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ABSTRACT

Erosion is often treated as a continuous process, yet it occurs through discrete events such as
floods and landslides of variable magnitude and periodicity. It has also long been expected to be

strongly dependent on precipitation, however, the influence of temporal rainfall variability upon
long-term evolution of landscapes remains unclear. Here we report high erosion rates (0.8 to ~10

mm yr—! over ~70 ka) estimated from paleovolcanic reconstructions across a steep rainfall
gradient on Reunion Island, which show that long-term erosion rates are influenced by the
cyclone-induced variability of precipitation. Geostatistical analysis of 30 years of daily rainfall
records reveals that erosion rates are high where the local climate is the driest and where the
difference in intensity between extreme rainfall events and prevailing precipitation is the
strongest. This implies that the intrinsic variability of precipitation impacts landscape evolution
not only through extreme meteorological events, but also through background rainfall-induced
parameters such as humidity and dryness, which modulate the erosion threshold of the Earth’s

Critical Zone.

1. Introduction

Erosion plays a key role in the feedback between topography,
tectonics and climate (Steer et al., 2014; Willett, 1999), and regu-
lates Earth's habitability through its effect on the global CO; bud-
get (Stallard, 1998), soil formation (Brantley et al., 2007) and sed-
iment transport (Hilton et al,, 2008). Erosion is broadly expected
to be dependent on mean precipitation rates (Ferrier et al., 20133,
2013b; Reiners et al, 2003) but the impact of climate variability
(Tucker and Bras, 2000), as opposed to mean climate, has long
been suggested, and recently examined (e.g. via discharge variabil-
ity; DiBiase and Whipple, 2011; Scherler et al., 2017). However,
important components of how short-term precipitation events in-
fluence long-term erosion remain unknown.

Rainfall variability is often heavily influenced by short-term ex-
treme precipitation events. In the tropics, such extreme rainfall
episodes are amongst the most hazardous and damaging of nat-
ural disasters (Garcin et al., 2005; Nott, 2007). Cyclones are known
to trigger catastrophic erosional events and floods, which result
in a massive transport of sediments to the ocean. Several studies
have investigated cyclone-induced short-term erosion rates using
the sediment budget of single storm events (Allemand et al., 2014;
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Dadson et al., 2003; Hartshorn et al., 2002; Reid and Page, 2003),
but limited studies have explored the role of extreme storms and
engendered precipitation variability on the long-term evolution of
landscapes (e.g. DiBiase and Whipple, 2011; Scherler et al., 2017).

Volcanic islands often present high elevated and dramatically
escarped landforms due to high erosion rates (Ferrier et al., 2013b;
Hildenbrand et al., 2008; Louvat and Allégre, 1997). Such elevated
relief, compared to the surrounding flat ocean, affect local atmo-
spheric circulation and typically create large variation in climate,
particularly in precipitation. In addition, volcanic islands represent
transient landscapes with no tectonic deformation (compared to
continental settings where erosion is counterbalanced by uplift).
Such features make volcanic islands natural laboratories to study
the effect of climate on erosion and have been particularly used
to investigate the influence of mean annual precipitation rates on
river incision and on bedrock erodibility (Ferrier et al., 2013z;
Murphy et al., 2016).

In this study we use Reunion Island (Indian Ocean), one of
the wettest places on Earth, to examine not only the effect of
the precipitation background regime on erosion but also the in-
fluence of the storm-induced precipitation variability on long-term
erosion rates. As a volcanic tropical island, Reunion shows a great
contrast in precipitation between its windward and leeward sides
with annual rainfall rates ranging from 11 myr—! to 0.5 myr—!,
respectively. In addition, Reunion is subjected to intense and de-
structive storms during the rainy season, which equivalently touch



both of its sides and are responsible for a strong seasonality in
annual precipitation. Since 1964, tropical cyclones have occurred
approximately every 3 years and many of them hold the rainfall
world records (e.g. 3.9 m in 72 h during cyclone Gaméde in 2007;
Quetelard et al., 2009). With minimal variation in lithology, an ex-
ceptionally wide range of precipitation rates and the occurrence of
intense tropical storms, Reunion is ideal to study the effects of ex-
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treme contrasts in precipitation regimes on erosion. These extreme
climatic conditions give rise to particularly rapid landscape evo-
lution, notably through landslides and massive sediment transfer
(Garcin et al., 2005; Saint-Ange et al.,, 2011). Here we present new
erosion rates on Reunion, derived from the volume of material re-
moved from watersheds since the formation of the latest volcano
surfaces, that we use to investigate the influence of precipitation
variability on long-term erosion over millennial timescale.

In the following, we first introduce the study site and summa-
rize the volcanic history of Reunion. Then, we describe the method
we used to estimate the erosion rates of the seven largest wa-
tersheds of Reunion from initial topography reconstruction tech-
niques. Next, we present an analysis of the precipitation records
over the island and, finally, we discuss the influence of topography
and of climatic variability on erosion intensity.

