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Thelong-term diversification of the biosphere responds to changes in the physical
environment. Yet, over the continents, the nearly monotonic expansion of life started
later in the early part of the Phanerozoic eon' than the expansion in the marine realm,
where instead the number of genera waxed and waned over time?. A comprehensive
evaluation of the changes in the geodynamic and climatic forcing fails to provide a
unified theory for the long-term pattern of evolution of life on Earth. Here we couple
climate and plate tectonics models to numerically reconstruct the evolution of the
Earth’slandscape over the entire Phanerozoic eon, which we then compare to palaeo-
diversity datasets from marine animal and land plant genera. Our results indicate that
biodiversity is strongly reliant on landscape dynamics, which at all times determine
the carrying capacity of both the continental domain and the oceanic domain. Inthe
oceans, diversity closely adjusted to the riverine sedimentary flux that provides
nutrients for primary production. On land, plant expansion was hampered by poor
edaphic conditions untilwidespread endorheic basins resurfaced continents with a
sedimentary cover that facilitated the development of soil-dependent rooted flora,
and theincreasing variety of the landscape additionally promoted their development.

The diversity of marine and terrestrial life was assembled over the Phan-
erozoic eon through complex interplays between biotic controls and
abiotic controls®* that are still unclear, although biodiversity patterns
over time are fairly well identified from the fossil record** and mounting
evidence from phylogenetics®’. Although both continents and oceans,
in the most recent stages of the Phanerozoic, host more species than
ever, the monotonic increase of diversity over time in the terrestrial
realm' contrasts with the more complex evolution of diversity in the
oceans®. Besides the ‘big five’ mass extinctions’, turning pointsin their
progressions also became iconic: Darwin referred to the advent of
flowering plants in continents as an abominable mystery; Vermeij'
coined the term Cenozoic marine revolution. Another enduring puzzle
isthelate expansion of land plants compared to marine life that rapidly
diversified 100 million years earlier. Although the joint effects of biotic
and abiotic factors are probably required to explain the biodiversity
patterns in time® and space, a wealth of possible mechanisms have
beenexamined independently. Within this variety, truly independent
potential abiotic forcings might have been overlooked, although they
are not many and ultimately refer to the physical environment, which
couples climatic or geological forcings, suggesting that biodiversity
trends could be more comparable for marine and terrestrial life.
Continental drift sets the distribution of landmasses at the surface
ofthe Earth during the Phanerozoic. The changing palaeogeographyin
turnsinfluences the atmospheric circulation. Both plate tectonics and
climate are critical to the development of marine and terrestrial life, by
setting thelatitude and hours of daylight, temperatures or hydrological
cycles. Although these processes are undoubtedly primordial, they do
notaccount for the dynamic evolution of the surface of the Earth, which

should notberegarded as aseries of stationary configurations. Reliefs
are changing over time and mass transfers are crucial to the expansion
of life: both on the continents and in the oceans, nutrient availability
is determined by landscape dynamics. Understanding the impact of
nutrient fluxes thus requires acomprehensive quantitative approach
that we develop herein, leaving aside the role of truly biotic processes.

Here we propose a new method to quantify the global-scale physi-
ographic changes over the Phanerozoic eon, applying the landscape
evolution model goSPL*" to a series of global-scale palaeo-elevation
reconstructions, consistently tied to a plate tectonic model* and toa
series of palaeoclimatic reconstructions® (Fig.1). Our approach allows
us to jointly quantify the tectonic uplift at long wavelengths and the
high-resolution dissection of the landscape (Methods and Extended
Data Figs.1and 2). Model outputs, including high-resolution topog-
raphy, continental erosion and sedimentation rates, drainage net-
works and sediment and freshwater yields to the oceans (all datasets
released online'), allow estimation of theimpacts of surface processes
on the physiography of the Earth throughout the entire Phanerozoic
(Fig.1). Sensitivity tests using alternative climatic and tectonic models
(Methods) point to spatial variations and differences in the magnitude
of erosionrates although global temporal trends remain mostly insensi-
tive (Extended DataFig. 6a,c).

Reconstructing sediment flux dynamics

Surface processes are first calibrated using modern estimates of aver-
age global erosionrates™® and suspended sediment flux**° (Methods).
Then, propagating this parameterizationin past timesyields temporal
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Fig.1|Physiographicevolution and associated patterns of erosion-
depositionacross the Phanerozoic. a, goSPL'*" simulations showing high-
resolution palaeo-landscape, heterogeneouslandforms and drainage networks,
under theinfluence of surface processes, at155Maand 11 Ma. b, Erosionand
sedimentation rates; positive values correspond to depositionin endorheic

trendsin bulk sediment transfer (Fig. 2a) that canbe tied to continental
elevations and surface runoff (that s, precipitation minus evapotran-
spiration; Extended Data Fig. 6a). Two phases of sustained fast ero-
sion separated by a quieter period mark the long-term Phanerozoic
evolution. The Palaeozoic phase relates to an increase in continental
runoff from the Silurian period to the Carboniferous period, and to
higher reliefs until the assembly of Pangaea during Permian times.
Lower continental elevations and more arid conditions prevailed until
Pangaeabreakup after the Triassic period. During this period, up to30%
of eroded materials were trapped in the terrestrial domain (Fig. 2a). The
Meso-Cenozoic phase of erosion, from the Jurassic period onwards,
ismarked by amore than twofold increase in erosion flux, fostered by
higher runoffand by therising reliefs of the Cenozoic mountain belts.
During that phase, most of the sediments are directly transferred to the
ocean (continental deposition decreases to about 13% of the erosion
flux). Several peaks in erosion flux, coinciding with major orogenic
episodes, overprint the low-frequency Phanerozoic trend (Fig. 2a).
By redistributing sediments eroded from the continental reliefs to
the oceans, rivers are crucial playersin biochemical cycles. However,
before extrapolating the model results towards such considerations
indeep time, we confront our model predictions with available inde-
pendent data. First, the geography of model-predicted modernriver
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Total net sediment flux to
the ocean (km?® yr~)

I Endorheic basins
Mean erosion rate (mm yr=")

