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The slow downwearing of Madagascar: inferring patterns
and controls on long-term basin-averaged erosion rates from
in-situ 1°Be at the catchment and regional level

Abstract

Cosmogenic nuclide analysis of river sediment provides insight into catchment-
wide erosion rates and dynamics. Here, we investigate spatial patterns and con-
trols on 1°Be-inferred erosion rates in Madagascar, a moderately seismically ac-
tive microcontinent surrounded by passive margins with locally steep topography
and a climate that varies from humid tropical to semi-arid. We use a compiled
dataset of 99 detrital 1°Be measurements, 63 of which are new, covering more
than 30% of the country and a wide range of topographic, bioclimatic and geologic
characteristics. Overall, 1°Be erosion rates are low (2.4 - 51.1 mm kyr!), with
clear differences between regions. The lowest rates are measured on the central
highlands (~8 mm kyr1), in the Alaotra-Ankay graben (~11 mm kyr?), and in
the large north-central catchments (~11 mm kyr!). Higher rates are found on
the steep eastern escarpment (~20 mm kyr ), in the northwest (~31 mm kyr1),
and in the southwest (~29 mm kyr). A stepwise linear regression model identi-
fied elevation as the main factor associated with variations in °Be erosion rates
(lower rates for higher catchments). Random within-between statistical mod-
els (REWB), on the other hand, indicated that the differences between different
regions can be explained by differences in river concavity, seismic events, and
gully (lavaka) densities, whereas additional variation within regions is only linked
to seismicity. We find no correlation between catchment or river steepness and
10Be-inferred erosion rates. Our results indicate that in Madagascar long-term
erosion rates are overall low, and that simple topography-based models do not
explain variations in rates of landscape change inferred from °Be concentrations
in river sediment. We demonstrate that identifying different regions aids in inter-
preting spatial patterns of erosion rates, and that REWB models can be a powerful

tool in deciphering environmental controls on 1°Be erosion rates.

This article has been accepted for publication angl undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1002/esp.5586
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1 Introduction

Cosmogenic radionuclides (CRNs) in river sediments are a valuable tool to de-
termine spatially averaged erosion rates, offering a window on long-term (1 000
- 1 000 000 yr) landscape dynamics. River sands integrate across the drainage
basin, and CRN concentrations average out the episodic nature of sediment
supply, providing an estimate of the long-term background erosion rates (von
Blanckenburg, 2005; Dunai, 2010; Vanacker et al., 2007b; Bierman and Steig,
1996). Landscapes where the parent material is overlain by a thick and inten-
sively weathered layer, the regolith, cover large parts of the Earth’s surface and
are prone to rapid geomorphic response to land use change (Winkler et al., 2021;
Song et al., 2018; Brosens et al., 2022a). Especially in these settings, informa-
tion on background erosion rates and their controls is crucial if the impact of these
changes on landscape dynamics and how they might have evolved over time is to
be understood (Vanacker et al., 2007a; Bartley et al., 2015; Hewawasam et al.,
2003).

Madagascar is a microcontinent with locally steep topography and active seismic-
ity despite being surrounded by passive margins (de Wit, 2003; Rakotondraibe
et al.,, 2020). Low !9Be erosion rates between 4 and 34 mm kyr! have been
reported (Cox et al., 2009; Wang et al., 2021) for the central and eastern parts
of Madagascar, which integrate over timescales of ~ 30 to 250 kyr (the time
it takes to erode the upper 1.0 m of soil (von Blanckenburg, 2005)). These
rates can be considered a robust estimate of pre-anthropogenic erosion rates
for these regions, as substantial human populations have existed on the island
for only a few thousand years (Douglass et al., 2019; Hansford et al., 2018).

Madagascar is large and diverse with distinct regions differing in geology, geo-
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morphology, climate and ecology that vary from tropical forest in the east over
temperate highlands in the center to semi-arid regions in the southwest (Tyson,
2013; de Wit, 2003). To better constrain and understand the magnitude, spatial
patterns and environmental controls of pre-anthropogenic erosion rates across
the varied regions of Madagascar we focus on two main research questions: i) is
there a systematic spatial pattern in variation in 1°Be erosion rates in Madagas-
car?, and ii) if so, which environmental variables explain variation in island-wide
10Be erosion rates?

We investigated these questions by applying various statistical analyses to a suite
of 99 in-situ °Be concentrations from river sediment. This dataset, which com-
bines published data (Cox et al., 2009; Wang et al., 2021) with 63 new sam-
ples, covers about 30% of Madagascar’s land mass and therefore allowed us to
study if environmental variables can explain variations in 1°Be-erosion rates in
Madagascar and to consider both differences between individual catchments and

differences between the different regions.

2 Madagascar’s diversity

Eastern Gondwana (Madagascar, India, Sri Lanka, Antarctica and Australia) sep-
arated from what is now the African continent 165 - 155 Ma years ago and con-
tinued rifting led to the break-up of Madagascar and India 120 - 84 Ma years
ago (Reeves et al., 2002; Collins and Windley, 2002; Gibbons et al., 2013; Ea-
gles and Hoang, 2014; de Wit, 2003). Two thirds of Madagascar’s surface (cen-
ter and east) is underlain by Precambrian crystalline basement, while Cenozoic
sedimentary formations are mostly found in the western part. Cretaceous and
Neogene volcanic deposits can be found across the island (de Wit, 2003) (Figure
1c). Madagascar is a microcontinent that spans 13° of latitude and is bounded by
passive margins (de Wit, 2003) (Figure 1a). The topography is strongly asym-
metric, rising from sea level to > 1 000 m over a distance of only 50 km across

the eastern escarpment, whereas in the west the topography more gently dips
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into the Mozambique Channel (Battistini, 1972) (Figure 1b). Elevation of the cen-
tral highlands peaks up to 2700 m, likely resulting from topographic rejuvenation
and renewed denudation after regional uplift during the Oligo-Miocene (Stephen-
son et al., 2021). The highlands are characterized by a rolling relief with steep
convex hillslopes that are covered by a thick layer of regolith; and despite the
fact that friable saprolites extend more than 10 m and in places up to 100 m
deep, they hold up steep slopes that are locally > 40° (Battistini, 1972). There
is active tectonic rifting in the Alaotra-Ankay graben (AAG) and seismic activ-
ity with earthquakes of magnitude 0.5 - 5.6 is clustered around the graben, as
well as on the Itasy and Ankaratra volcanic fields (Cox et al., 2010; de Wit, 2003;
Rakotondraibe et al., 2020) (Figure 1 g,h). In many parts of the highlands, large,
steep-sided gullies called ‘lavaka’ have cut deeply into the regolith, the relative
abundance of which spatially correlates with seismic activity (Kusky et al., 2010;
Cox et al., 2010).

The combination of these large topographic variations and a significant latitudinal
extent results in a wide range of climatic and biogeographical conditions. There
are two prominent rainfall gradients across the island: a strong east to west
rainfall falloff with distance from the eastern escarpment, and a more muted
north to south decrease related to latitudinal climate regions (Donque, 1972;
Nassor and Jury, 1998; Cornet, 1974) (Figure 1e). These variations are reflected
in the different vegetation types, with humid forests in the east, dry deciduous
forestin the west, succulent woodlands in the southwest, spiny desert vegetation
in the south and subhumid forest and open grasslands in the central highlands

(Figure 1d,f) (Koechlin et al., 1972; Burgess et al., 2004).

