics of island shape and interisland distance,
PleistoDist includes two higher level functions that calculate the
expected equilibrium net migration between island pairs based on
a model described by MacArthur and Wilson (1967), as well as the
visibility of an island relative to an observer on another based on an
estimate of the maximum sightline (i.e. horizon distance) of the ob-
server (Figure 4). Details on how the calculations are performed can
be found in the Supporting Information.
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(a) Discretising over time

€ Time Interval 1 e g TiMe INtEIVal 2 mep e TiME INtEIVAl 3 e e Time INtEIVAl 4 -

0

Sea Level (metres)

10
Time (kya)

(b) Discretising over sea level
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Interval MinDepth MaxDepth | MeanDepth | Timelnterval
0 0 0 0 0.1
1 -0.0479 -4.8598 -2.064688 0.1001
2 -5.1123 -25.3052 -12.676698 5.1001
3 -26.1442 -95.9162 -59.33468 10.1
4 -97.1802 -121.9512 -115.32972 151

20

Time interval 4
Mean sea level = -115.330 m

Time interval 1
Mean sea level = -2.065 m

Interval MinDepth | MaxDepth | MeanDepth | Timelnterval
0 0 0 0 0.1
1 0.0479 295582 | -14.80305 105
2 305922 50,9532 257727 22
3 527082 90.4222 76.5652 19
] 917642 | 1219512 | -106.8577 54

20

Sea level interval 4
Mean sea level = -106.858 m

Sea level interval 1
Mean sea level = -14.803 m

FIGURE 1 PleistoDist provides two different methods for discretising sea-level change, either by time (a) or by sea level (b), as illustrated

here for Sundaland with a time cut-off of 20kya over five intervals.

3 | PleistoDist APPLICATIONS AND CASE
STUDIES

3.1 | Isolation-by-distance in Caribbean flightless
ground crickets Amphiacusta sanctaecrucis

Papadopoulou and Knowles (2015) studied the effects of
Pleistocene island connectivity on the genetic differentiation pat-
terns of Amphiacusta sanctaecrucis populations in the Virgin Islands,
and found that population divergence times broadly correlate with
a period of fluctuating sea levels and interisland land-bridge con-
nections (~75-115kya). In addition, all Virgin Island populations ap-
peared to exhibit a pattern of isolation-by-distance, except those
from St. Croix.

Because these analyses were based on present-day Euclidean
distances, we used PleistoDist to replicate the landscape genetic
analyses using geographical distance matrices that account for
sea-level change over time, for a time cut-off of 20kya (corre-
sponding to the last glacial maximum [LGM]) and 20 time inter-
vals. Similar to Papadopoulou and Knowles (2015), Mantel tests
show no significant correlation between genetic and Euclidean
distance (R? =0.228, p = 0.0521; Table 1) when all populations
are included in the analysis (Table 1). None of the other geo-
graphic distance metrics showed a significant Mantel correlation
with genetic distance either. However, given the susceptibility of

Mantel tests to spatial autocorrelation (Legendre et al., 2015), it
is probable that genetic variation is nonlinearly distributed across
geographic space. Using distance-based redundancy analyses
(dbRDA), which account for spatial autocorrelation, we found
that unlike Papadopoulou and Knowles (2015), we observed a
highly significant correlation between genetic distance and time-
corrected least shore-to-shore and centroid-to-centroid distances
(p = 0.00661 and 0.00704, respectively; Table 1), while Euclidean
distance showed a marginally significant correlation with genetic
distance (p = 0.0348; Table 1). Further model selection indicated
that the time-corrected centroid-to-centroid distance best fit the
variation observed in the genetic data, suggesting that genetic di-
vergence patterns were likely structured by broad-scale isolation-
by-distance driven by interisland overwater dispersal between

panmictic populations.

3.2 | Species-area relationships of Aegean Island
angiosperms

Hammoud et al. (2021) examined the relationship between island
area and species richness in the Aegean Islands across multiple an-
giosperm taxa, accounting for historical sea-level change over the
Quaternary. They find that true islands, which were historically un-
connected to the mainland, exhibit stronger correlations between
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FIGURE 2 PleistoDist calculates three interisland distances: centroid-to-centroid distance, least shore-to-shore distance and mean shore-
to-shore distance, illustrated here with Viti Levu (left) and Gau islands, Fiji. Note how interisland distances are asymmetric for the mean

shore-to-shore distance.

Point-to-point Euclidean Distance
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FIGURE 3 PleistoDist calculates two distance measures between source points: Euclidean distance between points (as the crow flies,
invariant across all intervals) and least-cost distance (which minimises overwater movement).

island area and endemic species richness relative to land-bridge
islands.

Using PleistoDist, we reanalysed angiosperm species-area
relationships on the true islands of the Aegean Sea using both
contemporary and time-corrected estimates of island area for 40
depth intervals over the last 20kya. We found that species rich-
ness is significantly positively correlated with island area for all
angiosperm chorotypes (Table 2), consistent with the findings of
Hammoud et al. (2021). However, unlike Hammoud et al. (2021),
our extended analyses suggest that present-day 2D island area
is the best predictor of angiosperm species richness instead of
time-corrected 2D area (Table 2). Our re-evaluation suggests that

species turnover rates on true islands may be fast, resulting in
a rapid equilibration of species richness to contemporary island

extents.