2. Geological settings

Located in the western Indian Ocean, Reunion Island exhibits an
elliptical shape due to the juxtaposition of the two basaltic shield
volcanoes, the dormant Piton des Neiges (PdN, 3,071 mamsl) and
active Piton de la Fournaise (PdF, 2,632 mamsl; Fig. 1a). The cur-
rent massif of PdN results from the accumulation of basaltic lava
flows between >2.1 Ma and 430 ka, followed by trachybasaltic
flows between 350 and 70 ka. Like all volcanoes, PAN had peri-
ods of edifice construction and periods of quiescence during which
erosion dismantled parts of the massif (Salvany et al., 2012). The
two most recent edifices of PAN are PAN3 and PdN4 (stages 3
and 4 in Salvany et al. (2012)'s volcanostratigraphy), built between
~350 and 210 ka, and between 140 and 70 ka, respectively. PAN3
is a large symmetrical stratovolcano of ~3700 m high that has
been dissected by erosion after a period of ignimbritic eruptions
at 180 ka (Salvany et al., 2012). Erosion of PdN3 resulted in to-
pographical depressions that were subsequently filled when lava
flow emission resumed around 140 ka to build PdN4 until 70 ka.
This new edifice only partly filled the depressions incised in PAN3
as shown by the well-preserved paleosurfaces East and North of
PdN's summit (Marsouins, Belouve) and by the perched lava flows
at the outlet of the cirque of Cilaos in the South (Fig. S1a). Al-
though remnants of this PAN4 edifice have not yet been reported
on its northwestern part, the eastern limit of the cirque of Mafate
partly coincides to lava flows belonging to PdN4. Since 70 ka, the
activity of PdN drastically declined with only a few sporadic explo-
sive eruptions reported around 30 ka (Salvany et al,, 2012).

The PdF volcano is younger than PdN and built on its eastern
flank since at least 530 ka, with the superposition of trachybasaltic
(530 to 400 ka) followed by basaltic lava flows (Gillot et al., 1994;
Michon et al., 2016). Geological data and isotopic ages suggest
that PdF experienced several collapse events that contributed to
periods of volcano dismantling. At around 80 ka, the collapse of
the Morne Langevin caldera (Fig. 2a) disconnected the southwest-

Fig. 1. Map of Reunion Island and precipitations rates. (a) Topography of Reunion
derived from 25 m digital elevation model (DEM) and location of the two volcanoes
Piton des Neiges (PdN) and Piton de la Fournaise (PdF) and of the seven studied
drainage areas: cirques of Cilaos (C), Mafate (M), Salazie (S), Marsouins (Ma) and
Est River (E), Langevin (L) and Remparts canyons (R). The thin black dashed lines
represent the junction between the two volcanoes and the thick black dashed lines
represent collapse landslides scars. Blue lines account for the locations of paleoval-
leys observed in the field, that were incised during periods of quiescence and later
filled by lava flows while the lava emission was renewing. (b) Mean annual precip-
itation from 1981 to 2010 resampled to 25 m resolution (Météo France). Locations
of rain gauge stations are shown as white circles. Red arrows represent the prevail-
ing pattern of easterly surface winds called Alizés. (c) Exceedance frequency plots
for daily precipitation. Curves are colored following the mean annual precipitation
rates at each rain gauge station. (For interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.)



ern flank of PdF from lava flow emission, enabling the incision of
the Remparts paleovalley (Mairine and Bachélery, 1997). Magma
overflowing from the Morne Langevin caldera led to a partial fill-
ing of the paleovalley until around 60 ka (Michon et al, 2016).
Erosion then incised the paleosurfaces of the southwestern and
northern flanks to shape the present-day Remparts, Langevin and
Est canyons (Fig. 1a).

Both edifices, PAN and PdF, present hydrothermal weathering
close to their centers and both volcanoes have experienced, dur-
ing their evolution, multi-directional flank landslides leading to
the intercalations of debris avalanche deposits within the piles of
lava flows (Figs. 1a, and S2, Michon et al, 2016; Oehler et al,
2008). Nonetheless at the island scale, both massifs present a sim-
ilar lithological distribution and both present a similar evolution
with succession of edification periods followed by dismantling pe-
riods (Gillot et al., 1994; Michon et al.,, 2016; Oehler et al., 2008;
Salvany et al,, 2012).

The relief resulting from the juxtaposition of the two volcanoes
forms an efficient barrier to the East trade winds, leading to an
exceptional gradient in mean annual precipitation rates (Fig. 1b)
and making Reunion one of the wettest places on Earth. Between
1981 and 2010, precipitation rates averaged 11 myr—! on the wet
windward northeastern side of the island, which hosts a lush rain-
forest (Strasberg et al, 2005). In contrast, precipitation rates of
only 0.5 myr~! are recorded on the leeward southwestern side
where rain shadow aridity prevails (Fig. 1b). The watersheds un-
der investigation for erosion rates evaluation are located on both
volcanoes and both sides of the island (Fig. 1) and represent the 7
largest basins of Reunion.

