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During the Mesozoic (242—66 million years ago), terrestrial regions underwent
a massive shift in their size, position and connectivity. At the beginning of the
era, the land masses were joined into a single supercontinent called Pangaea.
However, by the end of the Mesozoic, terrestrial regions had become highly
fragmented, both owing to the drifting apart of the continental plates and
the extremely high sea levels that flooded and divided many regions. How
terrestrial biodiversity was affected by this fragmentation and large-scale
flooding of the Earth’s landmasses is uncertain. Based on a model using the
species—area relationship (SAR), terrestrial vertebrate biodiversity would
be expected to nearly double through the Mesozoic owing to continental
fragmentation, despite a decrease of 24% in total terrestrial area. Previous
studies of Mesozoic vertebrates have generally found increases in terrestrial
diversity towards the end of the era, although these increases are often attrib-
uted to intrinsic or climatic factors. Instead, continental fragmentation over this
time may largely explain any observed increase in terrestrial biodiversity. This
study demonstrates the importance that non-intrinsic effects can have
on the taxonomic success of a group, and the importance of geography to
understanding past biodiversity.

1. Introduction

The observation that species diversity increases along with area was noted over
150 years ago [1], and since then has been extensively quantified across almost
all major taxonomic groups and regions [2—6], and even into the geological past
[7]. It is so ubiquitous that the species-area relationship (SAR) is often called one
of the few ‘laws” of ecology [5,6,8].

Because of the strength and ubiquity of the SAR, it has served as a useful
tool for ecologists to estimate diversity into the future, particularly species
declines owing to habitat loss [9] or the potential anthropogenic homogeniz-
ation of faunas (i.e. ‘New Pangaea’ in Rosenzweig [10])[8,11]. For example,
Brown [11] calculated that, if the Earth’s ecosystems were to be completely
homogenized through human influence, biodiversity loss among taxonomic
groups could range from 35% to 70%. Similarly, Collins and co-workers [8] pre-
dicted an overall loss of 44.5% of global diversity (although see Rosenzweig
[10]). While future biodiversity may severely decline owing to habitat loss
and a breakdown of geographical barriers, it is unclear how similar changes
in land area and terrestrial connectivity in the geologic past may have affected
Mesozoic terrestrial vertebrate (MTV) biodiversity.

Terrestrial area is largely determined by two long-term processes—plate tec-
tonics and eustatic sea level—interacting to produce the shape and arrangement
of coastlines. During the Mesozoic, terrestrial regions went from being their most
connected at the start of the era, to their most highly fragmented near the end of
the era (figure 1a). At the beginning of the Triassic, the continental plates were
almost entirely united into the single supercontinent Pangaea. However, by the
Late Cretaceous, these plates had largely moved to their modern day locations
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Figure 1. Changes in terrestrial area and configuration through time. (a) Rank—area plot of individual terrestrial areas through the Mesozoic. Each time period is
represented by a unique colour, with red the oldest (Triassic) through to blue as youngest (Cretaceous). The distribution of present day terrestrial areas is represented
by the solid black line. (b) Total terrestrial area (blue) and number of isolated landmasses (green) through time.

[12,13]. At the same time, eustatic sea level rose through this
interval, driven in part by these same tectonic processes [14].
Global sea levels peaked up to 250 m above modern during
the Late Cretaceous [15] (although other studies have
suggested a maximal rise of approximately 150 m [16]), leading
to extensive flooding of low-lying regions and a substantial
decrease in terrestrial area [13,17] (figure 1b). This rise in
sea level further fragmented terrestrial regions through the
flooding of continental interiors in Africa, Eurasia and North
America, splitting these continental plates into multiple land-
masses [17]. While the largest land mass at the beginning of
the Triassic was nearly 123 million km?, or 88% of the total ter-
restrial area, the largest land mass was only 27 million km?
near the end of the Cretaceous, or about 22% of the total terres-
trial area (figure 1a). Although the maximum size of a
contiguous terrestrial region decreased substantially through
this time, it meant that there were a much larger number of
moderately sized terrestrial areas.

The principles of island biogeography [4] could lead to two
different expectations for how biodiversity would change in

relation to changes in palaeogeography. The isolation of conti-
nents should lead to higher numbers of endemic taxa, yet the
24% decrease in total terrestrial area should lead to lower
MTYV biodiversity. In order to try and understand how MTV
biodiversity may have responded to changing palaeogeo-
graphy, I modelled terrestrial area through the Mesozoic and
applied the SAR to predict biodiversity through time.

2. Material and methods

To create a dataset of terrestrial regions during the Mesozoic, I digi-
tized available palaeocoastline maps [13]. For a further discussion
of map sources, please consult the electronic supplementary
material. Each contiguous land area was digitized individually;
this resulted in some cases where several modern continents
were joined together into a single polygon, and other cases
where modern continents were subdivided into multiple polygons
owing to the presence of epeiric seaways. The resulting polygons
were analysed using the R Statistical Program [18] (the complete
R code, including the full set of polygons, can be downloaded
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Figure 2. Predicted biodiversity for all areas (solid line), areas greater than 250 000 km? (dotted line) and areas greater than 500 000 km? (dashed line).

