
The slow downwearing of Madagascar: inferring patterns1

and controls on long-term basin-averaged erosion rates from2

in-situ 10Be at the catchment and regional level3

4

Abstract5

Cosmogenic nuclide analysis of river sediment provides insight into catchment-6

wide erosion rates and dynamics. Here, we investigate spatial patterns and con-7

trols on 10Be-inferred erosion rates in Madagascar, a moderately seismically ac-8

tive microcontinent surrounded by passive margins with locally steep topography9

and a climate that varies from humid tropical to semi-arid. We use a compiled10

dataset of 99 detrital 10Be measurements, 63 of which are new, covering more11

than 30% of the country and a wide range of topographic, bioclimatic and geologic12

characteristics. Overall, 10Be erosion rates are low (2.4 - 51.1 mm kyr-1), with13

clear differences between regions. The lowest rates are measured on the central14

highlands (~8 mm kyr-1), in the Alaotra-Ankay graben (~11 mm kyr-1), and in15

the large north-central catchments (~11 mm kyr-1). Higher rates are found on16

the steep eastern escarpment (~20 mm kyr-1), in the northwest (~31 mm kyr-1),17

and in the southwest (~29 mm kyr-1). A stepwise linear regression model identi-18

fied elevation as the main factor associated with variations in 10Be erosion rates19

(lower rates for higher catchments). Random within-between statistical mod-20

els (REWB), on the other hand, indicated that the differences between different21

regions can be explained by differences in river concavity, seismic events, and22

gully (lavaka) densities, whereas additional variation within regions is only linked23

to seismicity. We find no correlation between catchment or river steepness and24

10Be-inferred erosion rates. Our results indicate that in Madagascar long-term25

erosion rates are overall low, and that simple topography-based models do not26

explain variations in rates of landscape change inferred from 10Be concentrations27

in river sediment. We demonstrate that identifying different regions aids in inter-28

preting spatial patterns of erosion rates, and that REWB models can be a powerful29

tool in deciphering environmental controls on 10Be erosion rates.30
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1 Introduction34

Cosmogenic radionuclides (CRNs) in river sediments are a valuable tool to de-35

termine spatially averaged erosion rates, offering a window on long-term (1 00036

- 1 000 000 yr) landscape dynamics. River sands integrate across the drainage37

basin, and CRN concentrations average out the episodic nature of sediment38

supply, providing an estimate of the long-term background erosion rates (von39

Blanckenburg, 2005; Dunai, 2010; Vanacker et al., 2007b; Bierman and Steig,40

1996). Landscapes where the parent material is overlain by a thick and inten-41

sively weathered layer, the regolith, cover large parts of the Earth’s surface and42

are prone to rapid geomorphic response to land use change (Winkler et al., 2021;43

Song et al., 2018; Brosens et al., 2022a). Especially in these settings, informa-44

tion on background erosion rates and their controls is crucial if the impact of these45

changes on landscape dynamics and how they might have evolved over time is to46

be understood (Vanacker et al., 2007a; Bartley et al., 2015; Hewawasam et al.,47

2003).48

Madagascar is a microcontinent with locally steep topography and active seismic-49

ity despite being surrounded by passive margins (de Wit, 2003; Rakotondraibe50

et al., 2020). Low 10Be erosion rates between 4 and 34 mm kyr-1 have been51

reported (Cox et al., 2009; Wang et al., 2021) for the central and eastern parts52

of Madagascar, which integrate over timescales of ∼ 30 to 250 kyr (the time53

it takes to erode the upper 1.0 m of soil (von Blanckenburg, 2005)). These54

rates can be considered a robust estimate of pre-anthropogenic erosion rates55

for these regions, as substantial human populations have existed on the island56

for only a few thousand years (Douglass et al., 2019; Hansford et al., 2018).57

Madagascar is large and diverse with distinct regions differing in geology, geo-58
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morphology, climate and ecology that vary from tropical forest in the east over59

temperate highlands in the center to semi-arid regions in the southwest (Tyson,60

2013; de Wit, 2003). To better constrain and understand the magnitude, spatial61

patterns and environmental controls of pre-anthropogenic erosion rates across62

the varied regions of Madagascar we focus on two main research questions: i) is63

there a systematic spatial pattern in variation in 10Be erosion rates in Madagas-64

car?, and ii) if so, which environmental variables explain variation in island-wide65

10Be erosion rates?66

We investigated these questions by applying various statistical analyses to a suite67

of 99 in-situ 10Be concentrations from river sediment. This dataset, which com-68

bines published data (Cox et al., 2009; Wang et al., 2021) with 63 new sam-69

ples, covers about 30% of Madagascar’s land mass and therefore allowed us to70

study if environmental variables can explain variations in 10Be-erosion rates in71

