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Abstract
Motivation: Historical changes in sea level caused shifting coastlines that affected 
the distribution and evolution of marine and terrestrial biota. At the onset of the Last 
Glacial Maximum (LGM) 26 ka, sea levels were >130 m lower than at present, resulting 
in seaward- shifted coastlines and shallow shelf seas, with emerging land bridges lead-
ing to the isolation of marine biota and the connection of land- bridge islands to the 
continents. At the end of the last ice age, sea levels started to rise at unprecedented 
rates, leading to coastal retreat, drowning of land bridges and contraction of island 
areas. Although a growing number of studies take historical coastline dynamics into 
consideration, they are mostly based on past global sea- level stands and present- day 
water depths and neglect the influence of global geophysical changes on historical 
coastline positions. Here, we present a novel geophysically corrected global historical 
coastline position raster for the period from 26 ka to the present. This coastline ras-
ter allows, for the first time, calculation of global and regional coastline retreat rates 
and land loss rates. Additionally, we produced, per time step, 53 shelf sea rasters to 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2022 The Authors. Global Ecology and Biogeography published by John Wiley & Sons Ltd.
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1  |  INTRODUC TION

Present- day marine and terrestrial biodiversity and their evolu-
tion in the tropical and subtropical realms have been influenced 
by historical sea- level change (Hewitt, 2000; Hoeksema, 2007; 
Huang et al., 2018, 2019; Norder et al., 2019; Weigelt et al., 2016; 
Woodruff, 2010). The amplitude of sea- level fluctuations increased 
from c. 3 Ma and culminated in >130 m amplitude over the last 26 kyr 
(Lambeck et al., 2014; Figure 1a). Especially in the (sub)tropical zone, 
such sea- level fluctuations have shaped the morphology of reefs and 
the position of river mouths, caused major disruptions in sea- current 
regimes and formed and drowned land bridges, thereby affecting 
the dispersion and connectivity of both marine and terrestrial biota, 
including humans (Bover et al., 2008; Cacciapaglia et al., 2021; Chiu 
et al., 2017; Fernández- Palacios et al., 2016; Hanebuth et al., 2000, 
2011; Meijer et al., 2010; Oppenheimer, 2009; Van den Bergh 
et al., 2001; Voris, 2000; Yasuhara et al., 2017). The biogeography 
of marine biota and their evolution is therefore highly influenced by 
the spatio- temporal dynamics of coastlines, shelf areas and connec-
tivity of seaways (Hanebuth et al., 2011). During glacials, extensive 

areas of shelf floors were exposed, causing a reduction in marine 
shelf habitat (Avila et al., 2019). Consequently, marine biota locked 
in isolated pools generated by emerged land bridges experienced 
higher degrees of genetic isolation (Hoeksema, 2007). With rapidly 
rising sea levels, ≥100 m at the end of the glacial period, shallow 
marine habitats were displaced over major distances to reach their 
present- day positions (Cacciapaglia et al., 2021; Hoeksema, 2007; 
Veron et al., 2009). This is likely to have contributed to local extinc-
tions of species that were unable to keep up with sea- level rise and 
resulted in both relict and refuge communities (Hoeksema, 2007; 
Veron et al., 2009).

A key period to study the effects of coastline dynamics is the 
last 26 kyr, which begins with the onset of the Last Glacial Maximum 
(LGM) period, when ice sheets reached their largest extents and 
when sea levels dropped to their lowest position, at 135 m below 
present. Owing to rapid global warming at the end of the last ice age, 
sea levels rose and achieved rates >40 m/kyr, the highest sea- level 
rise rates over the last 5 Myr (Lambeck et al., 2014). Consequently, 
shelf area expansion rates and coastline retreat rates were among 
the highest. The rapid spatio- temporal changes of both the total area 

present shelf sea positions and to calculate the shelf sea expansion rates. These met-
rics are essential to assess the role of isolation and connectivity in shaping marine and 
insular biodiversity patterns and evolutionary signatures within species and species 
assemblages.
Main types of variables contained: The coastline age raster contains cells with ages in 
thousands of years before present (bp), representing the time since the coastline was 
positioned in the raster cells, for the period between 26 ka and the present. A total of 
53 shelf sea rasters (sea levels <140 m) are presented, showing the extent of land (1), 
shelf sea (0) and deep sea (NULL) per time step of 0.5 kyr from 26 ka to the present.
Spatial location and grain: The coastline age raster and shelf sea rasters have a global 
representation. The spatial resolution is scaled to 120 arcsec (0.333° × 0.333°), im-
plying cells of c. 3,704 m around the equator, 3,207 m around the tropics (±30°) and 
1,853 m in the temperate zone (±60°).
Time period and temporal resolution: The coastline age raster shows the age of 
coastline positions since the onset of the LGM 26 ka, with time steps of 0.5 kyr. The 
53 shelf sea rasters show, for each time step of 0.5 kyr, the position of the shelf seas 
(seas shallower than 140 m) and the extent of land.
Level of measurement: Both the coastline age raster and the 53 shelf sea rasters are pro-
vided as TIFF files with spatial reference system WGS84 (SRID 4326). The values of the 
coastline age raster per grid cell correspond to the most recent coastline position (in steps 
of 0.5 kyr). Values range from 0 (0 ka, i.e., present day) to 260 (26 ka) in bins of 5 (0.5 kyr). 
A value of “no data” is ascribed to pixels that have remained below sea level since 26 ka.
Software format: All data processing was done using the R programming language.