3 Methods

3.1 CRN-derived erosion rates

A dataset containing 99 in-situ 1°Be measurements from river sediment samples

was compiled. The catchments in the dataset represent 30% of surface area of
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Madagascar (Table S1). 63 of the datapoints are new data which we combine with
previously published data from the eastern escarpment and central highlands
(Cox et al., 2009; Wang et al., 2021) (Figure S1). Additionally, 4 river terrace

sediments were sampled and analyzed for in-situ °Be concentrations.

3.1.1 River sediment samples

The sampled catchment areas range from 1 to 37 000 km?2 and have a mean and
median area of 2400 km2 and 400 km?2, respectively (Table S1, Figure 2). The
majority of the samples come from the central highlands (n = 27) and the eastern
escarpment (n = 32). 12 catchments are located within the Alaotra-Ankay graben
system, and 11 samples come from smaller catchments in the southwest. Only
a limited number of measurements is available for the eastern plain (n = 1), and
northwest Madagascar (n = 5). The largest sampled catchments (> 10 000 km?2)
are located in the north-central (n = 4) and south-western (n = 2) part of the
island; a number of smaller sampled catchments are nested within these largest
catchments (see Table S1, Figure S2 and Figure S3).

In-situ 1°Be concentrations give an indication of the total denudation (physical
erosion and chemical weathering) of the upper meters of regolith, but do not
reflect fluxes related to deep chemical weathering beneath the cosmic ray atten-
uation depth (Riebe and Granger, 2013; Dixon et al., 2009; von Blanckenburg,
2005; Bierman and Steig, 1996). These deep fluxes can be considerable in trop-
ical regoliths (Riebe and Granger, 2013; Dixon et al., 2009; Campbell et al.,
2022), such as are found in Madagascar. We therefore refer to "°Be erosion
rates” throughout this work to make it explicit that our data do not account for
potential mass loss by dissolution deep within the regolith.

Cosmogenic nuclide-derived erosion rates were calculated from the measured
concentrations of in-situ produced °Be in quartz of submerged river sediment.
All river sediment samples were collected midstream from active river channels.
Wang et al. (2021) amalgamated samples from 200-500 m reaches along the

channel, where the 125-500 xm fractions were used for quartz purification. All
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other river sediment samples were collected at one location, where the 250-841
pm fraction was used for analysis. For all samples, the °Be was extracted from
purified quartz grains using standard methods as described in von Blanckenburg
(2004), Kohl and Nishiizumi (1992), Corbett et al. (2016) and Vanacker et al.
(2007b). 1°Be/°Be ratios were measured in BeO targets with accelerator mass
spectrometry (AMS) (see Text S1.1 for details). The measured °Be concentra-
tions were corrected using laboratory blanks. Uncertainties include analytical
AMS and propagated blank errors. Catchment-averaged erosion rates were cal-
culated from the °Be concentrations using the CAIRN method of Mudd et al.
(2016), where all samples were reprocessed using the same procedure to allow
comparison (see text S1.2 for details). Comparison of the °Be concentrations
of four (partially) overlapping catchments from the different data sources shows
that the measured °Be concentrations agree within the total uncertainty (AMS
+ laboratory blanks), suggesting that the slight differences in sampling and pro-
cessing protocols have no measurable effect on the reported °Be concentrations
(Figure S4).

The nested catchment structure was taken into account by following the approach
of Portenga et al. (2015) and Granger et al. (1996). When the area of the sub-
catchment is > 20% of the main catchment, an effective erosion rate (EER) was
calculated for that part of the main catchment outside of the sub-basin, based
on the calculated erosion rate (£) and area (A) of the main catchment and sub-
basin (see inset Figure S2 for used homenclature). The erosion rate for the main

catchment was then substituted by EER:

AmainEmam - Asu asinEsu asin
EER = bb bb ( 1)

Amain - Asubbasin
when the area of the sub-catchment was < 20% of the main catchment, no
effective erosion rate was calculated for the sub-basin and only the erosion rate

of the main catchment was used (Table S1).
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3.1.2 Terrace samples

For four rivers additional terrace samples were collected and analyzed for in-situ
10Be concentrations. Comparing these values with those observed for the present
river sediments gives an indication whether there have been significant changes
in basin-wide erosion rates over the time scales covered by terrace formation
(Cox et al., 2009) (Table S1). Terrace samples represent well-sorted traction-
structured fluvial sands (exhibiting either large-scale cross-bedding or flat lami-
nation) exposed in the cutbanks of incising rivers, and were chosen if they were i)
buried beneath at least one soil horizon greater than 1 m thick (indicating at min-
imum several centuries of residence time); and ii) contained charcoal (twigs and
small woody chunks) clearly contemporaneous with the sediment (i.e. not asso-
ciated with modern roots or other disturbances, and deposited along cross-sets
or internal laminations). Samples were sieved in the field to extract the medium
and coarse sand fractions (250-841 um), after which they were processed for
10Be following the same procedure as the river sediment samples (see section
3.1.1). The charcoal contained in the terrace samples was dated using *C analy-
ses by Beta Analytic and were calibrated according to Reimer et al. (2004) using

INTCALOA4.

3.2 Environmental variables

We considered fifteen variables that might explain variations in 1°Be erosion rates,
encompassing various topographic, river, geological, bioclimatic and geomorpho-
logical indicators: i) catchment area, ii) elevation, iii) slope, iv) roughness, v)
relief, vi) normalized river steepness, vii) stream concavity index, viii) concavity
6 of all rivers and the ix) trunk river (6,), x) lithological erodibility (LE), xi) seismic
events, xii) peak ground acceleration (PGA), xiii) precipitation, xiv) bioclimate,

and xv) lavaka density.

Catchment topography

Topographic analyses, catchment delineation, and river extraction were performed
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on the carved and filled 30 m SRTM DEM (Farr et al., 2007) using TopoTool-
box 2 (Schwanghart and Scherler, 2014). The DEM was projected to UTM38S
coordinates (EPSG: 32738). We calculated four topographic variables for each
catchment: the mean elevation [m], mean slope gradient [°], mean roughness
[-], and catchment relief [m]. Catchment elevation gives a first indication of
the topographic setting of a catchment (lowland vs. highland) and will in part
also reflect variations in precipitation and vegetation. Slope gradient was cal-
culated using an 8-connected neighborhood algorithm, and terrain roughness as
the largest difference between the central pixel and its surrounding pixels using
a kernel size of 3 x 3 (Schwanghart and Scherler, 2014). Catchment relief is the

difference in elevation between the highest and lowest point of the catchment.

River characteristics
We extracted the river network using a channel initiation threshold of 0.5 km2
following Campforts et al. (2020). The stream power law is widely used to model

bedrock channel incision, and can be formulated in its simplest form as:

E = KA™S" (2)

where FE is the long-term erosion rate, K an erodibility coefficient that encom-
passes e.g. climate and lithology, A the upstream drainage area (as an indicator
for discharge), S the channel slope, and m and n exponents determined by the
fluvial processes (Howard, 1994; Lague, 2014). Flint’s law (Flint, 1974) states
that the channel slope of rivers varies as an inverse power law to the drainage

area.

S = kA0 (3)

where £, is the river profile steepness and 6 = m/n, the concavity of the river
profile (Snyder et al., 2000; Whipple and Tucker, 1999). Equation (2) can then

be rewritten as a function of k,:
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E = Kk" (4)

We performed a y-analysis on the entire river network of Madagascar with a
baselevel of 0 m (chiplot algorithm, Schwanghart and Scherler, 2014) from which
0-values for the individual catchments were derived, both when considering all
rivers in the catchment and when considering only the trunk stream (6;). The
mean 6-value of all drainage basins was equal to 0.42. As this value is close to
the theoretical value of 0.45, we calculated the normalized channel steepness,
k., using a fixed 6 of 0.45 in order to allow comparison between the different
catchments (Wobus et al., 2006; Whipple, 2004). k,, was then calculated for the
entire river network and averaged per drainage basin.