Madagascar and to consider both differences between individual catchments and72

differences between the different regions.73

2 Madagascar’s diversity74

Eastern Gondwana (Madagascar, India, Sri Lanka, Antarctica and Australia) sep-75

arated from what is now the African continent 165 - 155 Ma years ago and con-76

tinued rifting led to the break-up of Madagascar and India 120 - 84 Ma years77

ago (Reeves et al., 2002; Collins and Windley, 2002; Gibbons et al., 2013; Ea-78

gles and Hoang, 2014; de Wit, 2003). Two thirds of Madagascar’s surface (cen-79

ter and east) is underlain by Precambrian crystalline basement, while Cenozoic80

sedimentary formations are mostly found in the western part. Cretaceous and81

Neogene volcanic deposits can be found across the island (de Wit, 2003) (Figure82

1c). Madagascar is a microcontinent that spans 13° of latitude and is bounded by83

passive margins (de Wit, 2003) (Figure 1a). The topography is strongly asym-84

metric, rising from sea level to > 1 000 m over a distance of only 50 km across85

the eastern escarpment, whereas in the west the topography more gently dips86
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into the Mozambique Channel (Battistini, 1972) (Figure 1b). Elevation of the cen-87

tral highlands peaks up to 2700 m, likely resulting from topographic rejuvenation88

and renewed denudation after regional uplift during the Oligo-Miocene (Stephen-89

son et al., 2021). The highlands are characterized by a rolling relief with steep90

convex hillslopes that are covered by a thick layer of regolith; and despite the91

fact that friable saprolites extend more than 10 m and in places up to 100 m92

deep, they hold up steep slopes that are locally > 40° (Battistini, 1972). There93

is active tectonic rifting in the Alaotra-Ankay graben (AAG) and seismic activ-94

ity with earthquakes of magnitude 0.5 - 5.6 is clustered around the graben, as95

well as on the Itasy and Ankaratra volcanic fields (Cox et al., 2010; de Wit, 2003;96

Rakotondraibe et al., 2020) (Figure 1 g,h). In many parts of the highlands, large,97

steep-sided gullies called ’lavaka’ have cut deeply into the regolith, the relative98

abundance of which spatially correlates with seismic activity (Kusky et al., 2010;99

Cox et al., 2010).100

The combination of these large topographic variations and a significant latitudinal101

extent results in a wide range of climatic and biogeographical conditions. There102

are two prominent rainfall gradients across the island: a strong east to west103

rainfall falloff with distance from the eastern escarpment, and a more muted104

north to south decrease related to latitudinal climate regions (Donque, 1972;105

Nassor and Jury, 1998; Cornet, 1974) (Figure 1e). These variations are reflected106

in the different vegetation types, with humid forests in the east, dry deciduous107

forest in the west, succulent woodlands in the southwest, spiny desert vegetation108

in the south and subhumid forest and open grasslands in the central highlands109

(Figure 1d,f) (Koechlin et al., 1972; Burgess et al., 2004).110

3 Methods111

3.1 CRN-derived erosion rates112

A dataset containing 99 in-situ 10Be measurements from river sediment samples113

was compiled. The catchments in the dataset represent 30% of surface area of114
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Madagascar (Table S1). 63 of the datapoints are new data which we combine with115

previously published data from the eastern escarpment and central highlands116

(Cox et al., 2009; Wang et al., 2021) (Figure S1). Additionally, 4 river terrace117

sediments were sampled and analyzed for in-situ 10Be concentrations.118

3.1.1 River sediment samples119

The sampled catchment areas range from 1 to 37 000 km² and have a mean and120

median area of 2400 km² and 400 km², respectively (Table S1, Figure 2). The121

majority of the samples come from the central highlands (n = 27) and the eastern122

escarpment (n = 32). 12 catchments are located within the Alaotra-Ankay graben123

system, and 11 samples come from smaller catchments in the southwest. Only124

a limited number of measurements is available for the eastern plain (n = 1), and125

northwest Madagascar (n = 5). The largest sampled catchments (> 10 000 km²)126

are located in the north-central (n = 4) and south-western (n = 2) part of the127

island; a number of smaller sampled catchments are nested within these largest128

catchments (see Table S1, Figure S2 and Figure S3).129

In-situ 10Be concentrations give an indication of the total denudation (physical130

erosion and chemical weathering) of the upper meters of regolith, but do not131

reflect fluxes related to deep chemical weathering beneath the cosmic ray atten-132

uation depth (Riebe and Granger, 2013; Dixon et al., 2009; von Blanckenburg,133

2005; Bierman and Steig, 1996). These deep fluxes can be considerable in trop-134

ical regoliths (Riebe and Granger, 2013; Dixon et al., 2009; Campbell et al.,135

2022), such as are found in Madagascar. We therefore refer to ”10Be erosion136

rates” throughout this work to make it explicit that our data do not account for137

potential mass loss by dissolution deep within the regolith.138

Cosmogenic nuclide-derived erosion rates were calculated from the measured139

concentrations of in-situ produced 10Be in quartz of submerged river sediment.140