K E Y W O R D S
coastline retreat, connectivity change, glacial sensitive model, insular biodiversity patterns, 
palaeogeography, Pleistocene climate change, prehistorical human settlement, sea- level 
fluctuations, shelf expansion
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2164  |    DE GROEVE et al.

and the location of shelf sea areas and coastlines must have had pro-
found effects on the distribution of biotas and their gene pools. The 
period of sea- level rise between 26 ka and the present is therefore 

crucial for understanding the present- day distributions of marine 
and terrestrial species and to study micro- evolutionary effects in or-
ganisms (Hammoud et al., 2020; Hoeksema, 2007, 2012; Macaulay 

F I G U R E  1  (a) Sea- level rise curve over 26 kyr. LGM is the Last Glacial Maximum period. Sea- level rise accelerated during the Bölling– 
Allerød (B- A) interstadial period (14.6– 12.9 kyr bp) and at the onset of the Holocene (oH) epoch (11.7 kyr bp). (b) Workflow diagram showing 
the steps to obtain the historical coastline position raster. In order to produce per time step of 0.5 kyr relative sea- level positions on a 
global scale, we use the SELEN4 relative sea- level model. In step 1, we use a global digital elevation model, the output of the ice- loading 
model ICE_6GC and the output of a loading response model, VM5a, as input for the SELEN4 model. The SELEN4 model combines the 
inputs of step 1 iteratively to calculate relative sea levels per raster cell based on the global melt water distribution, the response of the 
Earth's crust to seawater loading effects, crustal bouncing attributable to glacial loading effects and the effects of the gravity field of the 
ice sheets pulling up seawater. The output of SELEN4 is 53 rasters, with raster cells showing the relative position of sea level per time step, 
in comparison to the present. In step 2, to produce historical topography rasters, each relative sea- level position raster per time step is 
subtracted from the present- day topography raster. Before doing this, to match the rasters they must be resampled to a finer resolution. The 
output is 53 historical topographic rasters. In step 2A, the 53 historical topography rasters are classified in land/sea Boolean rasters, after 
which the 53 Boolean rasters are aggregated into a coastline age map. In step 2B, the 53 historical topography maps are reclassified into 53 
Boolean land/shelf/sea maps using three classes (“no data” are deeper than 140 m; “1” is shallower than 140 m; and “0” is island). In step 3, 
based on the historical coastline and land/shelf/sea maps, the cumulative values and rates for shelf expansion, land loss and coastal retreat 
are calculated.
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    |  2165DE GROEVE et al.

et al., 2005; Veron, 1995). However, currently existing palaeogeo-
graphical workflows often do not reconstruct coastline positions 
correctly and might therefore yield imprecise estimates of the rates 
of coastline retreats, shelf expansions and land losses.

Most palaeogeographical workflows used in biogeographical and 
archaeological studies reconstruct historical coastlines by relating 
present- day seafloor depth directly to a past global sea- level posi-
tion (e.g., Athanassiou et al., 2019; Cacciapaglia et al., 2021; Norder 
et al., 2019; van der Geer et al., 2016, 2017; Voris, 2000; Weigelt 
et al., 2016; Woodruff, 2010; Yasuhara, 2008). These studies as-
sume that the sea floor remains static under changing water loads 
and that gravitational effects of ice sheets on the sea levels are ab-
sent. In reality, sea levels are adjusting dynamically to geophysical 
changes that include the depression of the Earth's crust under sea-
water loading, the pulling- up effect of sea water by the gravitational 
forces of the ice sheets, and the redistribution of sea water on the 
planet (Gehrels, 2010). For correct coastline reconstructions, glacio- 
isostatic models should be used that take both the elasticity and the 
viscosity of the Earth's crust and mantle into account, in addition to 
the spatio- temporal distribution of the palaeo- ice sheets and their 
effects on the Earth's crust and sea water depths (Gehrels, 2010; 
Lambeck et al., 2014; Spada, 2017). Ignoring these factors leads to 
incorrect palaeo- coastline positions and incorrect derived metrics, 
such as coastline retreat rates and shelf expansion rates.

Here, we present a novel global coastline age raster, based on 
a state- of- the- art geophysical workflow (Figure 1b), which records 
the age of coastline positions since the LGM. The coastline ras-
ter allows calculations of both global and regional rates of coastal 
retreat over the last 26 kyr in time steps of 500 years, in addition 
to the expansion rates of shelf areas (with a depth <140 m). The 
raster can be used to reconstruct regional palaeo- coastline posi-
tions, to calculate the rate of shelf area expansion and to quantify 
coastline retreat over the last 26 kyr. We describe primary data 
sources and present derived metrics including coastal retreat rates, 
landloss rates and shelf sea area expansion rates for the whole sub-
tropical and tropical realm (30°N and 30°S) and for three selected 
case studies. We focus on the (sub)tropical realm because this area 
contains the main global hotspots of both marine and terrestrial 
biodiversity and was pivotal for human migrations. Moreover, 
this area is located far away from the continental ice sheets and 
thus lacks the added complexity of ice- sheet interactions (Milne & 
Mitrovica, 2008). We discuss the reliability of both raster datasets 
and steps for future improvements.

2  |  METHODS

We developed a workflow (Figure 1b) that includes the six pre-
processing and analysis steps necessary to produce the coastline 
age raster and the 53 rasters with shelf sea <140 m (land/shelf/sea 
raster) and to calculate three derived metrics: shelf area expansion 
rate, cumulative land loss and coastline retreat rate. In our analysis, 
we consider the shallow continental marine shelf zone as a marine 

zone shallower than 140 m, which coincides roughly with the better- 
aerated photic zone.

In the first step, we used the open- source SELEN4 program 
that simulates geophysical effects on global sea levels and cal-
culates spatio- temporal relative sea- level (RSL) rasters (Spada & 
Melini, 2019). RSL rasters show the differences in sea depth and 
topography of a selected time stamp in comparison to the present. 
SELEN4 provides as output rasters that indicate how much the crust 
was depressed or uplifted by the loading of ice sheets and meltwa-
ter that is added to the oceans. In addition, the raster values also 
incorporate the effects of the gravitational forces exerted by the 
ice sheets and effects of the rotation of the Earth. SELEN4 com-
prises an ice model, ICE- 6G_C, and a viscoelastic Earth model, VM5a 
(Argus et al., 2014). We used as Earth surface model a global high- 
resolution digital elevation model (DEM including both bathymetry 
and topography), DEMSRE3a (Hengl, 2018). The DEM was subsa-
mpled at a resolution of 100 Tegmark discretization pixels, which 
corresponds to roughly equilateral triangles with sides of 38 km, 
globally (Tegmark, 1996). The model was run up to spherical har-
monic order 192. The use of Tegmark pixelation factor 100, spherical 
harmonic order 192, and ice model ICE- 6G would be referred to as 
a model run “R100/L192/I6” in the terminology of SELEN4 (Spada & 
Melini, 2019). Fifty- three rasters were generated that present RSL 
positions per raster cell and per time step of 500 years over a total 
period of 26 kyr. The output rasters were created on a regular lat-
itude/longitude raster with steps of 0.2° × 0.2°. Owing to the low 
variation of values between raster cells (which was <1.5 m), this was 
a sufficient resolution.