Additionally, we used the stream concavity index (SCI) to calculate the concavity
of the river profiles from the normalized and smoothed river longitudinal pro-
files of the trunk streams (Zaprowski et al., 2005; Demoulin, 1998). SCI ranges
between -1 and 1, where positive values are indicative for concave profiles and

negative values are equivalent to convex river profiles (Zaprowski et al., 2005).

Lithology and seismic activity

We estimated average catchment values for three geological metrics: i) litho-
logical erodibility of the parent material (LE, [-]), ii) seismic event frequency
[events km™], and iii) peak ground acceleration (PGA [g]). We calculated the LE
following the approach of Campforts et al. (2020) by combining information on
rock composition (Aalto et al., 2006) and the stratigraphic age of non-igneous
formations (Kober et al., 2015):

2

LE="L (5)

where L' differs depending on whether the geology is dominated by igneous or

non-igneous rocks, thus:
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Latlr - non-igneous rocks
L'= (6)

L igneous rocks

L, is a dimensionless erodibility index based on stratigraphic age (Table S2) and
L is a dimensionless erodibility index based on lithological strength (Table S3).
We obtained the bedrock lithology from the 1/1 000 000 geological map of Mada-
gascar (Roig et al., 2012; Tucker et al., 2014) based on which we calculated LF.
It is important to acknowledge that the LE is calculated for the underlying parent
material. In the central highlands, the bedrock is typically covered by a thick
laterized regolith and also elsewhere the rivers might be incising into regolith
instead of bedrock. As we miss accurate information on spatial variations in the
thickness of the regolith cover in Madagascar we did not further quantify this.

Madagascar has a continental passive margin setting, but is a seismically ac-
tive landmass due to rifting. We therefore considered both the number of seis-
mic events and modeled peak ground acceleration (PGA, [g]). We used a cata-
logue of 3442 seismic events (magnitudes 0.5-5.6), recorded between 1979 and
1994 (Ramanantsoa, 2000) and in 1996 (Institut et Observatoire de Géophysique
D’Antananarivo, 2008), which were geospatially analysed by Cox et al. (2010),
who produced a seismic event density map of Madagascar. This provides a ro-
bust sampling of Malagasy seismicity which is considered to be representative of
longer-term seismic activity as it is aligns with tectonic features and the more
recent seismic catalog of Rakotondraibe et al. (2020) which is, however, only
based on 23-months of deployment and 692 events, making it less statistically
valid for our purpose. The PGA data were obtained from the Sub-Saharan Africa

(SSA) Earthquake Model (Poggi et al., 2017).

Bioclimate
We also considered climatic and vegetation regimes in Madagascar using two
bioclimatic variables: i) precipitation and iii) bioclimatic region. We calculated

mean annual precipitation over the period 1981 - 2020 from CHIRPS, which is a
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gridded 0.05° x 0.05° precipitation product derived from satellite imagery and
station data (Funk et al., 2014). As our CRN data integrate over tens to hun-
dreds of thousands of years (30 - 250 kyr) absolute precipitation amounts will
have fluctuated over the considered time period. Bayesian modelling of Plio-
Pleistocene climate transitions in Africa from terrigenous dust records enabled
the identification of multiple dominant transition events, where the most recent
event took place around 700 - 600 kyr ago, thereby predating our longest inte-
gration period (Kukla, 2005). However, the longest integration times (up to 250
kyr) cover one to two glacial-interglacial cycles (Kukla, 2005) during which large
wet and dry extremes occurred (Kutzbach et al., 2020). Also the shorter integra-
tion times include periods of climatic variation, where the last glacial maximum
(19 - 23 kyr BP) was generally dryer and where wetter conditions prevailed dur-
ing the Younger Dryas (11.5-12.8 kyr BP) in Eastern Africa (Garcin et al., 2006).
Thus, absolute precipitation amounts will have fluctuated over the CRN integra-
tion time: by using present values we implicitly assume that the present spatial
pattern is representative for the entire integration period.

There are clear indications that the vegetation cover of Madagascar has under-
gone drastic changes over the past millennium with a general decline in forest
cover that has been linked to anthropogenic impacts (Joseph and Seymour, 2020;
Joseph et al., 2021; McConnell and Kull, 2014; Reinhardt et al., 2022; Gasse and
Van Campo, 2001). We therefore did not include the current forest cover as
an environmental variable, but work with generalized bioclimatic regions. We
delineated five simplified bioclimatic regions based on Cornet (1974) and Crow-
ley (2010) and assigned a number from 1 (moist and densely vegetated) to 5
(dry with only sparse vegetation cover) reflecting both differences in precipita-
tion and vegetation density: 1 = humid forest, 2 = central highlands, 3 = dry
deciduous forest, 4 = succulent woodland, 5 = spiny thicket (Figure 1d). Cou-
pled paleoclimate-vegetation models show that vegetation patterns have shifted
in response to climatic variations, with modelled changes in the grassland and

forest extent in Madagascar over the past 140 kyr (Kutzbach et al., 2020). Again,
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we consider these regions as relative rather than absolute patterns.
Geomorphology

We obtained lavaka densities [lavaka km™] for 88 of our 99 catchments (up to a
maximum size of 11 000 km2) by direct counting from Google Earth imagery at
eye altitude of 2.5 km (corresponding to 1/7500 scale). These 0.5 m resolution
images permitted identification of active lavaka with a width as small as 10 m. For
four catchments (id = 99, 96, 26 and 29, Table S4) we used previously published
counts from Voarintsoa et al. (2012). For the seven largest catchments (12 000
- 37 000 km?2, Table S4) we used a rating curve based on comparison between
our counts and those of Cox et al. (2009) that were derived from sharpened
Landsat ETM+ (15 m resolution) imagery. Estimates from the coarser resolution
ETM+ imagery are systematically lower than the higher resolution Google Earth
estimates and were therefore recalculated using a rating curve (Figure S5).

We subdivided the catchments into 8 different classes based on size and region:
i) central highlands (n = 27), ii) Alaotra-Ankay graben (AAG, n = 12), iii) eastern
escarpment (n = 32), iv) eastern plain (n = 1), v) northwest (n = 5), vi) north-
central large (n = 4), vii) southwest small (n = 11), and viii) southwest large (n
= 2) (Figure 2b). We made a separate class for the six largest catchments in the
north-central and southwestern regions (> 10 000 km?2; the Ikopa, Betsiboka,
Kamoro, Onilahy and Mangoky rivers) as each of these catchments encompasses

multiple regions and nested catchments (Figure S2 and S3).

3.3 Statistical analyses

We performed a suite of statistical analyses on the dataset to identify the en-
vironmental variables that explain most spatial variations in 1°Be erosion rates.
These were i) correlation and factor analysis, ii) stepwise multiple linear regres-
sion analysis, and iii) random (within-between) models. All results are reported
at the 95% confidence level and were obtained using R v4.0.5.

Correlation and factor analysis

We calculated Spearman rank correlation coefficients to test for relationships
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between °Be erosion rates and different environmental variables. Rank coeffi-
cients are robust to outliers and are not linked to the distribution of the data. We
also performed a factor analysis, which groups correlated variables into a smaller
number of factors to extract a few common latent characteristics from a large set
of variables. The factors are linear combinations of the original variables, and the
factor loadings are the correlations between the original variables and the factors
(Bartholomew et al., 2011; Kaiser, 1958; Starke et al., 2017). We calculated the
factor scores using a varimax rotation and used the Kaiser criterion to determine
the optimal number of factors (Kaiser, 1958). All factor analyses were performed

using the nFactors package (Raiche, 2020).