122 Ma

basinsand depressions, and negative ones to erosion across mountain ranges
and along major river upstream channels, at 155 Ma and 11 Ma. ¢, Total endorheic
sediment coverage since 540 Ma (in red) with cumulative mean erosion rates
on continents (blue), and instantaneous global net sediment flux to the ocean
for specific timeintervals (purple).

outlets and watersheds conforms with actual ones (Extended Data
Fig.3). Likewise, the predicted water discharge and sediment yield for
the largest modern rivers compare to current ones'®. As an example,
our predictions of the Amazon River discharge and sediment flux are
respectively well within the estimated range (6,591t0 7,570 km? yr™)?°
and only about 4% below the sediment production rate inferred from
cosmogenic nuclide analysis (about 610 Mt yr )%, Our model faith-
fully accounts for the discharge-area scaling relationship between
water and sediment flux at the present day?, and throughout the
entire Phanerozoic (Extended Data Fig. 3). Predicted trends of sedi-
ment flux compare reasonably well with observations”, although
more closely during the Meso-Cenozoic for which the record is more
accurate (Extended Data Fig. 6¢). Water and sedimentary fluxes are
remarkably anticorrelated over time to the average area of the water-
sheds (Extended Data Fig. 3c), indicating that large sediment yields
are primarily due to small basins characteristic of the heterogene-
ous landscapes found in tectonically dynamic regions. This is well
exemplified by the sharp increase in average drainage basin areas
about 240 million years ago (Ma) related to the development of the
low-relief landmasses of Pangaea, which closely matches a major
decreasein sediment and water flux. Following Pangaea breakup after
200 Ma, water and sediment flux resume owing to wetter climates
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Fig.2|Reconstructed sediment flux and continental sedimentary basin

evolution. a, Simulated global erosion flux, net sediment flux delivered to the
oceanand endorheic sedimentation flux; and major orogenic episodes for the
Phanerozoic (CAMP, Central Atlantic Magmatic Province). b, Global changesin

and anoverallincrease in mean elevation range under renewed plate
tectonic activity. We also predict that about 25% of the surface of
present-day landmasses is covered by endorheic catchments (Fig. 2b),
in agreement with earlier estimates®. Additionally, we corroborate
the model-predicted sediment flux using the strontiumisotopic ratio
of seawater for the Phanerozoic, and with a sensitivity analysis based
on different palaeo-elevation and palaeoclimate reconstructions
(Methods).

Phanerozoic marine biodiversification

Owing to their quantitative nature, our model predictions provide
unprecedented tools to assess the role that physiographic changes
might have played in the long-term evolution of the biosphere. Dur-
ing the Phanerozoic, the evolution of the marine biodiversity, derived
from palaeontological data>***, exhibits three major phases (Fig. 3).
Following the emergence of the primitive Cambrian fauna, an initial
phase of rapid diversification of the Palaeozoic fauna (between the
Ordovician and Silurian periods) plateaued up to the Permian period.
Afteraperiod of lower diversity over the Triassic, marine faunas mono-
tonically diversified and radiated (Extended Data Fig. 10a).

Among the forcings that control the biodiversity, nutrient avail-
abilityisregarded as one of the most influential environmental drivers
becauseitdirectly acts on primary productivity within the trophic zone
required to sustain marine life***? and diversity**?. As nutrient intake
by the oceans is primarily related to river runoff, higher erosion rates
during orogenic episodes have been proposed as a crucial extrinsic
forcing?*?, Yet inferences between nutrient flux and erosion are to
our knowledge only qualitatively assessed, either from the geochemi-
cal trends—often matching marine genera to the equivocal ¥Sr/%¢Sr

total continental area, and in modelled endorheic basinarea. Cm, Cambrian; O,
Ordovician; S, Silurian; D, Devonian; Carb, Carboniferous; P, Permian; Tr, Triassic;
J,Jurassic; K, Cretaceous; Pg, Palaeogene; Ng, Neogene.

isotopic ratio of seawater—or by deriving first-order empirical rela-
tionships between mountain elevations and sediment flux from major
rivers. Our direct quantification of these fluxes over time permits us to
alleviate the biases associated with the interpretation of the ¥Sr/%Sr
ratio of seawater (see Methods) or caused by the default assumption®
ofalinear transfer function between elevation and sediment transport.
For example, downstream sediment storage in endorheic basins or
reduced precipitation due to orographic shadowing curbs the sedi-
mentyield to the oceans, and conversely, small exorheic basins might
enhance transport in mid-elevation regions®.

Thereconstructed net sediment flux to the ocean and the total num-
ber of marine families are strongly correlated (Pearson coefficient 0.88)
and sediment flux variation markedly matches the three main phases
that span the Phanerozoic eon (Fig.3 and Extended DataFig.10a). This
suggests that nutrient availability is a prime control on marine diver-
sity, providing an explanation for the observed Palaeozoic plateau—as
opposedtoacontinuousincrease—and for the Mesozoic marine revolu-
tion' that sparked biodiversification until the present day, but also for
thelow-diversity period of Pangaea, when endorheic basins suddenly
sequestered a vast amount of sediments over the continents, depriv-
ing oceans of about 30% of the nutrient source (Figs. 1c and 2a). The
time lag between the Great Ordovician Biodiversification Event and
the predicted increase in Palaeozoic sediment fluxes (Fig. 3) could be
explained either by uncertaintiesin the reconstructions of the climate
and tectonics, or by the overwhelming effect of climate cooling®.

Mass extinctions are inescapable attributes of the marine diversity
curve’, which can also be partially matched to the high-frequency
variations in the predicted sediment yield to the oceans. Among the
big five extinction events, the most pronounced one, during the end-
Permian, is associated with the largest drop in sediment flux (Fig. 3).
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Fig.3|Sediment flux to the oceans and diversity of marine animal families
during the Phanerozoic. Predicted trend in net sediment flux to the ocean
(purple curve) and diversity of Cambrian, Palaeozoic and modern marine
families (blackline indicates total marine families, and Cambrian, Palaeozoic
and modern faunas are delimited by white lines, all derived from Sepkoski’s

Besides the end-Ordovician and end-Triassic crises, mass extinction
eventsoccurredin the aftermath (about 2 to 15 Myr) ofimportant reduc-
tionsin the net sediment flux (Fig. 3), caused by either major declines
in precipitation rates (Late Devonian) or elevation and palaeogeo-
graphy (end-Permian), or both (end-Cretaceous; Extended DataFig. 6a).
Conversely, intensified hydrological conditions and weathering, and
increases in nutrient discharge, are often considered as major drivers of
oceanicanoxia®and possibly extinction®. Although some congruences
between specific Mesozoic anoxic events**and peaksin predicted net
sediment flux to the ocean can be found in our model, here instead,
we posit that sediment shortage—and not excess—more efficiently
actsas an essential undermining mechanism before theimpact of the
compounding processes that ultimately triggered the episodes of
mass extinctions (for example, sea-level fluctuations, rapid climatic
changes, volcanism and bolide impacts) during Phanerozoic history,
asreferred to in the press-pulse framework>*.