In the second step, we combined the 53 RSL rasters with a global 
integrated topographic and bathymetric raster (cell size 0.0333° 
× 0.0333°) provided by General Bathymetric Chart of Oceans 
(GEBCO Compilation Group, 2019, 2021). The RSL output was re-
sampled to match the high- resolution bathymetry raster using a 
bilinear interpolation. We then combined the RSL and bathymetry 
datasets into 53 historical topography rasters. These historical to-
pography rasters show both the sea- level depths and the terres-
trial elevation per 0.5 kyr time step. To produce the coastline age 
raster (step 2A), we separated the historical topographical rasters 
into Boolean land/sea rasters. For each 0.5 kyr time unit, a raster 
cell is assigned a value of either one (above sea level) or zero (below 
sea level). Next, the most recent time period at which a raster cell 
was land was extracted, and these cells were combined into a single 
coastline age raster. To produce the shelf sea rasters (step 2B), show-
ing the extent of seas shallower than 140 m, we used the historical 
topography rasters to produce 53 rasters that were classified into 
land areas (one), shelf areas (zero) and deeper water (>140 m), here 
assigned as “no data”.

After preparing the coastline age raster and the 53 shelf sea 
rasters, derived metrics were calculated in the third step. The shelf 
sea rasters were used to calculate the cumulative shelf sea area ex-
pansions (in square kilometres) metric and the shelf sea expansion 
rate (in square kilometres per 0.5 kyr) metric. The coastline age 
raster served as input to calculate both the cumulative (in square 
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2166  |    DE GROEVE et al.

F I G U R E  2  (a) Global map of historical coastline positions since 26 ka. The blue shaded zone is the (sub)tropical realm, between 30°N 
and 30°S, for which rates of increase in shelf sea area, land loss and coastline retreats are calculated (see below). Age of flooding is in 
thousands of years. Red is old (>20 kyr), blue is young (<10 kyr). (b) Caribbean region, illustrating the late drowning post- 10 kyr bp of shelfs 
around Cuba, the Bahamas and Florida. (c) East Sunda region, with most drowning between 20 and 15 kyr bp. (d) Australia and New Guinea, 
showing drowning of the shelf Gulf of Carpentaria ~18 kyr bp, while a land bridge extending from Australia Cape York peninsula (Australia) 
to New Guinea existed until c. 10 kyr bp. (e– g) Changes in the area of lands and marine shelfs (≥ −140 m) since 26 ka in the subtropical and 
tropical zone between ±30° latitude, with horizontal axes in thousands of years before present (blue zone in panel a). (e) Cumulative shelf 
sea area (in square kilometres) and rate of shelf sea expansion (in square kilometres per 0.5 kyr) at each time interval (black line; right axis). 
(f) Cumulative land loss curve (in square kilometres) and rate of land loss (in square kilometres per 0.5 kyr; black line; right axis). (g) Rate of 
horizontal coastline retreat (in metres per year) for each 1° raster cell in the (sub)tropical zone between −30 and 30°. Light grey and dark 
grey shaded curves represent average and 99th percentile per 500 year interval, respectively.
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    |  2167DE GROEVE et al.

kilometres) and rates (in square kilometres per 0.5 kyr) per raster cell 
of coastline retreat and land loss. As a last metric, we calculated the 
maximum horizontal coastline retreat rate (in metres per year) per 
1° raster cell by identifying the drowned areas at a given time and 
their adjacent areas, which drowned during the next time step, and 
calculated their average distance.

The Figshare repository stores the coastline age raster and shelf 
sea rasters both derived from GEBCO 2019 (GEBCO Compilation 
Group, 2019) and GEBCO 2021 (GEBCO Compilation Group, 2021). 
Scripts are also made available to allow continuous integration of 
updated versions of the datasets with more recent GEBCO releases.

3  |  RESULTS

The novel coastline age raster shows the timing when parts of the 
global coastline were drowned after sea levels rose 26 ka (Figure 1a; 
Supporting Information Figure S1.1). The raster cells represent maxi-
mum ages (in thousands of years before present) of coastline po-
sitions. Plotting our geophysically reconstructed coastline ages of 
raster cells versus their present- day water depths demonstrates that 
offsets of >60% exist, illustrating that equating depth with coast-
line age would lead to both erroneous palaeo- coastline position 
assessments and erroneous quantification of coastal retreat rates 
(Supporting Information Figure S1.1). Deeper marine regions were 
flooded first, whereas shallower marine areas were flooded later.

To illustrate this, we present a close- up of three regions 
(Figure 2b– d): the Caribbean shelfs, Sunda shelfs and the Gulf of 
Carpentaria shelfs. The Caribbean shelf (Figure 2b) shows that major 
coastline retreats occurred only after 15 kyr bp, whereas the Sunda 
shelfs (Figure 2c) and Gulf of Carpentaria shelfs (Figure 2d) coastal 
retreats start shortly after the LGM, 20 ka. The maps also show 
that land bridges existed between most islands of the Bahamas, 
between Borneo and Sumatra and between Australia and New 
Guinea as recent as 10 ka. We calculated the extents of shelf sea 
expansion (≤140 m deep) and coastline retreat between the tropi-
cal and subtropical regions, −30°S and 30°N latitude. The shelf sea 
areas increased 10 times, from 106 km2 during the LGM to 107 km2 
in the present day (Figure 2e), confirming that during the intergla-
cial epochs, shallow marine habitats had reached their maximum 
extents (Avila et al., 2019). The highest shelf sea expansion rate of 
>1,3 × 106 km2/0.5 kyr was realized at c. 14.0 ka, which comprised 
12% of the present- day shelf sea extent (Figure 2e). This rapid ex-
pansion was the result of a major melting pulse during the warming 
episode at the end of the last ice age, between 14.6 and 12.9 kyr bp 
(Figure 1a; Brendryen et al., 2020).