Stepwise multiple linear regression

We performed stepwise multiple linear regressions to identify the variables that
add significant explanatory power to the multivariate model. We used a for-
ward and backward algorithm, where the regression model was built from the
environmental variables by adding and removing predictors based on Akaike In-
formation Criterion (AIC) (using the CRAN-olsrr package, Hebbali, 2020). We
did this analysis on the full dataset and separately for the regions that contain

sufficient observations (n > 10).

Random (within-between) models

Multilevel data structures occur when individuals or measurements (level 1) are
nested within a geographical or social context (level 2, cross-sectional data).
In such a framework, multilevel modelling by means of random effect (RE) and
random within-between (REWB) models provides a means to identify the spatial
scale at which most or least variation occurs, and to indicate the relative impor-
tance of different variables in explaining this variation (Bell et al., 2019; Jones,
1993). Our dataset can be considered as a cross-sectional multilevel data struc-
ture, where individual catchments i (level 1) are clustered into groups j (regions,

level 2). Here, we give a short overview of the equations describing an REWB
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model; full details are provided in Text S1.3.
In a single level linear regression, the response variable y is predicted based on

predictor variable z:

yi = Bo + Bz + (&) (7)

By and 3, are fixed and unchanging parameters for the intercept and the slope
and ¢; signifies the residual variance.

This equation only considers the variations observed at the level of the individuals
i (level 1). To account for level-2 entries (different regions, j), it is required to
allow the intercept u,; and slope y;; of the different regions to vary around the
overall intercept 5, and slope 3,, resulting in a random two-level model with

varying intercept and slope:

Yij = Bo + Brwij + (poj + pajTij + €ij) (8)

The fixed part of the equation consists of the mean intercept and slope (5, and ;)
and the random part is given between by brackets with (,; the random intercept,
p1; the random slope, and ¢;; the residual variance. The importance of the random
part can be assessed from the variance of the slope and intercept.

While this random model allows varying slopes and intercepts for different re-
gions, it does not yet allow to explicitly assess which variables explain differ-
ences between the different catchments (within effect at level 1) and between
the different regions (between effect at level 2). Random within-between models
allow to make this distinction explicit, by de- and group-meaning the predictors:
the mean predictor value of each region is calculated and subtracted from the

individual predictor values.

Yij = Bo + Biw(wi; — Ti) + Bap®i + (poj + paj(wij — &) + €ij) (9)

z; is the mean variable value for the region (group-mean) and indicates the
between-effect, i.e. the difference between the different regions. (z;; — z;) are

the demeaned variable values per region indicating the within-effect, i.e. the
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difference between the different catchments. Only significant fixed and random
effects were retained (p < 0.05) and we selected the model with the lowest AIC

for each model type (Akaike, 1987).

4 Results

First, we investigated if there is a spatial pattern in 1°Be erosion rates in Mada-
gascar. Next, we present the results of our statistical analyses to identify the
environmental factors that explain most variation in °Be erosion rates. Finally,
we assessed how 1°Be concentrations changed over time using river terrace sam-

ples

4.1 Spatial variations in 1°Be erosion rates

Three outliers with low 1°Be concentrations (and corresponding high °Be erosion
rates) were identified and excluded from further analysis as they were associated
with mass wasting processes or dam and bridge construction works near the
sampling locations (id = 30, 32, 37, Table S1, Figure 3). '°Be erosion rates
range between 2.4 and 51.1 mm kyr!, with mean and median values for the full
dataset of 16.6 and 12.7 mm kyr!, respectively (Table S1, Figure 2a)

The lowest °Be erosion rates are observed on the central highlands (7.5 + 3.0
mm kyr!, n = 25), within the Alaotra-Ankay graben (11.0 + 4.2 mm kyr!, n =
11), and for the large catchments in the north-central part (11.2 + 0.9 mm kyr?,
n = 3). Higher 1°Be erosion rates are found on the eastern escarpment (20.0 +
10.1 mm kyr!, n = 3), in the northwest (31.0 + 12.2 mm kyr!, n = 5), and in
the small (29.0 &+ 12.4 mm kyr!, n = 11) and large (22.0 + 7.2 mm kyr!, n =
2) catchments of the southwest (Figure 2 and 3). While within-region variation
in 1°Be erosion rates is limited for the central highlands, AAG and north-central
large watersheds, considerable variation can be observed on the escarpment,
with generally higher 1°Be erosion rates in the northern part of the escarpment

compared to the southern part (Figure 2 and 3).
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4.2 Factors explaining variations in erosion rates
4.2.1 Correlation and factor analysis

A total of 15 different environmental variables are examined to explain observed
variations in 1°Be erosion rates. As a first step, we test for possible co-linearity
by means of correlation and factor analysis for the full dataset.

Spearman rank correlation coefficients (p) indicate strong (and expected) posi-
tive correlations between the topographic variables of mean catchment gradient,
relief, roughness, and normalized channel steepness k,, (p between 0.58 and
0.99, Figure 4). These variables also positively correlate with precipitation (p of
0.42 to 0.65) and show a negative relationship with lithological erodibility (LE)
and bioclimate (p -0.47 to -0.79, Figure 4). These variables (gradient, relief,
roughness, k,,, LE, precipitation and bioclimate) all have high absolute factor
loadings on the first factor, which thus mainly covers differences in topography,
bioclimate and lithology (Table 1). The three river concavity indices (SCI, 6, and
6,) also strongly co-vary (p of 0.77 to 0.88), and are negatively correlated with
the °Be erosion rates (p = -0.33 to -0.40, Figure 4) and constitute of the second
identified factor (Table 1). The third factor has high factor loadings for seismic
events, PGA and lavaka density (Table 1), for which positive correlations were
observed, indicating that higher lavaka densities are found for catchments with
higher seismic activity (Figure 4). Larger catchments are associated with higher
relief and plot on the fourth factor axis (Figure 4, Table 1).

When considering the full dataset, 1°Be erosion rates are negatively correlated
with stream concavity (Factor 2, Table 1, p between -0.33 and -0.40, Figure 4),
but show the strongest negative correlation with mean catchment elevation (p
= -0.54, Figure 4, Figure S6). Furthermore, a negative correlation with lavaka
density (p = -0.31) and a small but significant positive correlation with LE (p =
0.25) is observed (Figure 4, Figure S6). When considering the full dataset (n
= 88) this suggests that 1°Be erosion rates tend to increase where the lithology
is weaker (higher LE), when stream profiles become less concave (move away

from equilibrium) and when lavaka densities decrease (Figure 4, Figure S6). The
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latter correlation is counterintuitive as one would expect higher inferred erosion
rates when there are more lavaka. In this case the effect of elevation may play
a role: lavaka are only found on the higher central highlands where long-term

erosion rates are lower (p = 0.34, Figure 1, 4, 3, and S6).

4.2.2 Stepwise Linear regression

Stepwise linear regressions were performed for both the full dataset and subsets
of the different regions containing a sufficient number of sampled catchments.
Similar to the outcomes of the correlation and factor analysis, elevation, stream
concavity @ and lithological erodibility significantly contribute to explaining 43%
of the observed variations in 1°Be erosion rates when considering the full dataset
(n = 88) (Table 2, Figure S6).