3. Methods

In order to estimate basin-averaged long-term erosion rates
across Reunion, we used a common method that consists of calcu-
lating the volume of eroded material over a time period between
the construction of a pre-erosional topography and the present
(Hildenbrand et al, 2008; Salvany et al, 2012). Such a method
is particularly well suited for Reunion Island since remnants of
the surfaces of the two volcanoes are present at the multimil-
lennial timescale. However, application of this approach to water-
sheds with consecutive episodes of filling and erosion can lead to
underestimation of the resulting erosion rates when not consid-
ering the youngest pre-erosional topography. For example, models
based on the PdN3 initial topography and the present-day PdN's
watersheds topographies (Salvany et al., 2012) have excluded the
building of PdN4 in the paleodepressions incised in PdN3. Con-
sequently, the actual erosion rates since PAN3 construction (180
ka in Salvany et al., 2012) have been underestimated. To prevent
this issue, we targeted (i) the watersheds, which have been only
eroded during the last period of quiescence of PAN (post PdN4,
i.e. since ~70 ka; Cilaos, Mafate, Salazie and Marsouins, Fig. 1a)
and (ii) watersheds undisturbed by the recent PdF activity over
the same period of time (since ~60 ka; Remparts, Langevin and
Est canyons, Fig. 1a). Thus, we quantify the volume of eroded
material based on the reconstruction of the 72 + 3-ka-old PdN
volcanic paleotopography (PdN4) and the 63 + 3-ka-old paleosur
faces of PdF. Constraints for these reconstructions are published
K-Ar ages (Gillot et al., 1994; Salvany et al., 2012) of well-preserved
primary volcanic landforms, as well as geomorphological, geolog-
ical and field observations (Fig. 2a). Assuming that the drainage
divides have remained unchanged relative to the incision of the
studied drainage areas (on the ~70 ka timescale), and using a 25
m digital elevation model (DEM; resampled from the 5 m DEM
produced by the Institut Géographique National - IGN), we dig-
itized elevations at over 8,000 points on the uneroded remnants
of the volcanoes in order to interpolate pre-erosional surfaces be-
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Fig. 2. Geomorphic reconstruction of Piton des Neiges and Piton de la Four-
naise. (a) K-Ar ages of primary volcanic landforms (stars, Gillot et al, 1994;
Salvany et al, 2012). The 72 + 3 ka dated remnant surfaces are indicated in red,
the 63 £+ 3 ka dated remnant surfaces are indicated in blue. The remnants used
to reconstruct the pre-eroded paleosurfaces are indicated in black (control point).
(b) 3D representation of the current 25 m DEM (UTM projection Zone 40S). Cirques
of Cilaos (C), Mafate (M), Salazie (S), Marsouins (Ma) and Est River (E), Langevin (L)
and Remparts canyons (R). (¢) 3D representation of the reconstructed PdN4 (72 +
3-ka-old paleoedifice, right circular cone model: CD model) and of the PdF 63 £
3-ka-old paleosurfaces.

tween them. Two different methods were used to approximate
the geometry of the paleosurfaces of the ~60 ka PdF and the
~70 ka PdN.



3.1. Paleotopography reconstruction over the PdF's basins

For each basin of PdF, the pre-erosional topographies were re-
constructed by fitting a surface to the interfluve remnants (control
points) of the 63 + 3-ka-old southern and northeastern flanks
of the volcano, using a natural neighbor interpolation technique
(Fig. 2c, Sibson, 1981). Uncertainties in such reconstructions are
difficult to assess since they are based on field observations, and
would need uncertainties in parameters such as drainage area or in
the probable erosion of the interfluve remnants. With an interfluve
surface erosion rate slower than 0.1 mmyr—' over the last ~60 ka
on the PdF southern flank (Sarda et al., 1993), uncertainties in
eroded volume in the PdF watersheds could be assumed negligible
relative to the uncertainties in bedrock ages. However, to evalu-
ate the sensitivity of our method and the errors in the calculated
volume of eroded material, we tested a basis spline interpolation
technique (instead of natural neighbor) on fewer control points for
the Remparts and the Langevin basins. Volumes calculated from
this altered model (since it does not consider all the control points
we observe) differ from our estimates by 5% for Remparts and by
20% for Langevin. Therefore, we decided to use the upper value of
20% as uncertainties in the calculated volumes of eroded material
for the three PdF's basins.

3.2. PdN'’s paleoedifice reconstruction

The basin perimeter fitting method could not be used to ap-
proximate paleosurfaces across the PdN's watersheds due to their
significant width (up to 10 km wide each). Instead, we recon-
structed PdN4 at 72 £+ 3 ka ago, from the shape and the K-Ar
ages (Gillot et al., 1994; Salvany et al., 2012) of its very well pre-
served eastern flank (Marsouins surface, Belouve surface; Figs. 2a,
2b, S1a, S3a, 53b and S3c) as well as of scattered remnants of the
volcano topography (Figs. 2a, S1a).

We developed a new approach to reconstruct PdN’s initial to-
pographies at different stages of growth based on its conic shape
(Salvany et al.,, 2012), and on the remarkable symmetry of the ge-
ometrical form of many volcanic edifices (i.e. right circular cones
or curved cones, e.g. Mayon-Philippines, Etna-Italy, Fuji-Japan). Our
method consists in three steps. (i) The first step identifies the cen-
ter of the volcano we seek to reconstruct using the location and
elevation of uneroded remnants (control points). (ii) The second
step uses the resulting center along with the location and ele-
vation of the same uneroded remnants to estimate the general
shape of the volcano flanks (i.e. straight line or curved line). (iii)
Finally, from this general shape, the third step consists in modeling
a surface that best fit the location and elevation of the uneroded
remnants (i.e. right circular cone or curved cone). We validated this
approach by comparing our model of the PdN3 volcano (~210 ka
PdN) to the previous study by Salvany et al. (2012), and then we
used our method to generate two models of the PdN4 in order
to best estimate the volumes of eroded material over the Cilaos,
Mafate, Salazie and Marsouins watersheds.