Shelf sea expansion went hand in hand with loss of terrestrial 
lands, including all tropical and subtropical lowland losses over the 
last 26 kyr, amounting to >9.7 × 106 km2 (Figure 2f). Most of this loss 
occurred between 15 and 8 ka and involved drowning of lowland 
around islands and emerging shelfs. Between 7.5 and 16.5 ka, the 
land loss rate was >105 km2/0.5 kyr, and loss rates peaked twice: 
between 14 and 14.5 ka, reaching >1.4 × 106 km2/0.5 kyr, and again 

between 11.5 and 11.0 ka at c. 0.8 × 106 km2/0.5 kyr. Within the 
tropical– subtropical region, the mean coastal retreat rates were 
2– 4 m/year between 15 and 8 ka, peaking at c. 4.8 m/year at c. 14.5 
ka (Figure 2g). The expansion of shelf sea areas by 106 km2 and 
drowning of land bridges led to the connectivity and expansion of 
marine biota and resulted in massive migration pulses and genetic 
exchange (Avila et al., 2019; Hoeksema, 2007; Veron et al., 2009). 
The commonly high coastal retreat rates of >10 m/year between 
9 and 15 ka must have induced forced migrations of terrestrial 
biota, including humans, to higher grounds (Kealy et al., 2016; 
Oppenheimer, 2009) and, plausibly, formed the foundation of 
flood mythologies (e.g., Nunn, 2014; Ryan & Pitman, 2000). To il-
lustrate the potential applications of the coastline age raster, we 
reconstructed the regional shelf sea and coastline dynamics driven 
by sea- level rise since 26 kyr bp for archipelagos in the Caribbean 
Sea, the Sunda shelf and Banda Arc shelfs (Supporting Information 
Figure S1.2).

4  |  DISCUSSION

4.1  |  Applications

Sea- level rise since the LGM 26 ka led to a massive expansion of shelf 
sea areas, coastal retreats and land losses globally, which resulted in 
major redistributions of marine and terrestrial biota. To study the 
consequences of such palaeogeographical changes for biodiversity, 
it is essential to use realistic reconstructions of shelf sea extents and 
best approximations of the rates of shelf sea expansion, coastal re-
treat and land loss.

Our new dataset is the first global raster with geophysically cor-
rected coastline positions and shelf sea extents since the LGM. These 
data allow the calculation of global and regional shelf sea expansion 
rates, coastal retreat rates and land loss rates. The derived metrics 
we present are essential to assess the effect of a major sea- level rise 
pulse on marine and terrestrial biota, their distribution and their ge-
netic make- up (Cacciapaglia et al., 2021; Hanebuth et al., 2011; Tian 
et al., 2020). The rasters also allow for identification of the precise 
timing of land- bridge flooding, hence establishment of the timing of 
connectivity between marine gene pools or the timing of separation 
between terrestrial gene pools. The derived metrics can be used to 
assess the effects of historical spatial changes in coastline and shelf 
sea configuration on the distribution of biota and to assess whether 
present- day species communities are the result of equilibria between 
migration and extinction rates (Avila et al., 2019; Fernández- Palacios 
et al., 2016). Moreover, they can be used to test the species pump 
theory, which predicts that higher rates of connectivity and isola-
tion lead to higher evolutionary rates (Gillespie & Roderick, 2014; 
Hoeksema, 2007; Qian & Rickleffs, 2012). They are also indispens-
able for testing relationships between species richness and island 
surface area (ISAR) and isolation (ISIR), especially in the context of 
extinction debt. Tan et al. (2022) developed an R package to assess 
the effects of palaeo- coastline change of archipelagos on gene flow 
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and patterns of community assemblages. Our model can be adapted 
to study the spatio- temporal dynamics of marine habitats of spe-
cific depth ranges; for instance, coral seas habitats shallower than 
40 m. The patterns emerging from the sea- level rise since 26 kyr bp 
indicate which areas (shelf seas and islands) respond most radically 
to sea- level rise. These locations are therefore most strongly influ-
enced by sea- level change to the highest degree, hence their biota 
might show high speciation and/or extinction rates. Finally, the met-
rics can be used to assess how rates and durations of palaeogeo-
graphical change, in terms of isolation, surface area and connection, 
affect micro- evolutionary processes and rates.

4.2  |  Input datasets and accuracy

Although we used the most advanced sea- level curve and global 
bathymetry to date, these models themselves might contain in-
accuracies. A local validation study found that the base model of 
GEBCO 2021 (i.e., SRTM15_+ v.2.0) showed a general large topo-
graphical similarity to the observed bathymetry, but that the for-
mer was systematically underestimating the depth by 2.5 m and that 
artefacts appeared in regions shallower than 10 m below sea level 
(Foonde, 2019). This would imply that shelf sea reconstructions and 
timings of coastal drowning are overestimated (i.e., timing of drown-
ing is more recent with GEBCO); the age inaccuracy depends on the 
rate of flooding, and the generated error will be larger for younger 
estimates of sea- level rise effects after 7 ka, when rates of sea- level 
rise had reduced to <1 m/kyr.

The GEBCO grid is integrating a range of bathymetric data 
sources with variable data quality, including highly accurate direct 
measurements (e.g., lidar, seismic and sounding) and less accurate in-
direct measurements (e.g., satellite- derived gravity data and contour 
maps) (GEBCO Compilation Group, 2019, 2021). To obtain global 
coverage, interpolation and mathematical techniques are applied by 
GEBCO using the available source data. Consequently, the accuracy 
of the estimated depth might vary locally depending on the type of 
source bathymetry that is available within a region of interest (Tozer 
et al., 2019). For instance, although satellite altimetry allows missing 
data gaps to be filled, Tozer et al. (2019) found mean inaccuracies of 
15 ± 180 m in depth when compared with sounding data in areas be-
tween the coastline and the continental rise. This could be expected 
to affect especially areas of the continental slope that are character-
ized by higher- frequency and large- amplitude depth variations, and 
to affect much less the shallow- water regions near the coast, which 
are the regions of interest of the presented reconstructions (Tozer 
et al., 2019). Continuous efforts are made with GEBCO seabed 2030 
project to collect highly accurate local bathymetric information, 
which will allow improvement of the GEBCO model and derived 
products (The Nippon Foundation- GEBCO, 2022). To evaluate the 
source data and reliability of the bathymetry, GEBCO provides an 
additional grid, which includes the type identifier for each GEBCO 
grid cell (GEBCO TID; GEBCO Compilation Group, 2019, 2021). 
We therefore recommend using the GEBCO TID grid to evaluate 

whether GEBCO and the derived coastline age raster and shelf sea 
rasters are reliable for a specific region of interest.