Seismic events are the only included variable for the central highlands-region (n
= 25) and explain 41% of the observed variation. Also for the Alaotra-Ankay
graben (n = 11) and the small southwestern catchments (n = 11) only one vari-
able is included in the stepwise linear model, being the lavaka density (R2 = 0.23)
and lithological erodibility (R2 = 0.23), respectively. Most variation in 1°Be ero-
sion rates on the eastern escarpment (n = 30) is associated with seismic events
(R2 = 0.39), where additional variation is explained by lithological erodibility, 6;,
elevation and precipitation, adding up to an R2 of 0.55 (Table 2, Figure S6).
The relationships between °Be erosion rates and stream concavity, elevation
and precipitation are negative for all the considered datasets, and positive when
considering seismic events and lavaka densities (Table 2, Figure S6). When con-
sidering the graben region separately we obtain a positive relationship between
lavaka densities and erosion rates (Table 2), strengthening the hypothesis that
the negative correlation for the full dataset is related to another underlying fac-
tor like elevation (Figure 4). Both a positive (full dataset) and negative (eastern
escarpment and SW small) relationship between °Be erosion rate and litholog-
ical erodibility is observed (Table 2, Figure S6), where a theoretical increase in

10Be erosion rates with increasing erodibility would be expected. LE values for
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the catchments on the eastern escarpment are all equal and low except for two
catchments, likely resulting in this spurious relationship (Figure S6). Similarly,
the negative relationship for the southwestern catchments strongly hinges on
one catchment with relatively high LE values and relatively low erosion rates,
whereas all other erosion values vary widely for a rather narrow variation in LE

(Figure S6).

4.2.3 Random (within-between) models

When applying a multiple linear regression (cfr. Equation 7) to our full dataset
(n=88) we only consider fixed effects to explain variations in 1°Be erosion rates
at catchment-level. In this case the significant negative variables that are in-
cluded in the model are elevation and 6, with a positive coefficient for lithological
erodibility (R2 = 0.38, AIC = 642, residual variance = 56.13, Table 3, Table 2).
In a model where the intercept is allowed to vary for the different regions (Ran-
dom Intercept, Table 3), 6 and seismicity are included as significant fixed effects.
The model results in a conditional R2 of 0.74. When also allowing random re-
gression slopes for the different regions (cfr. Equation 8), elevation becomes the
only significant fixed effect and seismic events and SCI are retained as significant
random effects that have a varying regression slope and intercept for the differ-
ent regions. This results in a slightly lower conditional R2 of 0.62 when compared
to the random intercept model (Table 3).

While these random models allow to identify the most important fixed effects and
have a clearly higher explanatory power in comparison to a multiple linear regres-
sion model they do not allow us to clearly identify the environmental variables
that explain variation between the different regions (between effect at level 2)
and between the different catchments (within effect at level 1), which is explicitly
included in the random within-between model (REWB cfr. Equation 9).
Whenapplying a REWB model with random intercept to our dataset, the within ef-
fect of # and seismicity are included in the fixed part of the model (R2 = 0.63), in-

dicating that these factors explain most differences between the individual catch-

This artid@ is protected by copyright. All rights reserved.



489

490

491

492

493

494

495

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

ments: more convex and seismically active catchments have higher °Be erosion
rates (Table 3). The REWB model where also random slopes are included shows
that stream concavity, seismic events and lavaka density explain most of the
variation in 1°Be erosion rates between the different regions, where the random
regression slope of seismicity explains additional differences between the individ-
ual catchments of a region. This results in a R2 of 0.73 for the full REWB model,
and the lowest AIC of all models considered (Table 3).

In general, the RE(WB) models identify stream concavity (¢ or SCI), seismicity,
and lavaka density as the most important environmental variables that explain
variations in 9Be erosion rates both between and within regions for concavity
and seismicity, while lavaka density is only associated with differences between
regions. Specifically accounting for the multilevel structure of the data by in-
cluding the different regions as a random effect has allowed to identify the main
environmental variables that explain differences in 1°Be erosion rates, thereby
omitting variables like elevation that explained most variation in a simple step-
wise linear regression (R2 = 0.27, Table 2) or correlation analysis (p = -0.46,
Figure 4) but mainly reflected the differences in physical characteristics of the
different regions instead of the actual driving factors.

The best performing model (REWB slope, Table 3) captures the observed varia-
tions in 1°Be erosion rates relatively well for the central highlands, Alaotra-Ankay
Graben and eastern escarpment (Figure 5). The general trend in 1°Be erosion
rates for the eastern escarpment is represented in the predicted values, but the
range of the predicted values is smaller than the one of the observations (Fig-
ure 5). The remainder of the variation in 1°Be erosion rates on the escarpment
is likely linked with the area of the catchment that is located on the plateau or
in the plain, which is a variable that has not been considered in these analy-
ses but is known to vary for the considered catchments (Wang et al., 2021).
The model fails at predicting the observed variations in 1°Be erosion rates of the
catchments in the southwest and northwest (Figure 5). The stepwise linear re-

gression pointed out that variations in lithological erodibility were associated with
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variations in 1°Be erosion rates in the southwestern catchments, which is a fac-
tor that is not considered in the REWB slopes model, though this relationship is
likely spurious as it strongly hinges on one observation (Table 2). We therefore
conclude that the considered variables do not explain the significant variations in
10Be erosion rates in the southwestern region. The small number of observations
in the northwest (n = 5) likely explains the weak explanatory power of the model
in this region, as the number of observations of each region is considered during

model optimization (Jones, 1993; Bell et al., 2019).

4.3 Temporal variations in 1°Be erosion rates

Because 1°Be integrates over long timescales, it can be difficult to determine
whether low calculated rates reflect a former state of the landscape, with recent
increases in erosion rate as yet not detectable in the °Be system; or whether
high measured rates reflect recent increases in erosion sufficient to swam the
older signal versus the possibility that the long-term rates are high. One way to
differentiate recent from background rates is to compare modern river 1°Be with
measurements from older deposits of the same rivers. At four locations suit-
able terrace sampling locations containing datable material were found (Table
S1). Modern river 1°Be concentrations are higher than terrace concentrations for
the two largest catchments, suggesting lower recent erosion rates (Figure 6b).
However, modern °Be concentrations are lower than terrace concentrations for
the smallest catchments, suggesting higher current erosion rates. While differ-
ences are small, higher current °Be erosion rates were found for catchments
with higher lavaka densities, which might explain the lower current °Be concen-

trations in river sediment (Figure 6b).

5 Discussion

The new 1°Be data confirm previously reported low °Be erosion rates for Mada-

gascar, which range between 4 and 52.9 mm kyr! (Cox et al., 2009; Wang et al.,
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2021). These rates are amongst the lowest globally reported rates, and are well
below the global mean and median values of 218 and 54 mm kyr! reported by
Portenga and Bierman (2011), and the more recent median value of 76.7 mm
kyr! of Codilean et al. (2018). We find clear spatial patterns, where the values
are systematically higher for the catchments on the escarpment that drain to
the east, compared to the backslope catchments that drain to the west, when
accounting for differences in LE (Figure 3, Figure 2, Table S1).

Our analysis illustrates that a simple statistical analysis does not provide a full
insight into the environmental factors controlling variations in long-term °Be
erosion rates in the complex and diverse setting of Madagascar. When consider-
ing the full dataset, elevation is the most important environmental factor, where
higher catchments were associated with lower 1°Be erosion rates (Table 2, Fig-
ure 4). However, a more sophisticated REWB analysis clearly shows that this
association is spurious: the regions located at higher elevations do have geo-
morphological characteristics that differ from those at lower altitudes. REWB
models do allow to identify the factors that control variations between and within
regions. What is clear from our analysis is that a model that allows for regional
stratification and wherein the coefficients associated with different explanatory
values are allowed to vary by region, thereby accounting for both differences
between and differences within regions, explains a much larger fraction of the
variance observed in comparison to more classical models such as multiple re-
gression analysis. When explicitly considering the different regions in the REWB
model, the main environmental factors that strongly correlate with spatial vari-
ations in 1°Be erosion rates between the different regions are stream concavity,
seismicity, and lavaka density, where differences in seismic events explain addi-

tional variation in 1°Be erosion rates within the regions (Table 3).