PdN3 edifice is particularly well preserved over the island with
large remnant areas on its western and northern side (Fig. S1a).
First, we used over 10,000 control points on the western and
northern remnant flanks of PdN3 (Fig. S1a) to estimate its crater
central position in two different ways: (i) by finding the center of
a right circular cone that best fits the control points (CD method),
and (ii) by finding the best Spearman correlation (Well and Myers,
2002) between all the control points (Sp method). Both methods
provide very close centers located in Rond du Bras Rouge (Figs.
S1a, 53a, $3b, and S3c), in good agreement with the position of the
central crater estimated from the distribution of dykes observed
in the Cilaos, Mafate and Salazie cirques (Chaput et al., 2014;
Chevallier and Vatin-Perignon, 1982). Using each crater central po-
sition, we then determined the general shape of PAN3 by plotting

the distance between the center and each control points against
their elevation (Figs. S1b, S1c). With both center locations, PdN3
shows a conical shape that we modeled as a right circular cone
that best fits the uneroded remnants. These two models (with the
two different crater center locations) of PdN3 initial topography
are in good agreement with the model of Salvany et al. (2012)
with similar center locations, similar shapes and similar summit
elevations (3,562 m and 3,507 m for our two models vs. 3,700 m
for Salvany’s model).

To reconstruct the PdN4’s initial topography, we reproduced
the same method, but using the locations and elevations of con-
trol points on the 72 £+ 3 ka remnants surfaces (Marsouins and
Belouve, Figs. 2a, Sla, $3a, S3b, and S3c) and of scattered rem-
nants. First, we determined two crater centers (with both CD and
Sp methods) located in Rond de Bras Rouge (Fig. S1a) and less than
1 km apart from the centers of PAN3. Assuming that the volcano
center did not significantly change with time, we used the average
location between the PdN3 and PdN4 centers from each CD and
Sp methods (Fig. S1a) to deduce the general shape of the volcano.
Unlike for PdN3, the control points show a general shape with a
concave flank profile for PdN4 (Figs. S1d, Sle), which can be ex-
plained by the emission of a higher proportion of silicic lava flows
(Kluska, 1997) in the preexisting paleocirques. In order to test the
sensitivity of our method and because a concave profile can be fit-
ted in several ways, we generated two different models for PAN4
based on two different flank shape fitting techniques. In the first
model (called CD model), we used the center determined from the
CD method and we approximated the shape of the volcano as a
pile of two right circular cones to best fit the uneroded remnants
(Fig. S1d). In the second model (called Sp model, Fig. S1e), we used
the center determined by the Sp method and fitted the flank shape
with a logarithmic curve, h =m x log(r) + ¢, where r is the ra-
dius of the volcano base, h is the height of the volcano, m and
c are constants (with m a negative number) following the study
of Francis and Abbot (1973). However, when using the Sp model,
a maximum elevation needs to be assumed. Here, we suggest a
maximum elevation of 3,500 £+ 200 m based on the ~3,500 m
maximum elevation given by the CD model, the ~3,500 m summit
of our two PdN3 models and based on the 3,700 m maximum el-
evation estimated for PAN3 by Salvany et al. (2012). Noteworthily,
varying this maximum elevation by 200 m (3,500 + 200 m), the
volume of eroded material only changes by less than 1% showing
that the choice of a maximum elevation of 3,500 m has insignifi-
cant effects on the calculated eroded volumes and inferred erosion
rates.

Finally, uncertainties on our models were generated using the
two-sigma error given by the methods we used to best fit the
curved flank profile of PdN4. For the CD model that represents
the initial topography of PdN4 as a pile of 2 right circular cones,
we generated a surface two-sigma higher in elevation than the
best fit model and another surface two-sigma lower, representing
the maximal and minimal bounds of the CD model, respectively
(Fig. S1d). We generated the same upper and lower bounds for the
Sp model (Fig. Sle) and used them to estimate the uncertainties
on the eroded volumes.

3.3. Eroded volume and erosion rates calculation

On the one hand, for all the PdF's basins, we calculated the
volumes of eroded material by multiplying the DEM cell size of
25 m by the difference between modern and initial topography
elevations (Fig. 2c). Then the basin-averaged erosion rates were
determined by dividing the volume of material eroded in the dif-
ferent basins by their drainage area (calculated using a steepest
gradient flow algorithm on the 25 m DEM) and by the age of the
reconstructed paleosurfaces (63 + 3 ka; age, bedrock density, and



Table 1

Eroded volumes and erosion rates. For the watersheds of PdN, eroded volumes were derived by averaging the volumes estimated
with both the CD and Sp initial topography models (cf. section 3.3). As an example, for Salazie basin, the CD and Sp models give
volumes of eroded material of 70.0 £ 10.1 and 59.6 + 5.4 km?, respectively (where errors are estimated from the upper and lower
bounds of each model, cf. section 3.3). An averaged volume of 64.8 + 5.7 km® was then used to calculate the erosion rates of this
watershed. Basin-averaged erosion rates are derived from the volumes of material eroded using rock density of 2.85 + 0.15 gcm—3.