The identified relationship between marine biodiversity and pre-
dicted ocean sedimentary flux could be a direct consequence of the
incompleteness and spatial heterogeneity of the fossil record. Many
have already raised the issue of preservation biasin the marine palaeo-
biological record®***. If so, the calculated strong correlation would
represent an original tool to deconstruct biodiversity curves®, and
computed sediment flux could be used to find under-explored regions
with high preservation potentials from the spatiotemporal distribution
of simulated palaeo-rivers (Extended Data Fig. 9a). While acknowl-
edging the possibilities for biases in the fossil record***, we suggest
that the carrying capacity for biodiversity of the oceans is extensively
contingent on sedimentary flux and, therefore, on the physiographic
evolution of continents. This supports earlier claims that abiotic factors
(either environmental®®?** or related to continental fragmentation and
reassembly*®*) control speciation and extinction rates. The recently
proposed diversity hotspots hypothesis” posits that stability in environ-
mental conditions and high continental fragmentation drove the global
marine diversity to levels rarely approaching ecological saturation.
Ourresultsaccordingly support theideathat tectonically driven shifts
in palaeogeographies (that is, creation and destruction of geological
barriers) and global ocean-atmospheric circulation ultimately affect
sediment transport, whichin turn modulates the carrying capacity for
marine diversity. Our method offers an independent alternative to
existing approaches evaluating long-term trends in nutrient flux**>2;
anatural avenue will be to account for the variable lithologies of eroded
continental rocks over time and space (for example, large igneous
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compendium? http://strata.geology.wisc.edu/jack/). The Pearson coefficient
of 0.88indicates astrong positive correlation between the two variables.

The Cambrianexplosionand Great Ordovician Biodiversification Event (GOBE),
aswell as the big five mass extinction events’, are indicated.

provinces, and continental and volcanic arcs) to precisely quantify the
chemical nature of the transferred nutrients (such as silicaor phospho-
rus) that may foster or hinder the development of certain species and
trigger evolutionary innovations.

Phanerozoic terrestrial diversification

Alongthe samelines, we reappraise the diversification of terrestrial life
duringthe Phanerozoic eon, except that we focus onland plants whose
role as primary producers limits theimpact of uncontrolled feedback
interactions within the trophic chain. For that purpose, we test the pos-
sibleimpact of physiographic changes on vascular plants, by taking as
predictors the sedimentary flux onto continents, the gradual spreading
ofthe sediment cover over landmasses and the physiographic diversity
of the landscape (Methods).

At first order, the diversification of land plants' shows a roughly
monotonic increase in the number of species from the Carbonifer-
ous onwards (Fig. 4a). Our model results indicate that the sediments
accumulatedin endorheic basins but that the flux wasuneven through
time. Owingto the modelintegration period, the sediment cover is null
when the simulation starts, but this does not suggest that no sediment
accumulated before the Cambrian period. We however reason that
former soft sediments would have turned into barren hard rocks by
450 Maowing to the limited sediment storage on continents during the
Palaeozoic era (Fig. 2a). Sediment flux rapidly rose during the Mesozoic
and Cenozoic eras. The good correlation between the sediment flux
on continents and the bulk diversity of terrestrial plants (Pearson coef-
ficient 0.67) already suggests that diversificationis limited by sediment
availability at any time. Moreover, endorheic sediments were mostly
preserved after their deposition, thereby increasing the total conti-
nental surface covered by sediments (Figs.1cand 4a). The correlation
markedly improves (Pearson coefficient 0.91 (Fig. 4a) and up to 0.96
when limited to the gymnosperms and angiosperms (Extended Data
Fig.10b)) when considering instead that it is the spatial coverage of
sediments cumulated over time that limits diversification, by replacing
the barerocks of the substratum with asoil that provides nutrients and
moisture to the more specialized plant species that develop over time.
Sediment cover is anecessary but non-unique condition for the devel-
opment of terrestrial plants*?, and for soil and sediment cover to have
an effect of diversification, life is required to co-evolve®*’. However,
after the inception of life, our results suggest that it is the sediment
cover that sets the carrying capacity.
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Fig.4|Continental sediment deposition and physiographic complexity,
and diversity of vascular plants, during the Phanerozoic. a, Predicted
cumulative area covered by sediments (red curve) and diversity of tracheophyte
species throughout the Phanerozoic' (green curves). The Pearson coefficient
of 0.91indicates astrong positive correlation between the two main curves.

b, Top:temporal distribution of the physiographic diversity index (Pp,; Methods)
with lower (Q1;25%), median (Q2) and upper (Q3; 75%) quartiles. Probability
density function (PDF) is used to estimate the likelihood of having a specific Py,
foreachtimeinterval. Bottom: temporal evolution of the physiographic variety

A further incentive to diversification comes from the increasing
physiographic variety of the landscape (Fig. 4b) since the Carbon-
iferous. Whereas the mean physiographic diversity (Pp,; Methods)
varies only moderately throughout the Phanerozoic eon, the physi-
ographic variety (Py,z; Methods) varies strongly. From the Triassic
to the Cretaceous period, and during the Cretaceous and Cenozoic,
the variety of the landscape increases at times when the overall rate
of diversification accordingly increased (Fig. 4). By offering new
habitats, periods of increased topographic heterogeneity have been
identified as drivers of diversification at the regional scale****; our
results qualify this observation and indicate that the impact s in fact
global, butalso thatitis the variety of the landscape—from low and high
diversity—that promotes the overall diversification of terrestrial plants
(Fig. 4¢).