5.1 Driving forces of low long-term erosion rates

The central highland values (2.5 - 15.2 mm kyr!, Table S1, Figure 3) are compa-

rable to those from upland plateaus elsewhere, for example 9.6 + 0.8 mm kyr?
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for the Western Ghats (Mandal et al., 2015), 2.6 - 6.2 mm kyr! in Sri Lanka
(Vanacker et al., 2007b), 5.0 + 0.5 mm kyr! in Southern Brazil (Schoonejans
et al,, 2017), and 10 mm kyr “! in southeast Australia (Godard et al., 2019). We
infer that in the absence of active tectonics, physical long-term erosion rates in
(sub)-tropical environments are low to very low, despite a strong relief and an
erosive climate (von Blanckenburg, 2004; Codilean et al., 2021). The low °Be
erosion rates from the eastern escarpment of 2.8 to 43.7 mm kyr! are similar to,
although somewhat lower than, values reported for other passive margin escarp-
ments in Sri Lanka (26 - 71 mm kyr!, Vanacker et al. (2007b); von Blanckenburg
(2004)), the Western Ghats in India (15 - 53 mm kyr! Mandal et al. (2015); Wang
and Willett (2021)), the southeastern Australian escarpment (20 - 60 mm kyr?,
Godard et al. (2019)), the Serra do Mar escarpment in Southern Brazil (11 - 26
mm kyr?, Salgado et al. (2014)), and the Blue ridge escarpment in the South-
ern Appalachians (5.4 - 49 mm kyr!,(Linari et al., 2017)). Our lowest values
are observed in the southern part of the escarpment, which has more subdued
topography than the northern and central parts (Figure 3).

The highest °Be erosion rates are observed at the escarpment (when control-
ling for differences in LE), which is characterized by major knickpoints, indicating
active rejuvenation of the landscape. Above this knickzone in the central high-
lands, the topography is at or close to steady state, resulting in the observed
lower erosion rates. The overall low 1°Be erosion rates of the highlands cannot
be explained by a weathering-limited system: the regolith is very thick in many
parts of Madagascar, providing plenty of material that can potentially be eroded.
It therefore seems that in (sub)-tropical environments where uplift is small or
an uplift pulse did not yet propagate up to the catchment, that natural vege-
tation and the presence of a strong laterite can protect an erodible saprolite on
steep terrain sufficiently well from an erosive climate to reduce °Be erosion rates
to a minimum over periods spanning more than 100 kyr. The presence of this
thick regolith cover may, however, also be the consequence of the observed low

long-term erosion rates.
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The negative correlation between 1°Be erosion rates and river concavity (Figure
4, Figure S7, Table 2, Table 3) indicates that the transient rivers of the eastern
escarpment are characterized by higher erosion rates (Vanacker et al., 2015).
This is in agreement with the inferred horizontal retreat of the eastern escarp-
ment, which occurs at rates between 182 and 1886 mm kyr! (Wang et al., 2021;
Wang and Willett, 2021). This observation is consistent with a model of steady
retreat from the coastline since the time of rifting (Wang et al., 2021), similar to
what has been suggested for the Western Ghats (Wang and Willett, 2021) and
Sri Lanka (Vanacker et al., 2007b).

A similar link between river concavity and erosion rates was observed along an
east-west transect through the tropical Andes by Vanacker et al. (2015). They
furthermore found a clear positive relationship between 1°Be erosion rates and
mean hillslope gradient and %, in the transient regions, which was absent for
the catchments located upstream of the knickpoint in the inter-Andean basin.
These rather low uniform erosion rates that seemed independent from local relief
were explained by the more or less steady state of these catchments which have
not yet experienced the pulse of relief rejuvenation that propagates through the
escarpment (Vanacker et al., 2015).

While river concavity was clearly related to °Be erosion rates in our dataset, we
did not see a relationship with overall slope gradient or river steepness, even in
the steep catchments of the eastern escarpment (Figure 4 and Figure S6). A
positive relationship between river and slope steepness and 1°Be erosion rates
has, however, been observed in a variety of active and passive tectonic settings
(e.g. Riebe et al., 2000; Abbuhl et al., 2011; Schaller et al., 2001; Campforts
et al., 2020; Codilean et al., 2021; Matmon et al., 2003; Linari et al., 2017).
The absence of a clear pattern for our upland catchments (central highland and
Alaotra-Ankay graben) might be similar to the inter-Andean setting: the pulse
of relief rejuvenation that propagates through the escarpment has not yet ar-
rived, leaving these catchments in dynamic steady-state (Vanacker et al., 2015;

Kwang et al., 2021; Beeson et al.,, 2017). The absence of a clear relationship

This artid8 is protected by copyright. All rights reserved.



635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

on the escarpment might be related to the regular occurrence of river captures,
where gentle highland rivers that previously drained to the west now drain to the
east, thereby affecting the calculated average values (Wang et al., 2021). Wang
et al. (2021) furthermore also reported low confidence in the channel steepness
calculations given the transience of the river profiles and the large intra-basin
variance, which will also apply to our analysis.

Seismicity in steep terrain can cause mass wasting and can lower the rock strength
as it may enhance rock fracturing, resulting in higher chemical weathering and
a lowering of the strength over greater depth (Riebe et al., 2000; von Blancken-
burg, 2004, 2005). This may explain the observed positive correlation between
10Be erosion rates and seismic activity, which is especially marked in the north-
ern part of the eastern escarpment, parts of the central highlands and in the
Alaotra-Ankay graben (Table 2, Figure S6 and Table 3). The seismic activity and
associated higher °Be erosion rates can also be linked with the rifting of the
Alaotra-Ankay graben. This results in local base level changes and tectonically
induced faults and joints that rejuvenate the topography, starting a new phase
of adjustment of the topography by changing erosion rates (Mietton et al., 2018;
Kusky et al., 2010).

Measured 1°Be erosion rates of the catchments in the northwestern and south-
western basins are as high as the ones on the escarpment, despite the fact that
they are low lying and have gentle relief (Figure S6, Table S4). The main dif-
ference with the other studied regions is that these catchments are underlain
by more recent sedimentary deposits that have a higher lithological erodibility
compared to the Precambrian basement, which may explain the relatively high

rates observed in this area (Figure 4, Table 2, Figure S6).

5.2 The importance of deep chemical weathering

Recent studies have indicated the importance of deep chemical weathering in
tropical regolith-covered landscapes like the highlands of Madagascar. Rates of

landscape lowering inferred from cosmogenic nuclides apply to the material that
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is lost by both physical erosion and chemical weathering processes from the up-
per one to two meters, i.e. the penetration depth of cosmic rays. As the thick
regolith shields deeper layers (> 2 m) from cosmogenic nuclide buildup, material
that gets lost by chemical weathering processes below this depth will not be re-
flected in denudation rates inferred from cosmogenic nuclides. This can result in
an underestimation of more than 100% of the actual landscape denudation rates
(Riebe and Granger, 2013; Dixon et al., 2009; Ott et al., 2022). Chemical weath-
ering rates inferred from dissolved river loads in Sri Lanka (which has a similar
tectonic setting to Madagascar) were low (2 - 7 mm kyr!), but comparable to
10Be erosion rates, indicating that °Be was capturing only about half of the actual
denudation rate (2 - 11 mm kyr!) (von Blanckenburg, 2004). Similarly, Regard
et al. (2016) estimated that deep chemical weathering accounts for 60% of the
total denudation in a thick, highly weathered, regolith on the Cameroon craton.
A recent study from Cuba furthermore indicated significant landscape-scale mass
loss that was not reflected in in-situ 1°Be cosmogenic nuclide measurements (4
- 180 t km™ yr! corresponding to 2 - 69 mm kyr! when p = 2.6 t m3), with rock
dissolution rates (24 - 154 t km™ yr! corresponding to 9 - 59 mm kyr! when p
= 2.6 t m3) exceeding the latter in 15 of 22 basins (Campbell et al., 2022).