3.3 | Interisland migration of Horornis bush-
warblers across the Fijian archipelago

One of the predictions of the theory of island biogeography
(MacArthur & Wilson, 1967) is that the relative rate of migration be-
tween island pairs can be predicted by the size, relative orientation
and distance of source islands. Gyllenhaal et al. (2020) tested this
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Visibility of Ovalau from Gau

FIGURE 4 PleistoDist estimates the
visibility of a destination island relative

17.4°3 —t——= to an observer on an origin island by
-7 Horizon Line calculating the horizon distance and
s - performing a viewshed analysis to
e estimate the visible nonoccluded area of
+° the destination island, illustrated here
, 4 with Ovalau and Gau islands, Fiji.
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Not visible from Gau
Visible from Gau
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]
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1
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Observer (313m asl)
18.2°S
178.7°E  178.8°E  178.9°E  179.0°E  179.1°E  179.2°E  179.3°E  179.4°E
— L TABLE 1 Results of Mantel tests and
. 2 e 5 dbRDA for Amphiacusta sanctaecrucis
Distance type Mantel R p-value dbRDA R, ;: p-value X .
. populations across the Virgin Islands for
Euclidean distance 0.228273 0.0521429 0.3509484 0.034779 different metrics of geographic distance
Least-cost distance 0.2203824 0.0521409 0.1387593 0.3025617
Least shore-to-shore 0.0426482 0.1997118 0.4736347 0.00661
distance
Centroid-to-centroid 0.0090014 0.2004748 0.5933486 0.007043
distance
Mean shore-to-shore 0.0035279 0.2976187 -0.4337182 0.9366181

distance

TABLE 2 Results of simple linear regressions between species richness and island area, for different angiosperm chorotypes and island

area metrics

Present-day 2D

Chorotype area Rzadj p-value
Total species richness 0.7621572 8.51e-17
Native nonendemics 0.7445056 4.80e-16
Endemics 0.4888763 9.80e-9

expectation by estimating the rates of interisland migration in the
Fiji bush warbler Horornis ruficapilla between the four large islands of
Fiji, concluding that rates of interisland migration are largely consist-
ent with neutral expectations. This neutral expectation can now be
easily and accurately calculated using PleistoDist while accounting
for the effect of sea-level change over time.

Time-corrected

AlC 2D area Rzadj p-value AIC

22.043369 0.3917022 7.04e-7 68.9961019
26.3768068 0.3873976 8.38e-7 70.1025982
81.6361191 0.2662759 745e-5 99.7121938

Re-running this analysis using time cut-off of 115kya, cor-
responding with the start of the last glacial period, for 40 sea-
level depth intervals, we found that empirical ratios of migrants

Kadavu — Viti Levu . .
for Vit Lovir— Kadovn broadly correspond with neutral expectations,

suggesting that net migration rates are unlikely to have changed
much over the last 115,000years (Figure 5). In contrast, empirical
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Kadavu<->Viti Levu Taveuni<->Vanua Levu Viti Levu<->Vanua Levu
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FIGURE 5 Comparison of empirical estimates of net interisland migration with contemporary and time-corrected neutral expectations
from MacArthur and Wilson (1967), figure adapted from Gyllenhaal et al. (2020).

Taveuni — Vanua Levu
Vanua Levu — Taveuni

expectations based on present-day sea levels but not expectations

migration ratios for seem consistent with neutral

averaged over the last 115,000years (Figure 5). The empirical net

Viti Levu — Vanua Levu
Vanua Levu — Viti Levu

given the broad confidence intervals of the empirical data, but the

migration ratios for are challenging to interpret
mean empirical migration ratio from the model removing a puta-
tively admixed individual is similar to the value inferred from the
centroid-to-centroid distance model averaged over 115,000years
(Figure 5).

3.4 | Spatially explicit forward population genetic
simulations

To demonstrate the utility of PleistoDist for spatially explicit simu-
lations, we ran forward-in-time, spatially explicit Wright-Fisher
simulations in SIiM3 (Haller & Messer, 2019) across the Samoan ar-
chipelago using maps generated by PleistoDist, with a metapopu-
lation size of 20,000, for 50,000 generations. We ran simulations
both with and without sea-level change for eight mean dispersal
distances, for 100 replicates per sea-level regime/dispersal distance
combination (full model parameters in Supporting Information). As
expected, Fo; was negatively correlated with dispersal distance
(Figure 6), and & was positively correlated. The impact of account-
ing for change in sea level was most noticeable for islands that were
much closer at glacial maxima (i.e. Savai'i and Upolu islands, Samoa),
but not when dispersal distance was high.