More insights can be gained by scrutinizing the evolution at genus
level (Fig. 4a). During the early Palaeozoic era, continents covered
less than 20% of the Earth surface with restricted endorheic basins
(about17% of emerged lands; Fig. 2b) and sparse continental deposition,
hamperingboth soil production by physical and chemical weathering
and preservation. Irrespective of climatic or biological factors, these
poor edaphic conditions are suitable only for non-vascular plants
that inhabit a variety of substrates (including bare rock) and access
nutrients directly from meteoric waters and leachate*’. Early vascular

index (Py,g given by theinterquartile range of Py, (Q3-Q1). ¢, Multivariate
regression analysis (ordinary least squares (OLS) regression curve)

carried out on normalized cumulative area covered by sediments (Scqy)

and physiographic variety (Py,g) gives a strong statistically significant
relationship (Pvalue < 2.2 x107%). Theresulting regression equation is defined
by 0.019 + 0.27Py., + 0.61S 0. Analysis of variance shows a high dependence

of plant diversity dynamics on these abiotic parameters (R*~ 0.9). Botanical
icons by RebeccaHorwitt, available at full size and openaccess from https://
sites.psu.edu/rhorwitt/.

plants radiated during the Devonian period, with the development
of arborescent species and seed plants*¢. Our reconstructions show
that at that time, the increased global sediment flux (Fig. 2a) was not
storedinendorheicbasins (Fig. 4a), and that the physiographic variety
was low (Fig. 4b). The low diversification of early vascular plants on
land was thus driven only by species adaptation and climatic forcing
rather than by geomorphological changes**¢, This is corroborated
by the increasing tolerance of plants to water stress and seasonality*’
associated with the colonization of diverse environments®*® at that
time, feeding back on the landforms they live on®.

The diversity of land plants steeply increased only during the Late
Devonian epochwith the rapidrise of pteridophytes and gymnosperms,
but diversity quickly plateaued until the mid-Permian. As the total
sediment coverage of landmasses stalled during that period (Fig. 4a)
despite sustained erosion flux (Fig. 2a), we suggest that the diversity
of terrestrial plants was further hampered by the limited expanse of
favourable edaphic conditions.

Over the Permian and Triassic, pteridophytes were superseded by
gymnospermsthat further radiated (Fig.4a). Atthat time, the Pangaea
supercontinent gathered more emerged lands thanat any other timein
the Phanerozoic (Fig.2b). Sediment-covered surface areas also rapidly
increased owing to the development of large endorheic basins (up
to 20% of the continental surface; Fig. 2b), fed by a sustained flux of
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sediments from the high relief of the widespread circum-Pangaean
orogenies® (Fig. 4a). The massive development of these reliefs is also
associated with an increase of physiographic variety (Fig. 4b). The
emergence of these conditions, which would favour the diversification
of deep-rooting plants across a diverse range of physiographic environ-
ments, coincided with the development of gymnosperms (Fig. 4) that
dominated terrestrial floras by the end of the Triassic*.

Gymnosperm diversity continued to rise during the early phases
of Pangaea breakup before levelling off during the Jurassic and Cre-
taceous, along with a decrease in both continental deposition flux
(Fig.2a) and physiographic variety (Fig.4b), aswell as arelatively steady
sediment coverage (Fig. 4a), which all restrained the favourable reju-
venation of continental surfaces. Gymnosperms were superseded by
angiosperms that diversified at unprecedented rates at least from the
Cretaceous onwards (Fig. 4aand Extended Data Fig.10b), although the
timing remains largely controversial*®*', Common explanations invoke
their efficient cross-pollination strategies and high growth rates®>*,
Yet the period was also marked by extensive orogenic phasesin North
and South Americaand Eurasia (Fig. 2a). At that time, erosion resumed
inthereliefs along with renewed endorheic depositionin the lowlands,
and the overall physiographic variety further increased (Fig. 4b). The
new diverse niches that developed in this heterogeneous topography,
along with quickly expanding, nutrient-rich continental surfaces, could
have promoted the fast radiation of angiosperms.

Conclusion

Our study shows aremarkable congruence between the Phanerozoic
landscape dynamics and the diversification of both marine life and
terrestrial life. Earlier work already identified elements of this, but
the analyses remained fragmentary®**¢, consideringisolated pieces
of the environmental puzzle: climatic, geological or biotic. Here we
suggest that the evolution of continental physiography—as set by the
interplay between the geosphere and the atmosphere—determines
nutrient availability, and that it is a crucial limiting factor in both the
marine realm and terrestrial realm, as important as intrinsic biotic
processes®%3, or extrinsic processes such as the climatic control*® or
plate tectonics*. In the oceans, riverine sedimentary flux directly sets
nutrient availability for primary productivity. In continents, nutrient
availability is tuned by endorheism, by rerouting the sedimentary flux
and gradually varnishing their surfaces with a sedimentary cover, which
facilitates the development of more specialized species. The relative
effects of physiographic diversity and erosion rates on diversifica-
tionaredifficult to discriminate, but we suggest that the variety of the
physiography further adjusts the effect of endorheism by tessellating
the landscape.

The modality of sediment routing implies that diversification is
simultaneously detachment limited (the sediment flux should be
enough to sustain diversification) and transport limited (sediment
storage in continents may, in an extreme case, starve marine life while
instead feeding terrestrial life, or vice versa). The Phanerozoic trends
of marine and terrestrial diversity highlight these regimes: marine
diversity directly scales with sediment flux and is thus dominantly
detachment limited. Land plant diversity isinstead transport limited: its
onset occurred much later than that of marine diversity and exploded
only onceendorheism efficiently resurfaced continents with sediments.
Overall, physiographic changes determine the carrying capacity of
both the oceans and the continents.