Area Eroded volume Bedrock age Erosion rate Erosion rate

(km?) (km?) (ka) (tkm~2yr') (mmyr')
Cilaos 100 718 £ 36 7243 28355 + 1716 994 05
Salazie 121 64.8 & 5.7 7243 21192 4+ 2129 744+ 07
Mafate 108 55.7 &£ 5.1 7243 20430 4+ 2122 72 +07
Remparts 59 176 £ 35 6343 13550 + 2876 48 +£ 1.0
Est 40 81+16 6343 9210 £ 1955 32407
Langevin 40 83+ 17 6343 9370 £ 1988 33407
Marsouins 69 394+ 16 7243 2223 4 956 084+ 03

eroded volume uncertainties were propagated through the erosion
rate calculations).

On the other hand, for each PdN basin, two different sets of
volumes were calculated by subtracting the modern topography of
the watersheds to the PdN4's initial topography from CD model
and to the PdN4’s initial topography from Sp model. In addition, by
subtracting the modern topography of the basin to the upper and
lower bounds of the CD and Sp models, we estimated uncertainties
on the eroded volume for each PdN basin and each model. Finally,
because none of the initial topography from the CD or S5p models
could be chosen over the other, the eroded volumes of each water-
shed were calculated averaging the corresponding eroded volume
resulting from each model. Basin-averaged erosion rates were then
calculated by dividing the resulting eroded volume by the water-
shed drainage area and by the age of PdN4 (72 + 3 ka).

34. (limate data analysis

To evaluate the climatic control on erosion in Reunion, we com-
piled 30 years (1981-2010) of daily precipitations on 29 rain gauge
stations from Météo France (Météo France, French national mete-
orological agency). Mean annual precipitation rates were derived
from the daily precipitation rates over these gauges and used to
estimate basin-averaged mean annual precipitation rates. In ad-
dition to background precipitation regime, we examined the ex-
treme precipitation events using the 11 storms of Tropical to Very-
Intense-Tropical Cyclone Class that hit Reunion between 1981 and
2010, investigating their trajectories and induced rainfall intensi-
ties. Such extreme events being responsible for fluctuations in the
precipitation regime, a rainfall variability analysis across Reunion
was also conducted by calculating (i) the coefficient of variation
of daily precipitation, CV-p, defined as standard deviation of daily
precipitation divided by mean daily precipitation, as well as (ii) the
annual CV-p corresponding to the annual coefficient of variation of
daily precipitation for each year between 1981 and 2010 and for
each rain gauge station.

4. Results: Reunion Island a hotspot of erosion on Earth

The calculated volumes of eroded material for each of the 7
studied watersheds range from 71.8 & 3.6 to 3.8 £ 1.6 km? for the
Cilaos and Marsouins basins respectively (Table 1). Over the last
~70 ka, we estimated that the 7 largest watersheds of Reunion
supplied a total of 230 km? of sediment to the ocean, correspond-
ing to 10% of the emerged volume of the island.

The calculated volumes of eroded material, inferred from pa-
leotopography reconstructions, are consistent with the presence of
vast off-shore volcaniclastic deep-sea fans around Reunion (Mazuel
et al,, 2016; Saint-Ange et al., 2011; Sisavath et al., 2012). In par-
ticular, our estimated volume of 71.8 + 3.6 km? eroded from the
Cilaos basin (Fig. 1a) since PdN4 matches the ~75 km? of the most
superficial volcaniclastic depositional unit observed over the Cilaos
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Fig. 3. Erosion rates across Reunion Island. Erosion rates in Reunion calculated from
topographical reconstructions of the 72 + 3-ka-old PdN and 63 + 3-ka-old PdF pa-
leosurfaces. Black arrows indicate mean annual fluxes (in ktkm—2yr—') of eroded
material from the 7 major watersheds of Reunion, delimited with black lines. Ero-
sion rates (in mmyr—') are indicated in parentheses.

deep-sea fan (Sisavath et al, 2012). This volume of sediment in
the Cilaos fan was estimated by multiplying the fan area of 15,000
km? by the thickness of the most superficial volcaniclastic deposi-
tional unit (~5 m, corresponding to the last turbidite activity <80
ka; Sisavath et al,, 2012).

Long-term basin-averaged erosion rates were derived from the
calculated volumes of eroded material and the ages of the paleo-
volcanic surfaces, for each of the 7 studied watersheds. Resulting
rates range from 0.8 + 0.3 mmyr~! for Marsouins to almost 10
mmyr—! (9.9 4+ 0.5 mmyr—!) for Cilaos (the basins with the best
constraints on PdN4 reconstructions, Fig. 3, Table 1). These values
exceed most of those reported for other volcanic islands (Ferrier et
al., 2013b; Gayer et al.,, 2008; Hildenbrand et al., 2008) and make
Reunion a hotspot of erosion on Earth (Louvat and Allégre, 1997).
In contrast to active orogens, where similar values have been re-
ported (Dadson et al., 2003; Larsen et al., 2014), these high erosion
rates cannot be related to tectonic activity, as Reunion presents
neither uplift, nor significant subsidence (Gallart et al., 1999) and
only minor microseismicity (Michon et al., 2015).