With regard to the SELEN4 module, comprising a glaciation 
model and an Earth model, several model runs demonstrate that 
modelled local sea- level curves (relative sea- level curves) within 
the tropical realm reproduce local sea- level curves reasonably well 
based on empirical data, with deviations generally being <10 m 
(Bagge et al., 2021: figure 5). Outside the tropical realms, the errors 
can be much higher owing to the complexity and various competing 
models used for the glaciation history in these areas. Accepting that 
relative sea- level curves are reasonably well modelled, it can be ex-
pected that reconstructed coastlines, when not modified severely 
by erosion or sedimentation processes, are also realistic. One study 
in the Sicilian Channel, Italy, outside the subtropical realm, modelling 
coastline positions during the LGM (18– 26 ka), found that the mod-
elled coastlines could agree very well (<2 km) with empirically re-
constructed coastlines based on seismic data interpretation (Lodolo 
et al., 2020: figure 6).

4.3  |  Improvements

Modelling did not include local effects on relative sea levels caused 
by regional tectonic change, regional geology (fracturing and fault-
ing) and regional sedimentary processes (delta progradation, sedi-
mentation and erosion). Geological vertical crustal motions (GVCM) 
can vary over time and space, with typical rates ranging between 
−1 and +1 mm/year. Over time spans of 10 kyr, uplift rates of 1 mm/
year lead to vertical deviations of relative sea level >10 m. With the 
Sunda shelf subsiding at rates of 0.2– 0.3 mm/year (Sarr et al., 2019), 
it subsided 5 m over the last 20 kyr, whereas the islands of Timor 
and Cuba, for example, were uplifted ~6 m over this time period 
(Peñalver et al., 2021; Vita- Finzi & Hidayat, 1991). Correcting rela-
tive sea levels with GVCM rasters can have major repercussions for 
biogeographical assessments, especially when considering longer 
time spans (Husson et al., 2020; Kalb et al., n.d.). Our model can inte-
grate locally composed GVCM raster files (in millimetres per year) to 
produce more realistic reconstructions. Delta progradations can also 
lead to different coastline configurations. When active, these geo-
logical processes can influence the reconstructed age of coastlines. 
Anomalies in the historical spatial coastline and shelf sea configura-
tion can also occur owing to inaccuracies in the GEBCO gridded ba-
thymetry dataset; for instance, as a result of missing sounding data 
in extensive shallower- water (<2 m) regions south of the Bahamas, 
non- existent islands appear (Figure 1b; Seabed 2030 Global Data 
Center, 2021). These inaccuracies can be mitigated by inclusion of 
updated bathymetry rasters including local, accurate bathymetric 
datasets.

In this paper, we analyse effects in the subtropical and trop-
ical realms; data from the northern realms should consider local 
ice- sheet configurations and melting dynamics. The time span of 
our historical coastline raster starts from 26 kyr bp to the present 
and is also constrained by the availability of the geophysical model 
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SELEN4, which starts from 26 ka; when this model is updated to back 
model further in time, we can implement this in our modelling and 
study the dynamics of shelf expansion and coastal amplitudes over 
longer periods.

ACKNOWLEDG MENTS
S.J.N. was supported by the European Research Council under 
the EU H2020 and Research and Innovation program (SAPPHIRE 
grant 818854). W.D.K. acknowledges funding from the University 
of Amsterdam via the Faculty Research Cluster “Global Ecology”. 
M.Y. was supported by grants from the Research Grants Council 
of the Hong Kong Special Administrative Region, China (project 
codes: HKU 17300821, HKU 17300720 and HKU 17302518) 
and the Marine Conservation Enhancement Fund (project code: 
MCEF20002; to M.Y.). B.K. and Y.K. were supported by the Program 
for Advancing Strategic International Networks to Accelerate the 
Circulation of Talented Researchers by the Japan Society for the 
Promotion of Science and the Ocean- 180 project by Ministry of 
Education, Culture, Sports, Science and Technology.

DATA AVAIL ABILIT Y S TATEMENT
The data and scripts that support the findings of this study are 
available in Figshare at: https://doi.org/10.21942/ uva.c.57547 
79.v1. The General Bathymetric Chart of the Oceans (GEBCO), 
SELEN4 and DEMSRE3a were derived from the public domain 
available at: GEBCO 2019: https://doi.org/10.5285/836f0 16a- 
33be- 6ddc- e053- 6c86a bc0788e; GEBCO 2021: https://doi.
org/10.5285/c6612 cbe- 50b3- 0cff- e053- 6c86a bc09f8f; SELEN4: 
https://zenodo.org/recor d/3520451; and DEMSRE3a: https://ze-
nodo.org/recor d/1637816.

ORCID
Johannes De Groeve  https://orcid.org/0000-0002-1274-3237 
Erik Koene  https://orcid.org/0000-0002-2778-4066 
W. Daniel Kissling  https://orcid.org/0000-0002-7274-6755 
Arie C. Seijmonsbergen  https://orcid.org/0000-0002-7454-7637 
Bert W. Hoeksema  https://orcid.org/0000-0001-8259-3783 
Moriaki Yasuhara  https://orcid.org/0000-0003-0990-1764 
Sietze J. Norder  https://orcid.org/0000-0003-4692-4543 
Sri Yudawati Cahyarini  https://orcid.org/0000-0001-8378-0716 
Alexandra van der Geer  https://orcid.org/0000-0002-9588-4739 
Hanneke J. M. Meijer  https://orcid.org/0000-0001-7066-6869 
Yasuhiro Kubota  https://orcid.org/0000-0002-5723-4962 
Kenneth F. Rijsdijk  https://orcid.org/0000-0002-0943-2577 

R E FE R E N C E S
Argus, D. F., Peltier, W. R., Drummond, R., & Moore, A. W. (2014). The 

Antarctica component of postglacial rebound model ICE- 6G_C 
(VM5a) based on GPS positioning, exposure age dating of ICE 
thicknesses, and relative sea level histories. Geophysical Journal 
International, 198(1), 537– 563.