We made a first back-of-the-envelope calculation based on dissolved loads (Mg,
Na, Si, K, Ca) and river discharge measurements during one hydrological year
(July 2018 - September 2019) for the Ranofotsy river, a relatively small (406
km?2) catchment in the Lake Alaotra region (Figure 1c). We calculate a chemical
weathering flux of 113 (50 - 194) t km™2 yr! for that year, suggesting chemical
denudation rates of 42 (19 - 72) mm kyr! when assuming that weathering is not
iso-volumetric (Text S1.4). These values for the central highlands of Madagascar
are in the range of the estimates obtained by Campbell et al. (2022), but higher
than the rates obtained for Sri Lanka. Even though this estimate entails large
uncertainties, it suggests that mass loss through chemical weathering is probably
a major (and hitherto unacknowledged) factor for regional denudation in Mada-

gascar. Thus, the low 1°Be erosion rates in the central highlands, which do not
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exceed 20 mm kyr! (Figure 2, Table S1), may be measuring only a portion of
the total denudation. Chemical weathering indices calculated from the elemental
chemistry of the river bedload material draining the central highlands and eastern
escarpment show that the erosion pattern is reflected in the weathering indices:
weathering degrees are highest at the central plateau and on the eastern plain
where erosion rates are low, and are lowest at the eastern escarpment which is
characterized by high erosion rates (Wang, 2021). While these data confirm that
weathering degrees are high, a systematic and long-term monitoring effort of so-
lute fluxes in multiple catchments in the different regions is required to address

this knowledge gap.

5.3 Impact of gully processes on long-term 1°Be and cur-

rent erosion rates

The central highland and Alaotra-Ankay graben region are characterized by lo-
cally high lavaka densities, with lavaka that are on average 15 m deep (Cox et al.,
2009; Voarintsoa et al., 2012). Lavaka incision and erosion appear to significantly
impact °Be systematics (Table 2, Table 3, Figure 6a); a similar negative corre-
lation between lavaka densities and °Be concentrations in the central highlands
was also found by Cox et al. (2009). Lavaka density explains variations in °Be
erosion rates between regions, but not within regions (Table 3). This seems to
suggest that it is the general propensity of the region to the formation of lavaka
which is associated with somewhat higher 1°Be erosion rates rather than current
and past sediment production by lavaka.

10Be concentrations from the floors of actively eroding lavaka were found to be
as low as 0.8 x 10° atoms g%, only a tenth of topsoil concentrations, driving
the inference that lavaka contribute 84% of sediment input to the fluvial sys-
tem (Cox et al., 2009). Thus the deep saprolites with their low 1°Be concentra-
tions significantly impact the average °Be concentration of the river sediments,
thereby increasing the derived '°Be erosion rates. In this regard lavaka behave

similarly to mass wasting processes like landsliding (Quock et al., 2022; Grande
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et al., 2021; Yanites et al., 2009). Therefore caution is required when interpret-
ing catchment-wide cosmogenic erosion rates in such terrain (von Blanckenburg,
2005).

While reliable regional estimates of current erosion and sediment export rates
are not available for most regions in Madagascar, there are indications that cur-
rent sediment export rates rates exceed long-term erosion rates by one or two
orders of magnitude in some places. For the Ikopa catchment in the central
highlands near Antananarivo a current erosion rate of 200 mm kyr! was derived
from suspended sediment loads (360 t km™2 yr! assuming a bulk density (p) of
1.8 t m=3, Mietton et al.,, 2020). Similar measurements for the Bevava and Sa-
hamaloto reservoirs in the lake Alaotra region indicate current erosion rates of
around 1 000 mm kyr! (Mietton et al., 2020, 2006). These higher rates in the
lake Alaotra region were linked to high lavaka densities (Mietton et al., 2020,
2006). Brosens et al. (2022b) estimated that over the period 1949-2010s lavaka
erode between 500 and 9 200 mm kyr! based on detailed measurements of
changes in lavaka areas and related volumes in six small study areas in the re-
gion (7 - 129 t ha! yr!). Brosens et al. (2022a) and Broothaerts et al. (2022)
furthermore showed that lavaka erosion and floodplain sedimentation rates have
increased over the last millennium, and especially over the last few hundred
years, and that these sediments are currently stored in the alluvial plains of the
river network upstream of lake Alaotra. This might explain why 1°Be-inferred
erosion rates in large catchments have not increased recently when compared
to older river terrace concentrations, whereas those of smaller catchments have
(Figure 6): sediments mobilized by a recent increase in lavaka erosion have not
yet reached the outlet of larger catchments. This is to be expected, as several
studies have shown that sediment residence times in alluvial environments are
often thousands of years (Wittmann and von Blanckenburg, 2009; Hoffmann,

2015; Pizzuto et al., 2014).
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6 Conclusion

A dataset of 99 detrital in-situ 1°Be concentrations covering major parts of Mada-
gascar allowed us to assess how long-term denudation rates (excluding chemical
weathering below the cosmic ray attenuation depth) vary over the island. Clear
differences exist. Low 9Be erosion rates of 7.5 + 3.0 and 11.0 + 4.2 mm kyr?
were found in the central highlands and in the Alaotra-Ankay graben. This con-
firms that subtropical environments, even when characterized by strong relief
and steep slopes, can be geomorphologically stable over long time spans. Higher
and more variable rates were observed along the eastern escarpment (20.0 +
10.1 mm kyr!), in the northwest (31.0 + 12.2 mm kyr!), and the southwest
(29.0 £ 12.4 mm kyr1). Higher 1°Be erosion rates were associated with lower
river concavity (more convex shaped rivers) and higher seismic activity both at
the level of individual catchments as well as at the regional level, while higher
lavaka densities explain regional variations. No relationship between °Be ero-
sion rates and slope gradient or river steepness was observed, which brings into
question the general applicability of fluvial metrics to constrain vertical incision
rates in a slowly eroding landscape such as Madagascar. While °Be concentra-
tions suggest that rates of landscape change in Madagascar are low, there are
indications that chemical weathering rates may outpace CRN-derived denudation
rates, pointing to the importance of deep weathering and removal of dissolved
materials. In thick regolith-mantled landscapes, mass losses by deep weathering
and subsurface dissolution should be considered alongside with mass losses by

physical erosion.
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Figure 1: Spatial variations of environmental variables in Madagascar. a)
Madagascar spans 13° of latitude (12 - 25°S) and is located between ca. 40
and 50°E. b) Elevation from 30 m SRTM (Farr et al., 2007) with indication of the
Alaotra Ankay Graben (AAG) and simplified major faults in red from Kusky et al.
(2010). The main water divides are indicated in black. c¢) Simplified geology
based on Roig et al. (2012) and Tucker et al. (2014). The star indicates the lo-
cation of the Ranofotsy catchment. d) Simplified bioclimatic regions from Cornet
(1974) and Crowley (2010). e) Average yearly precipitation from CHIRPS 1981-
2021 (Funk et al., 2014). f) Main current land cover classes from the Copernicus
global land cover map (Buchhorn et al., 2020). g) Seismic activity expressed
as the number of seismic events per km2 (Cox et al.,, 2010). h) Peak ground
acceleration (PGA) from the Sub-Saharan Africa (SSA) Earthquake Model (Poggi
et al.,, 2017). i) Calculated lithological erodibility (LE) from the lithological map

of Roig et al. (2012).
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Figure 2: Maps of 1°Be erosion rates and regions. a) '°Be erosion rates (mm
kyr1) for all sampled catchments. Sampling locations are indicated by the dots,
which are also colored for 1°Be erosion rate (Table S1). b) Division of the dataset
into different regions, with separate categories for the very large (> 10 000 km?2)
catchments: i) central highlands (n = 27), ii) Alaotra-Ankay graben (AAG) (n =
12), iii) eastern escarpment (n = 32), iv) eastern plain (n = 1), v) northwest
(n = 5), vi) north-central large (n = 4), vii) southwest small (n = 11), and viii)
southwest large (n = 2). For visualization of the different data sources, larger
scale maps and nested catchment structure we refer to Figure S1, S2 and S3 and
Table S1.