We anticipate that these findings, together with the released sets
of physiographic descriptors at a high spatial resolution for the past
540 Myr (ref. 16), will invite more quantitative reappraisal of the inter-
actions between the solid Earth and the atmosphere, hydrosphere and
biosphere. For instance, our current approach conveniently reduced
the problem to the temporal dimension by extracting spatially aver-
aged metrics but ignores the spatialization of diversification events.
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Athorough palaeogeographical analysis of diversification events* in
both continents and oceans is now permitted thanks to these recon-
structions. Sensitivity tests, which illustrate how denudation rates
scale with climate reconstructions and endorheic sediment storage
is chiefly controlled by palaeo-elevation reconstructions, will allow
further testing of our hypothesis.
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ries, source data, extended data, supplementary information, acknowl-
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Methods

Global landscape model

Here we use goSPL'>®, an open-source scalable parallel numerical
model that simulates landscape and sedimentary basin evolution at
the global scale (resolution about 5 km). It accounts for river incision
andsoil creep, both considered as the maindrivers of long-term physi-
ographic changes. goSPL also tracks eroded sediments from source to
sink consideringalluvialand marine deposition, sediment compaction
and porosity change, and could be used to reconstruct basin strati-
graphicrecords. To evaluate these processes on landscape dynamics,
different forcing conditions could be imposed from spatially and tem-
porally varying tectonics (both horizontal and vertical displacements)
to multiple climatic histories (for example, precipitation patterns and
sea-level fluctuations). The model’s main equation, the continuity of
mass, has the following common form:

%2; =U+kV?z+eP4 (PA) V2" 1)

forwhich changesin surface elevation zwith time ¢t depend on tectonic
forcing U (rock uplift rate, in metres per year), hillslope processes for
which ks the diffusion coefficient (set to 0.5 m? yr™)¥ and fluvial pro-
cesses defined using the stream power law. mand nare dimensionless
empirical constants (setto 0.5and1), eisa precipitation-independent
component of erodibility (set to 4.0 x 107 yr on the basis of the choice
of m), and PA is the water flux combining upstream total area (4) and
local runoff (P) obtained from palaeoclimate mean annual precipitation
minus evapotranspiration¥. In our formulation, the weathering impact
of runoffandits role onriver incisionenhancement isincorporated by
scaling the erodibility coefficient with local mean annual runoff rate
with a prefactor d (a positive exponent estimated from field-based
relationships® and set to 0.42). It follows from equation (1) that deposi-
tionin flat plains or along gentle slopes is null. However, it simulates
continental depositionin depressions and endorheic basins.

IngoSPL, erosionoccurring in upstream catchmentsis linked to basin
sedimentation through amultiple-flow-direction algorithm that routes
both water and sediment flux towards multiple downstream nodes,
preventing the locking of erosion pathways along a single direction
and helping the distribution of the corresponding flux in downstream
regions. To solve the flow discharge globally (PA), we use a parallel
implicit drainage area (IDA) method***° in a Eulerian reference frame,
expressed in the form of a sparse matrix composed of diagonal terms
set to unity and off-diagonal terms corresponding to the immediate
neighbours of each vertex composing the spherical mesh. The solu-
tion of the IDA algorithmis obtained using the Richardson solver with
blockJacobian preconditioning®, both available in PETSc®. Continental
erosion and sediment transport solutions follow asimilar approach®.
Some of the main advantages of goSPL lie in its design of implicit and
parallel solutions of its constitutive equations®®, making it possible to
increase the model stability even with large time steps, and to scale the
simulation run time over hundreds of CPUs.

Palaeo-elevation and precipitation forcing. To reconstruct the past
physiography, goSPL relies on time-evolving boundary conditions—
climaticand palaeogeographic—that are used to compute the interplay
betweenthesolid Earth and the climate. To reconstruct high-resolution
palaeo-elevations throughout the Phanerozoic, we use aseries of 108
maps from the PALEOMAP palaeogeographic atlas™ ranging from the
Holocene epoch to the Cambrian-Precambrian boundary (541 Ma).
These palaeo-maps are defined at approximately 5-Myr intervals,
and each of them is represented as aregular grid with a resolution of
0.1° x 0.1° (approximately 10-km cell width at the Equator). These pal-
aeogeographic maps were initially based on information related to
lithofacies and palaeoenvironmental datasets®* and supplemented

and refined for more than 40 years with regional palaeogeographic at-
lases™%, We acknowledge that these maps bear some uncertainties and
controversial aspects. For example, the very early Andeanrise to their
modern elevations consequently precociously lowers the predicted
bulk sediment flux during the Neogene period while diversification
continues toincrease (Figs. 3 and 4). Itisworth noting thateven though
the PALEOMAP dataset forms the basis of this study, from a methodol-
ogy standpoint, other datasets®*®¢ could be used.

To simulate riverine processes, the palaeo-precipitation dataset
used was generated using a variant, HadCM3BL-M2.1aD (ref. 15), of the
coupled atmosphere-ocean-vegetation Hadley Centre model. This
climate model also uses the PALEOMAP Atlas® but at a lower resolu-
tion (3.75° x 2.5°). The reconstructed palaeo-precipitation regimes
are obtained for each individual palaeo-elevation map after running
the climate model for at least 5,000 model years to reach a dynamic
equilibrium of the deep ocean®. In addition to palaeo-elevation grids,
there are two additional time-dependent boundary conditions that
were setinthe climate model: the solar constant; and the atmospheric
CO, concentrations. Regarding the last condition, two alternative CO,
estimates are proposed®” and we chose the palaeo-precipitation and
evapotranspiration maps generated from the set of HadCM3 climate
simulations using the CO, local weighted regression curve fromref. 68.

Fromthe palaeo-elevation and palaeo-runoff maps, we generate the
inputfiles for goSPL by resampling the global temporal grids on anico-
sahedral mesh composed of more than 10 million nodes and 21 million
cells (corresponding to an averaged resolution of about 5 km globally—
about 0.05° resolution at the Equator). Inspired by techniques used
in palaeoclimate modelling>*, we designed an approach to achieve
adynamic equilibrium (erosion rates balance tectonics; equation (1)
and Extended DataFig. 2) under steady boundary conditions (rainfall,
tectonic uplift and erodibility). For each individual time slice, we run
two sets of simulations over 168 CPUs to estimate their correspond-
ing physiographic characteristics and associated water and sediment
dynamics (Extended Data Fig. 1). A first simulation is carried out over
aninterval of2 Myr under prescribed elevation and runoff conditions
and simulates landscape evolution and associated water discharge
and sediment flux assuming no other forcing. Under this setting, the
role of surface processes is not counterbalanced by tectonics, and
they excessively erode the reconstructed elevation, trimming part
of the major long-lived orogenic belts and upland areas, and causing
extensive floodplains. The resulting elevations are then corrected by
assimilating the palaeo-elevation information®. Model predictions
account for landscape evolution, and at this stage already contain a
more detailed representation of terrestrial landforms (for example,
canyons, valleys, incised channels and basins to cite a few) than the
initial palaeo-elevation (Extended Data Fig. 2a). To preserve these mor-
phological features during the correction step, high-amplitude and
high-frequency structures are removed using acombination of moving
average windows (ranging from 0.5° to 2°) that conserves the global
distribution of the initial palaeo-elevation with minimal change of its
hypsometry (<0.5%; Extended Data Fig. 2c). We then derive a tectonic
map (uplift and subsidence rates) by computing the local differences
between the palaeo-elevation values and the adjusted ones.