Athanassiou, A., van der Geer, A. A., & Lyras, G. A. (2019). Pleistocene 
insular Proboscidea of the eastern Mediterranean: A review and 
update. Quaternary Science Reviews, 218, 306– 321.

Avila, S. P., Melo, C., Berning, B., Sá, N., Quartau, R., Rijsdijk, K. F., 
Ramalho, R. S., Cordeiro, R., De Sá, N. C., Pimentel, A., Baptista, L., 
Medeiros, A., Gil, A., & Johnson, M. E. (2019). Towards a ‘sea- level 
Sensitive’ dynamic model: Impact of Island ontogeny and glacio- 
eustasy on global patterns of marine Island biogeography. Biological 
Reviews, 94(3), 1116– 1142.

Bagge, M., Klemann, V., Steinberger, B., Latinović, M., & Thomas, M. 
(2021). Glacial- isostatic adjustment models using geodynami-
cally constrained 3D earth structures. Geochemistry, Geophysics, 
Geosystems, 22(11), e2021GC009853.

Bover, P., Quintana, J., & Alcover, J. A. (2008). Three islands, three worlds: 
Paleogeography and evolution of the vertebrate fauna from the 
Balearic Islands. Quaternary International, 182(1), 135– 144.

Brendryen, J., Haflidason, H., Yokoyama, Y., Haaga, K. A., & Hannisdal, B. 
(2020). Eurasian ice sheet collapse was a major source of meltwater 
pulse 1A 14,600 years ago. Nature Geoscience, 13(5), 363– 368.

Cacciapaglia, C. W., Bush, M. B., & Van Woesik, R. (2021). Legacies of an 
ice- age world may explain the contemporary biogeographical prov-
inces of corals. Frontiers of Biogeography, 13(1), 1– 11.

Chiu, W. T. R., Yasuhara, M., Iwatani, H., Kitamura, A., & Fujita, K. (2017). 
Response of subtropical submarine- cave ecosystem to Holocene cave de-
velopment and Asian monsoon variability. Paleobiology, 43(3), 425– 434.

Fernández- Palacios, J. M., Rijsdijk, K. F., Norder, S. J., Otto, R., de 
Nascimento, L., Fernández- Lugo, S., Tjørve, E., & Whittaker, R. J. 
(2016). Towards a glacial- sensitive model of Island biogeography. 
Global Ecology and Biogeography, 25(7), 817– 830.

Foonde, J. M. (2019). Relative spatial accuracy evaluation of the shut-
tle radar topography mapping (SRTM15 V2.0) dataset on the 
Cameroon continental shelf. Open Access Library Journal, 6, 1– 21. 
https://doi.org/10.4236/oalib.1105656

GEBCO Compilation Group. (2019). The GEBCO_2019 grid -  a continuous 
terrain model of the global oceans and land. British Oceanographic 
Data Centre, National Oceanography Centre. https://doi.
org/10.5285/836f0 16a- 33be- 6ddc- e053- 6c86a bc0788e

GEBCO Compilation Group. (2021). The GEBCO_2021 grid -  a con-
tinuous terrain model of the global oceans and land. British 
Oceanographic Data Centre, National Oceanography Centre. https://
doi.org/10.5285/c6612 cbe- 50b3- 0cff- e053- 6c86a bc09f8f

Gehrels, R. (2010). Sea- level changes since the Last Glacial Maximum: 
An appraisal of the IPCC Fourth Assessment Report. Journal of 
Quaternary Science, 25(1), 26– 38.

Gillespie, R. G., & Roderick, G. K. (2014). Geology and climate drive diver-
sification. Nature, 509(7500), 297– 298.

Hammoud, C., Kougioumoutzis, K., Rijsdijk, K. F., Simaiakis, S., Norder, S., 
& Van Loon, E. E. (2020). Extreme and short- lasting sea- level stands 
structure insular species diversity of a continental- shelf archipelago. 
Authorea Preprints.

Hanebuth, T., Stattegger, K., & Grootes, P. M. (2000). Rapid flooding of 
the Sunda shelf: A late- glacial sea- level record. Science, 288(5468), 
1033– 1035.

Hanebuth, T. J., Voris, H. K., Yokoyama, Y., Saito, Y., & Okuno, J. I. (2011). 
Formation and fate of sedimentary depocentres on Southeast 
Asia's Sunda shelf over the past sea- level cycle and biogeographic 
implications. Earth- Science Reviews, 104(1– 3), 92– 110.

Hengl, T. (2018). WorldGrids archived layers at 1 km to 20 km spatial 
resolution. https://doi.org/10.5281/zenodo.1637816

Hewitt, G. (2000). The genetic legacy of the quaternary ice ages. Nature, 
405(6789), 907– 913.

Hoeksema, B. W. (2007). Delineation of the Indo- Malayan Centre of 
maximum marine biodiversity: The coral triangle. In W. Renema 
(Ed.) Biogeography, time, and place: Distributions, barriers, and islands 
(pp. 117– 178). Springer.

Hoeksema, B. W. (2012). Evolutionary trends in onshore- offshore distri-
bution patterns of mushroom coral species (Scleractinia: Fungiidae). 
Contributions to Zoology, 81(4), 199– 221.