Palaeogeographic maps shown for select time periods. Pg, Palaeogene.

from Dryad [19]). Polygon area was calculated using the areaPoly-
gon function in the geosphere package [20], which is able to
calculate true area of an irregular polygon on the surface of an
ellipsoid. Expected number of species for each region could then
be estimated using the SAR, with total biodiversity for each time
period the sum of all estimates.

For this analysis, the interprovincial land mammal SAR for-
mula from Wright [9] was used to calculate the predicted
number of species for each individual land mass (see the elec-
tronic supplementary material, S1, for a further discussion of
SAR equations and alternate estimates of interprovincial SAR
equations). For simplicity, this equation was used for the primary
analyses in this study. Although ecological roles and taxonomic
abundance of MTV groups were different than living animals,
terrestrial mammals were used as a proxy for all groups as
they represent one of the most abundant and well-studied terres-
trial vertebrates. As the SAR varies between groups, it is
important to remember that the overall trend of biodiversity
through time is of more relevance and probably more accurate
than absolute values of standing diversity.

3. Results

Using this model, MTV diversity would be expected to increase
substantially from the earliest Triassic, peak in the Santonian or
Campanian, and decline slightly through the Maastrichtian
(figure 2). Although alternate interprovincial SAR equations
provide different estimates, this overall trend is consistent for

a wide range of equations (electronic supplementary material,
figure S2). Moving back in time, the rock record becomes less
complete, and there is the potential that evidence of smaller
terrestrial areas is less likely to be preserved. To test for a poten-
tial overestimation due to a higher number of preserved,
small, insular regions in more recent time periods, the model
was run two additional times, ignoring areas smaller than
250000 km? and 500000 km?, respectively. Removing the
smaller land masses decreased estimated diversity for each
time period; however, the overall trend of increasing diversity
through the Mesozoic was still robust. The large rise in
expected biodiversity through time is because of the increasing
evenness in land mass size (figure 1a), rather than the absolute
number of land masses or the total available terrestrial area
(figure 10).

As this model was explicitly designed to only investigate
the effect of geography on biodiversity, climatic factors were
intentionally left out. In particular, all terrestrial regions, even
those near the poles, were included in the calculations of
expected species richness. Although modern polar regions
are relatively species poor, there is ample evidence of diverse
terrestrial communities near both poles throughout much of
the Mesozoic [21]. Also, there was a distinct warming trend
through the Mesozoic, peaking in the Late Cretaceous, with
the increase in temperatures generally greater towards the
poles, leading to a reduced equator-to-pole thermal gradient
[22]. Therefore, integrating climate into the model would
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probably lead to an even larger predicted increase in biodi-
versity through the Mesozoic, as polar regions would be
able to sustain ever higher numbers of species as high lati-
tude climates became warmer and more equable.

4. Discussion

There has been a recent surge in interest in the shape of ter-
restrial biodiversity through the Mesozoic [23-28].
However, very few studies have investigated the impact of
geographical arrangement on biodiversity estimates. Even
among studies that incorporate terrestrial area, these studies
almost always test for an effect due to total area [25,26]
or geographical spread of localities [28], rather than the
arrangement and sizes of individual landmasses. As such,
geographically produced effects, particularly owing to the
isolation of the continents, may be prematurely ruled out.

There is some support for continental fragmentation pro-
moting biodiversity from several empirical studies. In Late
Cretaceous North America, the Western Interior Seaway
bisected the continent from north to south, isolating eastern
and western regions from each other, and these two regions
developed distinct faunal assemblages during this time [29].
Likewise, Late Cretaceous Europe was fragmented into a
large number of isolated islands. Each of these smaller
islands, though individually less diverse than larger contem-
poraneous land masses, nonetheless possessed a high degree
of endemism [30], creating an overall higher diversity than a
single landmass of equivalent size.

The slight decrease in expected biodiversity during the Maas-
trichtian shows the large effect terrestrial isolation can have.
During the very last 5 million years of the Cretaceous, sea level
began to fall, reconnecting previously separate regions, leading
to a predicted homogenization of ecosystems and overall
decrease in biodiversity. This decrease in expected biodiversity
is occurring despite the increase in total terrestrial area
(figure 1b). Although a decline in diversity shortly before the
extinction has been previously suggested [31], the subject is of
some debate [23]. Further work is needed to disentangle regional
and global signals of biodiversity, in order to understand how
biodiversity was actually responding at this time. In particular,
incorporating species occurrence data, and estimates of bio-
diversity derived from that data, with the geographical model
presented here is a logical next step in understanding the influ-
ence of geography on Mesozoic terrestrial biodiversity. Most
importantly, palaeogeography provides an explicit alternative
to climatic or intrinsic drivers of biodiversity, and can provide
an important framework for further examining terrestrial
biodiversity changes throughout the Mesozoic.
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