Asecond simulation starts with previous palaeo-elevation and run-
off conditions and additionally accounts for tectonic forcing. This
simulation runs until dynamic equilibriumis reached (that s, erosion
rates compensate tectonic uplift rates) within the first million years of
landscape evolution (Extended Data Fig. 2c). The outputs of this second
simulation are then used to evaluate water and sediment flux for the
considered time slice, as well as the major catchment characteristics
(river networks, drainage areas, and erosion and deposition rates).

The parametrization of equation (1) is obtained by calibrating its
variables with modern estimates of average global erosion rates™ (mean
value of 63 m Myr with a standard deviation of 15 m Myr™; Extended
DataFig. 6¢) and of suspended sediment flux from the BQART model*?°



(corresponding to 12.8 Gt yr™). Following calibration, we predict
anaverage present-day global erosion rate of 71m Myr™, and asediment
flux of 12.15 Gt yr! (assuming an average density of 2.7 g cm™).On the
basis of the multiple-flow IDA approach used to integrate runoff over
upstream catchments®® (IDA algorithm), we also extract the spatial dis-
tribution of the largest water discharges and sediment flux (Extended
Data Fig. 3a) and their respective basin characteristics.

Srisotopic variations from mantle origin

We use the geochemical archive of oceanic sediments to test the valid-
ity of the model predictions. The ¥Sr/*Sr isotopic ratio of seawater
(Extended DataFig. 4) reflects the balance between continental weath-
ering and mantle dynamics (hydrothermalism at mid-oceanridges and
weathering of island arcs and oceanic islands)®*’°, making it a classic
proxy todiagnose the relative importance of geodynamic and climatic
forcings through time”72,

From the measured isotopic budget of the ocean (0), present-day
low ¥Sr/%¢Sr ratios (about 0.703) are produced from mantle sources
(M), whereas high ratios (about 0.713) come from continental runoff
(CR, measured from main rivers worldwide)®. As aresult, the strontium
isotope oceanic mass balance has the following form:
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inwhich represents the mass fraction of the Sr coming from the mantle
(Qu/(Qy + Qs) with Qsbeing the predicted net sediment flux to the ocean

derived from our simulation) and the flux of mantle origin (Q,,). At the
present day, Q°, is given by the percentages defined above:
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Assuming that weathering scales with erosion rates, our recon-
structed global net sediment flux to the ocean (Q;) offers anindepend-
entalternative to existing approaches evaluating Sr flux from tectonic
origin and could be used to infer past tectonic activity’”>”®. Under
this assumption, differences (A(¥Sr/%Sr)) between our predicted
Sr ratio and the one from the geological record® would reflect the
dynamics of the Earth’s exogenic system, with positive A(®’Sr/%¢Sr)
values corresponding to periods of higher tectonicactivitiesrelative to
the present day and negative ones coinciding with more quiescent
periods. We then use the isotope oceanic mass balance to indepen-
dently derive the mantle contribution to the ¥Sr/%¢Sr ratio, relying on
our estimates of terrigenous flux and on the observed ¥Sr/*Sr ratio
of seawater. We crudely use the Sr isotope oceanic mass balance to
estimate the Sr flux of mantellic origin (Qy; Extended Data Fig. 4) in
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remained equivalent to those of the present day. Whereas the Sr ratio
from the mantle budget might change marginally (¥Sr/*¢Sr about 0.703
for mid-ocean ridge hydrothermal and about 0.7035 for island arcs
and oceanicislands®), the contribution of the continental crust to the
Sr ratio is highly dependent on the type of weathered materials™
(¥’Sr/%¢Sr about 0.708 for limestones, compared to about 0.721 for
silicates®’).

Sr

We find that the contributions of mantle and terrigenous sources
relative to those of the present day covary atlong wavelengths, with two
periods of reinforced influx fromboth sources separated by a quieter
period during Pangaea. This trend mirrors the Wilson cycle. It indicates
that the periods of high erosion, coinciding with periods of continental
aggregation and contraction, increased elevation and wetter climates,
also match periods of reinforced tectonic activity. Seafloor expansion
isfaster during periods of continental dispersal, and the total length of
ridges increases during breakup”. As the mantle input to the ¥Sr/*¢Sr
ratio of seawater is partially driven by seafloor kinematics, we find
several similarities between the predicted mantle Sr flux and subduc-
tionrates’>’*’ that can be taken as a proxy for oceanic spreading rates;
Extended Data Fig. 4). Notably, over the past 250 Ma, we deduce that
mantle fluxes were low during Pangaea, and subsequently increased
during Pangaea breakup; flux decreased during the late Palaeogene,
mirroring the decrease in crustal production rates in the Atlantic and
Pacific oceans” and the consumption of the East Pacific ridge.

Our model predictions of sediment flux compare at first order to the
observed increasein the ¥Sr/%¢Sr ratio of seawater over the past 150 Myr
(Extended DataFig. 4). Assuming that weathering scales with erosion
rates, it corroborates the first-order impact of Cenozoic orogenesis’
ontheSrratio. Likewise, over the entire Phanerozoic, short-lived (20-
40 Myr) increases in predicted erosion flux can explain the increase
in the ¥Sr/%¢Sr record during major orogenic phases®®, whereas the
long-termvariations of the record can be at first order explained by the
coevolution of the terrigenous and mantle sources during the Wilson
cycle. These results indirectly substantiate our model predictions of
sediment flux to the oceans.