 14668238, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/geb.13573 by U

va U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.21942/uva.c.5754779.v1
https://doi.org/10.21942/uva.c.5754779.v1
https://doi.org/10.5285/836f016a-33be-6ddc-e053-6c86abc0788e
https://doi.org/10.5285/836f016a-33be-6ddc-e053-6c86abc0788e
https://doi.org/10.5285/c6612cbe-50b3-0cff-e053-6c86abc09f8f
https://doi.org/10.5285/c6612cbe-50b3-0cff-e053-6c86abc09f8f
https://zenodo.org/record/3520451
https://zenodo.org/record/1637816
https://zenodo.org/record/1637816
https://orcid.org/0000-0002-1274-3237
https://orcid.org/0000-0002-1274-3237
https://orcid.org/0000-0002-2778-4066
https://orcid.org/0000-0002-2778-4066
https://orcid.org/0000-0002-7274-6755
https://orcid.org/0000-0002-7274-6755
https://orcid.org/0000-0002-7454-7637
https://orcid.org/0000-0002-7454-7637
https://orcid.org/0000-0001-8259-3783
https://orcid.org/0000-0001-8259-3783
https://orcid.org/0000-0003-0990-1764
https://orcid.org/0000-0003-0990-1764
https://orcid.org/0000-0003-4692-4543
https://orcid.org/0000-0003-4692-4543
https://orcid.org/0000-0001-8378-0716
https://orcid.org/0000-0001-8378-0716
https://orcid.org/0000-0002-9588-4739
https://orcid.org/0000-0002-9588-4739
https://orcid.org/0000-0001-7066-6869
https://orcid.org/0000-0001-7066-6869
https://orcid.org/0000-0002-5723-4962
https://orcid.org/0000-0002-5723-4962
https://orcid.org/0000-0002-0943-2577
https://orcid.org/0000-0002-0943-2577
https://doi.org/10.4236/oalib.1105656
https://doi.org/10.5285/836f016a-33be-6ddc-e053-6c86abc0788e
https://doi.org/10.5285/836f016a-33be-6ddc-e053-6c86abc0788e
https://doi.org/10.5285/c6612cbe-50b3-0cff-e053-6c86abc09f8f
https://doi.org/10.5285/c6612cbe-50b3-0cff-e053-6c86abc09f8f
https://doi.org/10.5281/zenodo.1637816


2170  |    DE GROEVE et al.

Huang, H. H. M., Yasuhara, M., Iwatani, H., Alvarez Zarikian, C. A., 
Bassetti, M. A., & Sagawa, T. (2018). Benthic biotic response 
to climate changes over the last 700,000 years in a deep mar-
ginal sea: Impacts of deoxygenation and the mid- Brunhes event. 
Paleoceanography and Paleoclimatology, 33(7), 766– 777.

Huang, H. H. M., Yasuhara, M., Iwatani, H., Yamaguchi, T., Yamada, K., 
& Mamo, B. (2019). Deep- sea ostracod faunal dynamics in a mar-
ginal sea: Biotic response to oxygen variability and mid- Pleistocene 
global changes. Paleobiology, 45(1), 85– 97.

Husson, L., Boucher, F. C., Sarr, A. C., Sepulchre, P., & Cahyarini, S. Y. 
(2020). Evidence of Sundaland's subsidence requires revisiting its 
biogeography. Journal of Biogeography, 47(4), 843– 853.

Kalb, S., Rijsdijk, K. F., De Groeve, J., & Foufopoulos, J. (n.d.). Climatic 
and environmental drivers of extinction in Mediterranean Island 
reptiles since the height of the last ice age. Global Ecology and 
Biogeography.

Kealy, S., Louys, J., & O'Connor, S. (2016). Islands under the sea: A review 
of early modern human dispersal routes and migration hypotheses 
through Wallacea. The Journal of Island and Coastal Archaeology, 
11(3), 364– 384.

Lambeck, K., Rouby, H., Purcell, A., Sun, Y., & Sambridge, M. (2014). Sea 
level and global ice volumes from the last glacial maximum to the 
Holocene. Proceedings of the National Academy of Sciences, 111(43), 
15296– 15303.

Lodolo, E., Galassi, G., Spada, G., Zecchin, M., Civile, D., & Bressoux, M. 
(2020). Post- LGM coastline evolution of the NW Sicilian channel: 
Comparing high- resolution geophysical data with glacial isostatic 
adjustment modeling. PLoS One, 15(2), e0228087.

Macaulay, V., Hill, C., Achilli, A., Rengo, C., Clarke, D., Meehan, W., 
Blackburn, J., Semino, O., Scozzari, R., Cruciani, F., Taha, A., Shaari, 
N. K., Raja, J. M., Ismail, P., Zainuddin, Z., Goodwin, W., Bulbeck, 
D., Bandelt, H.- J., Oppenheimer, S., … Richards, M. (2005). Single, 
rapid coastal settlement of Asia revealed by analysis of complete 
mitochondrial genomes. Science, 308(5724), 1034– 1036.

Meijer, H. J., van den Hoek Ostende, L. W., van den Bergh, G. D., & de 
Vos, J. (2010). The fellowship of the hobbit: The fauna surrounding 
Homo floresiensis. Journal of Biogeography, 37(6), 995– 1006.

Milne, G. A., & Mitrovica, J. X. (2008). Searching for eustasy in degla-
cial sea- level histories. Quaternary Science Reviews, 27(25– 26), 
2292– 2302.

Norder, S. J., Proios, K. V., Whittaker, R. J., Alonso, M. R., Borges, P. A. V., 
Borregaard, M. K., Cowie, R. H., Florens, F. B. V., de Frias Martins, A. 
M., Ibáñez, M., Kissling, W. D., de Nascimento, L., Otto, R., Parent, 
C. E., Rigal, F., Warren, B. H., Fernández- Palacios, J. M., van Loon, 
E. E., Triantis, K. A., & Rijsdijk, K. F. (2019). Beyond the last gla-
cial maximum: Island endemism is best explained by long- lasting 
archipelago configurations. Global Ecology and Biogeography, 28(2), 
184– 197.

Nunn, P. D. (2014). Geohazards and myths: Ancient memories of rapid 
coastal change in the Asia- Pacific region and their value to future 
adaptation. Geoscience Letters, 1(1), 1– 11.

Oppenheimer, S. (2009). The great arc of dispersal of modern humans: 
Africa to Australia. Quaternary International, 202(1– 2), 2– 13.

Peñalver, L., Pedoja, K., Martin- Izquierdo, D., Authemayou, C., Nuñez, 
A., Chauveau, D., de Gelder, G., Davilan, P., & Husson, L. (2021). 
The Cuban staircase sequences of coral reef and marine ter-
races: A forgotten masterpiece of the Caribbean geodynamical 
puzzle. Marine Geology, 440, 106575. https://doi.org/10.1016/j.
margeo.2021.106575

Qian, H., & Ricklefs, R. E. (2012). Disentangling the effects of geo-
graphic distance and environmental dissimilarity on global pat-
terns of species turnover. Global ecology and Biogeography, 21(3), 
341– 351.

Ryan, W., & Pitman, W. (2000). Noah's flood: The new scientific discoveries 
about the event that changed history. Simon and Schuster.