This artide is protected by copyright. All rights reserved.



~
o

T
- Catchment area (km?) N—S
N 60 '—18005)0 a
s S
€ 50 -
£
40+
Z . o
C 30
% . O
5 20 -
E o, Soduk o
s 10 @ CQC*
® [Teee o T 0P tufy
O |
6%
d
('\\Q
c).

Figure 3: 1°Be erosion rates per region. !°Be erosion rates organized from
north to south for the different regions. Marker size represents the catchment
area. Boxplots are included for regions that contain sufficient sampled catch-
ments. Hollow dots represent outliers (id = 30, 32, 37, indicated by grey boxplot
dots) and catchments in the east that encompass more than one region (id = 94,
95) and are not included in statistical analysis. Filled diamonds represent sub-
catchments > 20% of the main basin for which effective erosion rates were cal-
culated and used in further analysis. Hollow diamonds indicate sub-catchments
< 20% of the main catchment area and are excluded from further statistical anal-
ysis (only the main catchment is used in this case). See Figure S2 and S3 and
Table S1 for used nomenclature and nested-basin structure.
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Figure 4: Spearman rank correlation coefficients. Spearman rank cor-
relation coefficients between the °Be erosion rates and fifteen environmental
variables when considering the full dataset (n = 88). These variables include
catchment area, averaged topographic metrics (mean catchment elevation, slope
gradient, relief and roughness), river metrics (normalized river steepness (k.,),
stream concavity index (SCI), stream concavity (¢) for all and trunk stream (6;)),
geological variables (lithological erodibility (LE), number of seismic events and
peak ground acceleration (PGA)), bioclimatic variables (average annual precipi-
tation and bioclimatic region), and lavaka density as a geomorphological factor.
The color scale and dot-size indicate the strength (bigger dots stronger corre-
lation) and direction (red for negative and blue for positive) of the correlation.
Only significant correlations (p-value < 0.05) are plotted.
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Figure 5: Observed vs. predicted °Be erosion rates. Modelled vs. observed
10Be erosion rates when applying the REWB slopes model (Table 3). The different
colors indicate the regions. The line indicates a 1:1 relationship. Dots represent
the sampled sub-basins, diamonds indicate the effective erosion rates calculated
for the sub-catchments with area > 20% of the parent basin (see also Figure S2,
S3 and Table S1).
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Figure 6: Impact of lavaka on 1°Be concentrations and erosion rates. a)
10Be erosion rates increase with increasing lavaka density in the Alaotra-Ankay
graben region (p = 0.62, p = 0.03). b) Comparison of 1°Be concentrations mea-
sured in modern river sediment and in *C dated terrace sediments. The age
of the terrace sediments is indicated next to the terrace concentrations. Lavaka
densities (LD in lavaka per km?2) are indicated next to the modern river sediment
concentrations.
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Table 1: Factor loadings. Factor loadings for 1°Be erosion rates and the different
environmental variables when considering the full dataset (n = 88).
loadings above 0.3 are in bold to indicate the main components of the specific

factors.

Factor 1 Factor 2 Factor 3 Factor 4

TOPO

RIVER

GEOM BIO | -~ GEOL |

erosion
area
elevation
gradient
relief
roughness
ksn

SCI

0

0,

LE

seis events
PGA
precip

bioclim

lavaka dens

-0.17
-0.11
0.13
0.97
0.57
0.98
0.74
0.09
-0.07
-0.06
-0.74
0.02
0.21
0.69
-0.82

-0.04

-0.34
-0.10
0.06
0.08
0.02
0.08
-0.01
0.92
0.87
0.97
-0.08
0.00
0.02
-0.02
-0.04

-0.03

-0.16
-0.02
0.27
0.22
-0.15
0.20
-0.04
-0.13
0.03
0.03
-0.28
0.91
0.69
-0.04
-0.14

0.59

0.04
0.72
-0.01
0.02
0.81
0.02
0.20
0.05
0.01
-0.18
-0.06
0.00
0.10
-0.04
0.06

-0.18

Factors
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Table 2: Stepwise linear regressions. Stepwise linear regression analysis
results for the full dataset and the different regions separately. Adjusted R2 and
AIC for each additional included variables are displayed. ¢ is the stream concavity,
LE the lithological erodibility, and SCI the stream concavity index.

Step Coefficient R2 AIC

Full dataset (n = 88)

intercept 0 29.11

elevation 1 -0.01 0.28 652.40
0 2 -11.53 0.39 639.16
LE 3 6.72 0.43 633.61

Central highlands (n = 25)

intercept 0 5.81

seis events 1 2.37 0.41 118.27
AAG (n = 11)

intercept 0 9.39

lavaka density 1 0.43 0.23 635

E escarpment (n = 30)

intercept 0 91.71

seismic events 1 7.82 0.39 213

LE 2 -138.24 0.44 211

0, 3 -15.71 0.52 208
4 -0.01 0.54 207
5

-0.01 0.55 207

elevation

precipitation

SW small (n = 11)
intercept 0 89.49 0.00
LE 1 -46.83 0.23 876
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Table 3: RE(WB) model results. Results of the five models that were applied
to the full dataset (n = 88): i) Fixed multiple linear regression, random effects
with varying ii) intercept and iii) intercept and regression slope for the differ-
ent regions, and random within between (REWB) models that allow varying iv)
intercept and v) intercept and regression slope for the different regions. Only
variables that significantly (p < 0.05) explain variations in 1°Be erosion rates are
included in the model. The coefficients of the fixed effects are displayed together
with the variance (¢2) of the random effects. n indicates the number of regions or
observations. The marginal R2 considers only the variance explained by the fixed
effects, whereas the conditional R2 takes both the fixed and random variance into
account. The Akaike Information Criteria (AIC) determines the performance of a
model where a lower value indicates a better model (Akaike, 1987).

Random Random REWB REWB

Fixed

intercept slopes intercept slopes
FIXED EFFECTS
(Intercept) 27.43 16.68 24.00 17.53 36.78
elevation -0.01 -0.01
6 -11.79
LE 5.98
0 -5.79
seis events 3.32
6 - within -5.47
seis events - within 3.87
SCI - between -61.28
seis events - between -17.52
lavaka dens - between 17.26
RANDOM EFFECTS
Residual 2 56.13 47.17 56.07 50.68 53.11
02 geo region 135.24 64.51 81.05 31.12
o2 seis events 23.92 18.37°
02 SCI 114.66
n regions 8 8 8 8
n observations 88 88 88 88 88
Marginal R2 0.40 0.11 0.11 0.09 0.44
Conditional R2 0.38 0.74 0.62 0.63 0.73
AIC 642 624 641 621 612

2 within-effect
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