Limitations and sensitivity

IngoSPLY, erosionis defined using a first-order parametrization of the
physics at play (equation (1)), which captures the long-term, large-scale
landscape evolution?*>"8!, More sophisticated treatments directly
linked to sediment transport theory and incorporating different ero-
sional behaviours have been proposed (for example, by accounting
for mobile sediment and bed resistance to erosion, or using differ-
ent formulations of sediment transport based on transport-limited
equations)* 8,

Inaddition, the erodibility parameter does not consider spatiotem-
poralvariations that could be induced by environmental (for example,
temperature gradients and seasonal precipitation), geological (for
example, soil composition and fault-induced bedrock weakening) or
biological (for example, plant root growth and soil microbial activity)
mechanisms®*®%, Instead, we assume uniform erodibility across all
continents. Accounting for variable lithologies in model space could
be achieved by assigning an erodibility prefactor depending on the
surface rock compositioninthe stream power law term of equation (1)
by anerodibility prefactor depending on the type of surficial lithology
classes (typically with values ranging between 1.0 and 3.2; ref. 90).
However, this approach would require global palaeo-lithological
surficial cover data that are difficult to obtain when looking into
deep geological times. Although we do not account for seasonality
variations, the weathering impact of precipitation andits role onriver
incision enhancementisincorporated by scaling the erodibility coef-
ficient with the local mean net annual precipitation rate®. One could
also incorporate the effect of temperature on weathering of rocks
according to rock composition by scaling the erodibility coefficient
using the palaeoclimate temperature distribution. Such refinement
possibilities are many, and although in principle desirable to better
reproduce observations, adding those would necessarily add poorly
controlled degrees of freedom in the parameterization, and lead to
illusory enhanced predictive capabilities.

By design, our simulationis sensitive to both the climatic and palaeo-
elevation reconstructions. Although other palaeogeography recon-
structionsexist®>%**® many arerestricted tospecificgeologicalintervals
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and, to our knowledge, are not tied to a series of palaeo-precipitation
maps for the entire Phanerozoic. Consequently, we chose to evaluate
modelsensitivity on palaeo-elevation using asingle time slice (Aptian
period about 120 Ma) by comparing our predicted sediment flux with a
differentset of palaeogeography and palaeoclimate reconstructions®.
Theresults highlight several differences at the regional scale (Extended
DataFig.5). Forinstance,amore humid equatorial climatic zonein the
second reconstruction®* induces higher erosionrates on the northern
and central part of Gondwana. The palaeo-elevation differences also
redefine the drainage network and the volumes of sediment trans-
ported to the oceans or stored in continental basins. Thisis the casein
Antarcticaand onthe eastern part of Eurasia where we note higher ero-
sionratesoranincreaseinterrestrial sediment accumulation depend-
ingonthe considered palaeogeography. Despite these local variations,
those disparities become more tenuous when evaluating the global
response. As an example, the percentage of endorheic basins varies
from 24 to 26.5% between the two simulations and the net sediment
flux to the ocean changes from 2.72 to 2.26 km® yr! (Extended Data
Fig. 5). This suggests that although regional differences exist and if
the imposed forcing conditions are not too dissimilar (both in terms
of palaeoclimates and palaeogeographies), the reported global evolu-
tion and global trends that are presented in the study should remain
relatively unchanged between reconstructions.

To evaluate the model sensitivity to palaeo-runoff, we ran a full
series of simulations throughout the Phanerozoic. The palaeoclimate
reconstructions from ref. 15 have been carried out with two different
CO, conditions (the atmospheric concentrations from ref. 68 and a
smoothed curve), but the mean global continental runoff remains
very similarinboth cases; Extended DataFig. 6a) and should only very
marginally change our results. Instead, we opted for the recent Phan-
erozoic palaeo-precipitation reconstruction fromref. 93 that wasrun
at10-Myr intervals using the PALEOMAP palaeogeographic atlas* with
amuch higher resolution (1°) than those of ref. 15. The release from
ref. 93 does not contain the evapotranspiration time slices, and we
could therefore use the total palaeo-precipitation only as a proxy for
runoff. Global mean continental runoff from ref. 93 exhibits a similar
temporal trend to the ones from ref. 15 but, because evapotranspira-
tion could not be accounted for, with higher values (about 0.3 myr™
on average over the Phanerozoic; Extended Data Fig. 6a). As erosion
scales with runoff (equation (1)), thisinflated runoff directly affects the
global net sediment flux to the ocean (about 0.84 km® yr' onaverage)
and toalesser extent the continental deposition flux (<0.1km*yr™on
average; Extended DataFig. 6b). The spatial distributions of these two
runoff scenarios and their relative impact on denudation rates show
substantial spatial differences over time (Extended Data Fig. 7). At the
continental scale, the higher resolutioninref. 93 should better account
for the control of topography on the spatial variability in precipitation.
For example, we note at 40 Ma (Extended Data Fig. 7) the orographic
control of the Himalayas on the regional rainfall regime with its impli-
cations on erosion and deposition.

The sensitivity analysis provides two important pieces of informa-
tion. First, both simulations show similar responsesin terms of global
sediment flux and denudation rates (Pearson correlations of 0.94 and
0.92, respectively). This suggests that irrespectively of the chosen
palaeoclimaticreconstruction, our interpretation of the relationships
between predicted sedimentary flux and biodiversity still holds. Sec-
ond, the runoff has a stronger effect on the amplitudes in net sedi-
ment flux to the ocean and denudation rates when considering similar
palaeo-elevationreconstruction (Extended DataFig. 6b). Instead, dif-
ferences in palaeo-elevations affect continental sediment cover and
sediment accumulation in endorheic basins (Extended Data Fig. 5).

Another limitation of our approach is to propose a hypothesis by
comparing time series of mean model outputs with independent vari-
ables, but similar trends could possibly be expected for any model that
accounts for plate tectonics—with essentially two cycles of continental

aggregation and dispersal over the Phanerozoic eon—and subsequent
climate reconstructions. The highly relevant correlations that we found
canbe however advocated to hierarchize these studies. As plate tecton-
ics—andthe breakup of Pangaeain particular—form the cornerstone of
such studies™***, we thus compared continental fragmentation* with
Phanerozoic marine diversity, which yields only moderate correlations
(Pearson coefficients of 0.46 with number of marine families?; 0.54 to
0.58 with the number of genera®’; Extended Data Fig. 8).