5. Discussion
5.1. Climatic control on intense erosion rates

Such a wide range of erosion rates, over one order of magni-
tude (Fig. 3) across a small and tectonically inactive island pro-
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vides an opportunity to evaluate climatic and topographic con-
trols on erosion. Surprisingly, we found that basin-averaged ero-
sion rates are inversely correlated with mean annual precipitation
rates (r2 = 0.6; Fig. 4c), which is inconsistent with the general
assumption of increasing erosion rates as a function of higher
precipitation rates and contrasts with previous observations on
other volcanic islands (e.g. Ferrier et al., 2013b) and in continental
mountainous settings (e.g. Moon et al,, 2011). The disadvantage of
testing mean annual precipitation rates is that they average daily
rainfall amounts that can vary greatly: from days without rain
to extreme rainfall events which are capable of triggering land-
slides and are responsible for intense water discharge. Over the
last 30 years, 11 storms of Tropical to Very-Intense-Tropical Cy-
clone Class have hit Reunion with diverse trajectories (Fig. S4).
We used these extreme events, to model the spatial distribu-
tion of the mean annual cyclonic precipitation rates (or Cyclonic
Precipitation Regime) in Reunion (Fig. 4b) in order to evaluate
their effect on erosion. The pattern shows a maximum rainfall
zone centered on the summits that contrasts with the mean an-
nual total precipitation spatial distribution (or Total Precipitation

Regime). Such a difference results from a seasonal change in the
mean elevation of the temperature inversion layer, in which the
atmospheric temperature increases with altitude. In Reunion, dur-
ing two-thirds of the year (winter-centered), the inversion layer
is low (between 2000 and 2500 m, Barcelo and Coudray, 1996;
Réchou et al, 2014) and acts as a cap on the upward movement
of air, restricting rainfall to low elevations and inducing maximum
precipitation on the wet windward flank of the island (Fig. 4a).
On the contrary, during austral summer, a high elevation or even
absence of the temperature inversion layer (Barcelo and Coudray,
1996; Réchou et al,, 2014) allows the tropical depression to cause
heavy rains near the summits and on both wet windward and
dry leeward sides of the island (Fig. 4b). From this pattern of ex-
treme events, which presents no gradient of intensity across the
island, we find no significant correlation between the erosion rates
and the Cyclonic Precipitation Regime (Fig. 4c). These results sug-
gest that neither the absolute intensities of extreme precipitation
events nor the mean annual precipitation rates exert a positive
feedback on long-term erosion.
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5.2. Topographic control on erosion rates and influence of inherited
topography

It is well recognized that, in addition to climate, topographic
gradient is a first-order control on erosion (Dadson et al, 2003).
Using the 25 m DEM of the present morphology of Reunion and
our reconstructed paleosurfaces, we computed the basin-averaged
paleo- and modern slopes as well as the paleo- and modern distri-
bution of hillslope angles for each of the 7 studied basins. Despite
the very important standard deviations (1o 3> 50%, not reported
on figure), Fig. 5 shows a positive correlation between long-term
erosion rates and present-day slopes in favor of a topographic
control on erosion rates in Reunion. Yet, our paleotopography re-
constructions show that the initial slopes were similar across the
studied basins (Fig. 5). Because topographic gradients also evolve
as erosion progresses, it indicates that the correlation in Fig. 5
may not reflect the primary control of topographic gradients in the
pattern of erosion since ~70 ka. This is confirmed by the paleo-
and modern distribution of the hillslope angles (Figs. S5a, S5b). In
each of the reconstructed basins the hillslope angle paleodistribu-
tion shows a main mode just below 10 degrees (corresponding to
the mean angle of the volcano) and another mode at a threshold
angle of ~50 degrees corresponding to the steep scarps of the pa-
leocirques. In the present-day slopes’ distributions, the pattern is
reversed, showing that the hillslopes steepened toward the thresh-
old angle in every basin as the erosion progressed. With such
topographic features (very steep hillslope angles) and under the
tropical climate of Reunion (precipitation affecting slope stability),
landsliding is expected to be a key process in the erosion of the
island.

Inherited topographies, geometry and structures also influence
erosion by impacting hydrological flux. Reunion Island experienced
the competitive effect of edification due to lava flow accumulation
and dismantling during long-lasting volcanic lulls and discrete col-
lapses (Gillot et al., 1994; Michon et al., 2016; Oehler et al., 2008;
Salvany et al., 2012). In such an evolution, the lateral boundaries
of flank landslides and the limits between both volcanoes (Fig. 1a)
may have facilitated incision and valley formation. Most of these
resulting valleys were partly or totally filled by subsequent lava
flow inundations, leaving inherited structures that would promote
subsequent incision and erosion. In addition to such inherited
depression topography, the studied watersheds are also associ-
ated with paleovalley structures (mapped from field observations
Fig. 1a), linked to ancient boundaries of flank collapse or to the
junction between the volcanoes (Fig. 1a). This combination of topo-
graphic and geological features evidently prelocated erosion in the

preexisting basins. However, from equivalent initial topographic
conditions (depression topography, paleovalley structure and simi-
lar paleoslopes) the 7 studied watersheds present different degrees
of erosion. Inherited structure and topographies may undoubtedly
explain the location of erosion on the studied watersheds but it
may not be the cause of the observed difference in erosion inten-
sities.