Sarr, A. C., Husson, L., Sepulchre, P., Pastier, A. M., Pedoja, K., Elliot, M., 
Arias- Ruiz, C., Solihuddin, T., & Aribowo, S. (2019). Subsiding sun-
daland. Geology, 47, 119– 122.

Seabed 2030 Global Data Center (2021). Errata and known issues. British 
Oceanographic Data Centre (BODC). https://www.gebco.net/
data_and_produ cts/gridd ed_bathy metry_data/data_set_errat a/

Spada, G. (2017). Glacial isostatic adjustment and contemporary sea 
level rise: An overview. In A. Cazenave, N. Champollion, F. Paul, 
& J. Benveniste (Eds.), Integrative study of the mean sea level and its 
components. Space sciences series of ISSI (Vol. 58). Springer. https://
doi.org/10.1007/978- 3- 319- 56490 - 6_8

Spada, G., & Melini, D. (2019). SELEN4 (SELEN version 4.0): A Fortran 
program for solving the gravitationally and topographically self- 
consistent sea- level equation in glacial isostatic adjustment model-
ing. Geoscientific Model Development, 12(12), 5055– 5075.

Tan, D., Gyllenhaal, E., & Andersen, M. (2022). PleistoDist: A toolbox 
for visualising and quantifying the effects of Pleistocene Sea- level 
change on Island archipelagos. bioRxiv.

Tegmark, M. (1996). An icosahedron-based method for pixelizing the ce-
lestial sphere. The Astrophysical Journal, 470(2), L81.

The Nippon Foundation- GEBCO (2022). Seabed 2030 project. British 
Oceanographic Data Centre (BODC). www.seabe d2030.org

Tian, S. Y., Yasuhara, M., Hong, Y., Huang, H. H. M., Iwatani, H., Chiu, W. 
T. R., Mamo, B., Okahashi, H., & Rasmussen, T. L. (2020). Deglacial– 
Holocene Svalbard paleoceanography and evidence of meltwater 
pulse 1B. Quaternary Science Reviews, 233, 106237. https://doi.
org/10.1016/j.quasc irev.2020.106237

Tozer, B., Sandwell, D. T., Smith, W. H., Olson, C., Beale, J. R., & Wessel, P. 
(2019). Global bathymetry and topography at 15 arc sec: SRTM15+. 
Earth and Space Science, 6(10), 1847– 1864.

Van den Bergh, G. D., de Vos, J., & Sondaar, P. Y. (2001). The late qua-
ternary palaeogeography of mammal evolution in the Indonesian 
archipelago. Palaeogeography, Palaeoclimatology, Palaeoecology, 
171(3– 4), 385– 408.

van der Geer, A. A., Lomolino, M. V., & Lyras, G. A. (2017). Island Life' 
before man: Biogeography of palaeo- insular mammals. Journal of 
Biogeography, 44(5), 995– 1006.

van der Geer, A. A., van den Bergh, G. D., Lyras, G. A., Prasetyo, U. W., 
Due, R. A., Setiyabudi, E., & Drinia, H. (2016). The effect of area and 
isolation on insular dwarf proboscideans. Journal of Biogeography, 
43(8), 1656– 1666.

Veron, J. E., Devantier, L. M., Turak, E., Green, A. L., Kininmonth, S., 
Stafford- Smith, M., & Peterson, N. (2009). Delineating the coral tri-
angle. Galaxea, Journal of Coral Reef Studies, 11(2), 91– 100.

Veron, J. E. N. (1995). Corals in space and time: The biogeography and evo-
lution of the Scleractinia. Cornell University Press.

Vita- Finzi, C., & Hidayat, S. (1991). Holocene uplift in West Timor. Journal 
of Southeast Asian Earth Sciences, 6(3– 4), 387– 393.

Voris, H. K. (2000). Maps of Pleistocene Sea levels in Southeast 
Asia: Shorelines, river systems and time durations. Journal of 
Biogeography, 27(5), 1153– 1167.

Weigelt, P., Steinbauer, M. J., Cabral, J. S., & Kreft, H. (2016). Late quater-
nary climate change shapes Island biodiversity. Nature, 532(7597), 
99– 102.

Woodruff, D. S. (2010). Biogeography and conservation in Southeast 
Asia: How 2.7 million years of repeated environmental fluctuations 
affect today's patterns and the future of the remaining refugial- 
phase biodiversity. Biodiversity and Conservation, 19(4), 919– 941.

Yasuhara, M. (2008). Holocene ostracod palaeobiogeography of the 
Seto Inland Sea, Japan: Impact of opening of the strait. Journal of 
Micropalaeontology, 27(2), 111– 116.

Yasuhara, M., Iwatani, H., Hunt, G., Okahashi, H., Kase, T., Hayashi, H., 
Irizuki, T., Aguilar, Y. M., Fernando, A. G. S., & Renema, W. (2017). 
Cenozoic dynamics of shallow- marine biodiversity in the Western 
Pacific. Journal of Biogeography, 44, 567– 578.

 14668238, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/geb.13573 by U

va U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.margeo.2021.106575
https://doi.org/10.1016/j.margeo.2021.106575
https://www.gebco.net/data_and_products/gridded_bathymetry_data/data_set_errata/
https://www.gebco.net/data_and_products/gridded_bathymetry_data/data_set_errata/
https://doi.org/10.1007/978-3-319-56490-6_8
https://doi.org/10.1007/978-3-319-56490-6_8
http://www.seabed2030.org
https://doi.org/10.1016/j.quascirev.2020.106237
https://doi.org/10.1016/j.quascirev.2020.106237


    |  2171DE GROEVE et al.

BIOSKE TCH

The study was led by the Biogeography & Macroecology 
(BIOMAC) laboratory in collaboration with the Computational 
Support (COMPSUP) team at the Institute for Biodiversity and 
Ecosystem Dynamics (IBED), University of Amsterdam. The cen-
tral aim of BIOMAC is to quantify how biodiversity and abiotic 
components of the Earth system vary across space and time, how 
they interact, and how responses of species and ecosystems to 
changing environmental conditions can be predicted and fore-
cast. Computational Support provides expertise in computa-
tional tools and data that are needed for scientific research at 
IBED.
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