To demonstrate the utility of PleistoDist for modelling simple
archipelagic colonisations, we simulated the colonisation of the
Solomon Archipelago using the SLiM GUI (Haller & Messer, 2019),
with initial colonists arriving on Buka/Bougainville islands (Mayr &
Diamond, 2001). To simulate an expanding colonising population, we
used a non-Wright-Fisher simulation, starting with 50 individuals on
the easternmost large island in the archipelago. We used a mean
long-distance dispersal distance of ~46.7 km (100 pixels), an expo-
nential long-distance dispersal kernel, and offspring long-distance

dispersal probability of 1%. For all simulations (two shown at
https://github.com/g33k5p34k/PleistoDistR/tree/main/simulation_
scripts), Makira Island was colonised last due to its relative isolation
and location at the far eastern end of the archipelago, demonstrating
the utility of the script in generating null expectations against which
complex empirical patterns can be compared.

3.5 | Parameterizing migration rates for backwards
population genetic simulations

To demonstrate the utility of accounting for migration rate varia-
tion between nonconnected populations, we used msprime v1.0.0
(Baumdicker et al., 2022) to model dispersal between Viti Levu and
Kadavu islands, Fiji. We used PleistoDist to estimate per interval
migration rates using least shore-to-shore distance (Figure 2) and
an exponential dispersal kernel with means of O (no dispersal), 10,
20, 40 and 80km. We calculated population size by multiplying is-
land area for each interval by a density of 10 individuals/km?. We
either held migration rates and population sizes constant (based on
current sea level) or changed them based on sea level in intervals
of 5000years (2500 generations). The initial population split was
set to 200,000 generations. At the end of the simulation, we cal-
culated F¢; and per-island = for each sea-level regime. As with the
SLiM simulations, the impact of sea-level change was more notable
when dispersal was low or not present (Figure 7). These simulations
also demonstrate how sea-level change and interisland dispersal can

benefit = on less isolated small island populations (i.e. Kadavu).

4 | LIMITATIONS

Despite its broad utility, PleistoDist nonetheless relies on a sim-
plification of Pleistocene sea-level change, and users should be
aware of its limitations. One major assumption is that bathym-
etry remains constant, or changes at constant rates, throughout
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FIGURE 6 F;(top row)and n (bottom row) values from spatially explicit simulations across the Samoan Archipelago. Dispersal distance
is listed in pixels (~4.78 pixels/km). Each dispersal distance tested has the results from the dynamic (left, blue) and static (right, red) sea-level
models. Inset map has all islands included in the analysis labelled.

Viti Levu-Kadavu F.

Viti Levu Nucleotide Diversity

Kadavu Nucleotide Diversity

T g
-+
-+ N S -
064 0.154 0.154 _
Viti Levu T ‘
- e
[] Dynamic  Kadavu )|
[ static 4" .
0.104 0.104 |
' --
=
L 0.054 0.054 v
0.24 . $ &
=
SN e L
v 0.00- 0.00
0 10 20 40 80 0 10 20 40 80 0 10 20 40 80

Mean Dispersal (km)
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the time-scale of the analysis, and PleistoDist therefore does not
account for the effect of localised tectonic activity or transport-
based processes such as sedimentation and erosion. For example,
PleistoDist analyses of Taveuni island in Fiji with a cut-off time
close to and exceeding 700kya are unlikely to be accurate since
the island likely emerged around that time (Cronin & Neall, 2001).
Furthermore, although PleistoDist lets users account for region-
wide uplift or subsidence effects, the cumulative effects of lo-
calised bathymetry changes are more likely to be amplified the
further one goes back in time. Studies involving deep time re-
constructions of island morphologies are therefore more likely to
diverge from reality and may need to account for the increased
uncertainty of deeper time slices.

Another limitation is the assumption that local sea levels can be
accurately modelled by eustatic reconstructions. As demonstrated
by Simaiakis et al. (2017), local gravitational and deformational ef-
fects of ice sheets can lead to local sea levels diverging from eustatic
estimates, with sea levels exhibiting a 25-m difference between the
northern and southern Aegean Sea islands during the LGM. While
PleistoDist's inability to model local (isostatic) sea levels could
explain the divergence between our model outputs and that of
Hammoud et al. (2021), it also highlights the limitation of eustatic
sea-level reconstructions in regions where ice sheets and other
forces cause localised deviations in sea level. PleistoDist is therefore
less likely to be accurate at high latitudes compared to sites located
further away from Pleistocene ice sheets. This limitation can be
overcome by using rasters generated with isostatic sea-level recon-
structions such as those presented in De Groeve et al. (2022) instead
of using the makemaps function.

5 | SUMMARY

Although simple in concept, PleistoDist provides users with the
ability to calculate island metrics that account for the effects of
Pleistocene sea-level change, allowing biogeographers to test multi-
ple hypotheses of evolution and community assembly when coupled
with georeferenced empirical data. The flexibility and extensibil-
ity of the software, coupled with its numerous possible use cases,
should facilitate the development of more quantitative approaches
to the study of island biogeography, and a better understanding of
the patterns of species diversification across island archipelagos.
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