5.3. Effect of precipitation variability on long-term erosion

It has long been hypothesized that variations in rainfall fre-
quency and intensity could impact rates and processes of land-
scape evolution (e.g. Leopold, 1951). Rainfall variability is intrin-
sically dependent on both the frequency of extreme precipitation
events and the level of background precipitation regimes. Such
variability can be quantified by calculating the coefficient of vari-
ation of daily precipitation, CV-p (and the annual coefficient of
variation of daily precipitation for each year, annual CV-p). CV-p
and annual CV-p (for the period 1981-2010) at each rain gauge
station location show great disparity between the leeward and the
windward sides of the island (Fig. S6a). Moreover, the difference
during tropical cyclone events between the altered peaks of an-
nual CV-p on the windward side rain gauges and the strong peaks
on the leeward side rain gauges (Fig. S6a) indicates that the rel-
ative weight of extreme meteorological events is higher on the
leeward side than on the windward side. This observation could
result from the fact that large CV-p (or large annual CV-p) could be
generated from moderate storms on a dry background rainfall rate.
However, monthly mean precipitation rates analysis (Figs. S6c, 56d)
show that rainfall events mainly occur during the hot season (aus-
tral summer) while the temperature inversion layer (when present)
mean elevation is above the highest elevation of the island, leading
to a spatial pattern of rainfall centered on summits (Fig. 4b). Such
a pattern implies that both sides of the island share the same ex-
treme precipitation events, as shown by the exceedance frequency
plot in Fig. 1, and that the moderate or large storms accounting in
the CV-p of the dry side also account in the CV-p of the wet side.
Consequently, the difference in CV-p, or temporal rainfall variabil-
ity, between the two sides of the island (Fig. 4d) results from the
difference in background rainfall rates relative to storm intensities.

Here we show that the CV-p values and average erosion rates
are spatially correlated (r2 = 0.7; Fig. 4e) suggesting that the tem-
poral pattern of rainfall variability is a decisive controlling factor
on erosion rates. Furthermore, due to the difference in the spa-
tial distribution of cyclonic vs. total rainfalls in Reunion (Figs. 4a,
4b), CV-p also expresses the impact of tropical storms on the back-
ground precipitation regime (Figs. 1c, 56): cyclones result in higher
CV-p's on the arid leeward side and in lower CV-p's on the wet
windward side of the island (Fig. 4d).

Therefore, our results suggest that extreme precipitation events
are key determinants of long-term evolution of the island topogra-
phy, but the correlation between erosion rates and CV-p (Fig. 4e)
indicates that storms do not generate the same erosion level on
both sides of the island, depending on the difference in background
rainfall rates. The effect of extreme meteorological events on ero-
sion rates is most intense where the contrast in intensity between
heavy rainfall events and background precipitations is the strongest
(Figs. 4 and 6a). Thus, simply correlating mean annual cyclonic pre-
cipitation with erosion rates (e.g. Fig. 4c) omits the underlying role
of distinct background precipitation rates across the island. This
implies that erosion processes and intensities in Reunion may be
linked to extreme rainfall events and to factors that are dependent
on background rainfall rates. This result demonstrates the link be-
tween precipitation variability and erosion rates, and indicates a
clear influence of aridity on the effect of extreme rainfall events
on erosion.
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Although modern precipitation rates may differ from paleopre-
cipitation rates, over the past 70 ka the spatial distribution of
precipitation across Reunion has been controlled by trade winds
and island topography similar to that observed today (Réchou et
al., 2014; Supplementary Material). Limitation in paleoclimate data
make it challenging to evaluate changes in the mean elevation of
the temperature inversion layer during glacial times. Nevertheless,
with similar trade winds we may infer that a lowering of the ele-
vation of this layer during glacial periods would have enhanced the
asymmetry of the Total rainfall spatial pattern, while an increase
would have focused precipitation over the summits and enhanced
the Cyclonic rainfall spatial pattern. Therefore, we suggest that the
spatial paleopattern of the CV-p has not significantly changed over
the past ~70 ka and that its correlation with erosion rates (Fig. 4e)
reflects the influence of precipitation variability and extreme me-
teorological events on long-term erosion rates.

5.4. Implications on erosion processes and controls

Predominant processes of erosion of Reunion have undoubt-
edly changed over time (e.g. river incision, soil creeping, landslides,
etc.). However, slope failure as a first order mechanism for erosion
would be consistent with the watershed's topographic features
(with hillslope angles up to ~50 degrees) and with the interpre-
tation that precipitation variability influences erosion rates. Storm
events cause landfall and debris flows in many geological settings,
and influence erosion by increasing rainfall impact velocity and by
mobilizing sediment into the river network (Allemand et al., 2014;
Dadson et al,, 2003; Reid and Page, 2003). In Reunion, such im-
pact is evidenced by the numerous shallow to deep landslides
that occur in the days following cyclonic events, providing mas-
sive amounts of sediment to the rivers (i.e. Mahavel deposit 50 x
108 m3; Garcin et al., 2005), which in turn are flushed by sub-