Physiographic diversity and variety
To evaluate the relationships between physiography and the Phan-
erozoic climate and tectonics, we define aunique continuous variable
(named the physiographic diversity index) that encapsulates several of
the reconstructed morphometric attributes. Simulation outputs are
firstinterpolated from the icosahedral mesh on a regular 0.05° grid
(open-access online release, HydroShare').

First, we quantify palaeo-landforms by calculating the topographic
positionindex on each cell i (TP1,) that measures the relative relief**:

n
TPl =z - Z 2,/nTPIg=100 x (TPI - TPI) /07p, ®)
k=1

inwhich z;is the considered elevation at cell i and z is the mean of its
surrounding cells (z,), with nbeing the number of cells contained inside
an annulus neighbourhood. Topographic position is an inherently
scale-dependent calculation®. To circumvent this problem, TPlis com-
puted considering two scales of observation, a fine one ranging
between 0.05°and 0.15° and a coarser one from 0.25°t0 0.5°. As eleva-
tion is generally spatially autocorrelated, TPl values increases with
scale, making it difficult to compare both scales of observation directly.
Toovercome thisissue, we calculate astandardized TPI; (equation (5)),
in which TPl is the mean over the entire grid and oy, is its standard
deviation®® (top map in Extended Data Fig. 9a).

We also extract the slope and water discharge for each time slice
(bottom maps in Extended Data Fig. 9a). Note that we selected these
three variables—TPI, slope and discharge—as morphometricindicators
of the physiographic diversity but other ones such as aspect (that is,
the direction of maximumgradient), and erosion and depositionrates
could equally be added”. From these continuous variables, we then
derive categorical variables by defining seven categories from the
slope, five from the water flux and ten from the TPl (Extended Data
Fig.9a,b and Supplementary Table 1; ref. 98).

Fromthe categorical variables, we quantify the physiographic diver-
sity index P,y (Supplementary Fig. 1a,b) using Shannon’s equitability
(continuous variable [0,1]), which is calculated by normalizing the
Shannon-Weaver diversity index (dsy):

c
dsw:_kz PIn(p) Ry = dsy/In(C) (6)
-1

with p, being the proportion of observations of type kin each neigh-
bourhood and Cbeing the number of categorical variables (here C = 3).
The physiographic diversity index s calculated at each location for the
108 reconstructed timeslices spanning the Phanerozoic (Supplemen-
tary Fig. 1c). The variations of Py, can be described either spatially for
agiven period (Supplementary Fig.1c) or across time (Supplementary
Fig.2).Asitcharacterizes how landscape complexity evolves over the
geological timescale®, this index can be used to infer the role physi-
ography, and changes thereof, might have played on species migration,
dispersal orisolation at both global and continental scales. Biodiversity
richness emerges from many abiotic and biotic interactions; however,
therole physiography might have played has often been overlooked'®.
The high-resolution global maps generated from our simulation could
be used as an additional palaeoenvironmental layer in mechanistic
eco-evolutionary models'®1%,



To compare the temporal evolution of physiographic diversity with
biotic?* or abiotic geochemical and geophysical proxies, the mean value
of Py, is insufficient, as it ignores the variety of landforms, which is
better accounted for by the probability density function: the prob-
ability density function can be usefully reduced to a unique scalar—
physiographic variety—given by the interquartile range P,z = Q; — Q,
(that is, the range between the first quartile (Q;; 25%) and the third
quartile (Q;;75%); Supplementary Fig. 2c).

Asanexample, we observe anincrease in physiographic diversity of
South America from the Upper Cretaceous to the Palaeocene related
to the Andean mountain building period (Supplementary Fig. 2b,c)
and concomitant with microflora diversity patternsinnorthern South
America'®and plant diversification in Patagonia'®*. We also note peri-
ods of low Py, values around 50 Ma and 28 Marelated to the intermit-
tent development of internal seas or lakes in the central part of the
Amazon basin. Periods of increasing P, follow each of these episodes,
suggesting that the Pebas basin could have acted as a permeable bio-
geographical system favouring biotic exchange and adaptationinthe
region'®,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The PALEOMAP Paleodigital Elevation Models for the Phanero-
zoic fromref. 14 can be downloaded from https://doi.org/10.5281/
zen0do.5460860 (last accessed 3 October 2023). Palaeoclimatic maps
from the HadCM3BL-M2.1aD model®” are available from the Bristol
Research Initiative for the Dynamic Global Environment website at
https://www.paleo.bristol.ac.uk/resources/simulations/. Palaeoclimate
simulations from ref. 93 are made available in the original article, as
referenced. All palaeo-elevation reconstruction maps* for the Phan-
erozoic generated in this study are available from HydroShare: http://
www.hydroshare.org/resource/0106c156507c4861b4cfd404022f9580.

Code availability

The scientific software used in this study, goSPL?, is available from
https://github.com/Geodels/gospl and the software documentation
canbe found at https://gospl.readthedocs.io. We also provide aseries
of Jupyter notebooks used for processing the datasets and model
outputs that can be followed to reproduce some of the figures pre-
sented in the paper, which can be accessed from https://github.com/
Geodels/paleoPhysiography. The open-source pythoninterface for the
Generic Mapping Tools (https://www.pygmt.org) was used for global
two-dimensional map visualization and the three-dimensional global
maps in Fig. 1 were created with the open-source Paraview software
(https://www.paraview.org).
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Extended DataFig.1| Globalscale Phanerozoiclandscape evolutionmodel.  associatedriver networks (dark blue). Right panels show associated erosion/
Left panels represent simulated physiographies for 4 time-slices accounting depositionrates (blue/red respectively) for the considered time-slices.
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Extended DataFig.2 | Comparisonsbetween predicted elevations and
corresponding paleo-elevation map. a. Top 3 panels show the input elevation
conditions for155Maat 0.1° resolution (SW2018") and bottom ones represent
model outputs (0.05° resolution), highlighting the geomorphological imprints
of surface processes onthelandscape.b. Temporal change betweenimposed
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topographic positionindex (TPl), slopes calculated at 0.05° resolution, and the physiographic categories for Northeast Africa.
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