sequent extreme events (then enabling more river incision). Fur-
thermore, we show an empirical relationship between long-term
erosion, aridity and extreme rainfall events (Fig. 4e) implying that
erosional processes in Reunion (and their efficiency) are not only
linked to extreme rainfall events but also to factors related to back-
ground rainfall rates. At this stage, we speculate that background
precipitation regime may play a role in modulating the efficiency
of heavy rainfall events on erosion (or in restraining erosional pro-
cesses), particularly through the influence of the rain on the Earth's
Critical Zone. For example vegetation cover, which is primarily reg-
ulated by prevailing precipitation and temperature, improves soil
strength through the densification of the root networks (Ghestem
et al, 2011), and reduces soil moisture through evapotranspira-
tion and canopy interception of precipitation. At the present time,
vegetation cover can be characterized by spectral data such as en-
hanced vegetation index (EVI), which reflects variation in canopy
structure (Huete et al., 2002), or by tree canopy cover, which dis-
tinguishes areas with high standing trees vs. other types of vege-
tation. Unfortunately, the effect of vegetation on long-term erosion
is difficult to assess due to the complexity of former vegetation re-
constructions. However, analyses of present-day EVI (averaged over
2000-2015; Modis EVI), and present-day tree canopy cover (for
year 2000, tree height =5 m; Hansen et al., 2013) are consistent
with the mean annual precipitation spatial distribution showing
a slight difference in vegetation density and type between the
wet windward and dry leeward side of the island. The vegetation
density given by EVI (reflecting the canopy structures) is slightly
higher on the windward side (0.45 vs 0.39%, Supplementary Mate-
rial, Fig. S7) while the canopy closure from 5 m high trees is also in
average higher in the windward side of Reunion (62% vs 50%; Sup-
plementary Material, Fig. 7). We acknowledge that such evidence
(quantitative evidence) is too weak to infer that slight differences
in vegetation density and type could explain the difference in ero-



sion intensity between the two sides of the island. However, one
can argue that a difference in canopy closure or vegetation density
caused by the difference in background precipitation regime across
Reunion, would lead to a difference in vegetation-shielding effect
and thus may have influenced the erosional effect of extreme to
normal rainfall between the two sides of the island. This shielding
effect hypothesis is supported by the large qualitative difference
in the vegetation type and distribution between the leeward dry
forest and windward rainy forests (Strasberg et al.,, 2005). Further-
more, although Murphy et al. (2016) have shown that areas of high
mean rainfall would be weakened from weathering enhancing river
incision, other evidence suggests that sequentially drying and wet-
ting of some bedrock, lithologies could dramatically decrease their
strength and enhance erosion (Johnson and Finnegan, 2015). We
are neither able to provide rock strength spatial distribution across
the island nor rock strength after wetting and drying tests, but we
suggest that such mechanisms could be considered in addition to
vegetation effects and soil thickness to contribute to the higher
erosion rates on the arid side of the island.

Our study shows that in Reunion the spatial variability in aver-
age long-term erosion rates can be explained by the temporal vari-
ability in precipitation rates, reflecting the differential incidence of
heavy rainfall events on arid and wet environments. Such a re-
sult is possible to reach using Reunion because of a significant
offset between the spatial patterns of Cyclonic and Total Precipi-
tation Regimes. The question remains as to how broadly the influ-
ence of climate variability on long-term erosion can be constrained
across other locations and settings. Volcanic islands can be divided
into two groups. The “very high standing” islands, which present
summits higher than the temperature inversion layer mean el-
evation, and the “high standing” islands, which have maximum
elevation below this boundary layer mean elevation (Barcelo and
Coudray, 1996; Giambelluca and Nullet, 1992; Nullet et al., 1995).
Only in very high standing islands (e.g. Reunion, Hawaii, Tener-
ife or Fogo; Barcelo and Coudray, 1996) can a contrast between
spatial patterns of Cyclonic and Total Precipitation arise (Figs. 4a,
4b and 6a). On the contrary, in high standing islands (e.g. Kauai,
Guadeloupe or Gran Canaria; Barcelo and Coudray, 1996) the spa-
tial pattern of extreme precipitation regimes would mimic that
of total precipitation (Fig. 6b). Consequently, in such settings, the
role of rainfall variability (e.g. Reunion vs. Kauai; Fig. S8) can-
not be easily identified and the derived impact of extreme rainfall
events on erosion processes is obscured by the correlation between
mean annual precipitation and erosion rates. Yet, we suggest that
the influence of both climate variability and extreme precipita-
tion events on erosion can also be perceived in regions of more
complex meteorological and tectonic contexts, as long as extreme
precipitation maximum do not spatially coincide with maximum
mean annual precipitation rates (e.g. Taiwan; Dadson et al., 2003;
Su et al., 2012). However, in Reunion, the absence of major tectonic
activity, the homogeneous lithology, and the offset between the
spatial patterns of extreme and total precipitation give a unique
opportunity to demonstrate the role and consequences of precip-
itation variability and extreme precipitation events on large and
long-term erosion rates.

6. Conclusions

Here we used paleovolcanic reconstructions and statistical anal-
ysis of 30 years of rainfall records to show that high long-term
erosion rates on Reunion Island (0.8 to ~10 mmyr—! over ~70
ka) are correlated with the cyclone-driven variability of precipita-
tion, rather than with mean annual precipitation. We show that
estimated erosion rates are high where the difference in inten-
sity between extreme rainfall and prevailing precipitation is the

strongest indicating that storm control on erosion is influenced by
factors that depend on background rainfall regime.

Estimation of the consequences of changes in climatic variabil-
ity on landscape evolution is contingent upon specific processes
and poorly constrained boundary conditions. However, our results
demonstrate that climatic variability increases erosion rates and
thus support the general assumption that climate shifts toward
arid conditions (dominated by extreme events) may increase ero-
sion (Molnar et al., 2006; Tucker and Bras, 2000). Furthermore, the
future shifts of tropical-cyclone activity highlighted by some cli-
matic models (e.g. Redmond et al,, 2015) may expose new coastal
areas (Darby et al., 2016) to high rainfall variability and erosion
rates. Climatic variability is a factor that should be considered
when attempting to relate climate and long-term erosion rates, not
only to interpret stratigraphic records but also to predict the po-
tential impacts of future climate changes.
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