All river sediment samples were collected midstream from active river channels.141

Wang et al. (2021) amalgamated samples from 200-500 m reaches along the142

channel, where the 125-500 µm fractions were used for quartz purification. All143
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other river sediment samples were collected at one location, where the 250-841144

µm fraction was used for analysis. For all samples, the 10Be was extracted from145

purified quartz grains using standard methods as described in von Blanckenburg146

(2004), Kohl and Nishiizumi (1992), Corbett et al. (2016) and Vanacker et al.147

(2007b). 10Be/9Be ratios were measured in BeO targets with accelerator mass148

spectrometry (AMS) (see Text S1.1 for details). The measured 10Be concentra-149

tions were corrected using laboratory blanks. Uncertainties include analytical150

AMS and propagated blank errors. Catchment-averaged erosion rates were cal-151

culated from the 10Be concentrations using the CAIRN method of Mudd et al.152

(2016), where all samples were reprocessed using the same procedure to allow153

comparison (see text S1.2 for details). Comparison of the 10Be concentrations154

of four (partially) overlapping catchments from the different data sources shows155

that the measured 10Be concentrations agree within the total uncertainty (AMS156

+ laboratory blanks), suggesting that the slight differences in sampling and pro-157

cessing protocols have no measurable effect on the reported 10Be concentrations158

(Figure S4).159

The nested catchment structure was taken into account by following the approach160

of Portenga et al. (2015) and Granger et al. (1996). When the area of the sub-161

catchment is > 20% of the main catchment, an effective erosion rate (EER) was162

calculated for that part of the main catchment outside of the sub-basin, based163

on the calculated erosion rate (E) and area (A) of the main catchment and sub-164

basin (see inset Figure S2 for used nomenclature). The erosion rate for the main165

catchment was then substituted by EER:166

EER =
AmainEmain − AsubbasinEsubbasin

Amain − Asubbasin

(1)

when the area of the sub-catchment was < 20% of the main catchment, no167

effective erosion rate was calculated for the sub-basin and only the erosion rate168

of the main catchment was used (Table S1).169
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3.1.2 Terrace samples170

For four rivers additional terrace samples were collected and analyzed for in-situ171

10Be concentrations. Comparing these values with those observed for the present172

river sediments gives an indication whether there have been significant changes173

in basin-wide erosion rates over the time scales covered by terrace formation174

(Cox et al., 2009) (Table S1). Terrace samples represent well-sorted traction-175

structured fluvial sands (exhibiting either large-scale cross-bedding or flat lami-176

nation) exposed in the cutbanks of incising rivers, and were chosen if they were i)177

buried beneath at least one soil horizon greater than 1 m thick (indicating at min-178

imum several centuries of residence time); and ii) contained charcoal (twigs and179

small woody chunks) clearly contemporaneous with the sediment (i.e. not asso-180

ciated with modern roots or other disturbances, and deposited along cross-sets181

or internal laminations). Samples were sieved in the field to extract the medium182

and coarse sand fractions (250-841 µm), after which they were processed for183

10Be following the same procedure as the river sediment samples (see section184

3.1.1). The charcoal contained in the terrace samples was dated using 14C analy-185

ses by Beta Analytic and were calibrated according to Reimer et al. (2004) using186

INTCAL04.187

3.2 Environmental variables188

We considered fifteen variables that might explain variations in 10Be erosion rates,189

encompassing various topographic, river, geological, bioclimatic and geomorpho-190

logical indicators: i) catchment area, ii) elevation, iii) slope, iv) roughness, v)191

relief, vi) normalized river steepness, vii) stream concavity index, viii) concavity192

θ of all rivers and the ix) trunk river (θt), x) lithological erodibility (LE), xi) seismic193

events, xii) peak ground acceleration (PGA), xiii) precipitation, xiv) bioclimate,194

and xv) lavaka density.195

196

Catchment topography197

Topographic analyses, catchment delineation, and river extraction were performed198
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on the carved and filled 30 m SRTM DEM (Farr et al., 2007) using TopoTool-199

box 2 (Schwanghart and Scherler, 2014). The DEM was projected to UTM38S200

coordinates (EPSG: 32738). We calculated four topographic variables for each201

catchment: the mean elevation [m], mean slope gradient [°], mean roughness202

[-], and catchment relief [m]. Catchment elevation gives a first indication of203

the topographic setting of a catchment (lowland vs. highland) and will in part204

also reflect variations in precipitation and vegetation. Slope gradient was cal-205

culated using an 8-connected neighborhood algorithm, and terrain roughness as206

the largest difference between the central pixel and its surrounding pixels using207

a kernel size of 3 × 3 (Schwanghart and Scherler, 2014). Catchment relief is the208

difference in elevation between the highest and lowest point of the catchment.209

210

River characteristics211

We extracted the river network using a channel initiation threshold of 0.5 km²212

following Campforts et al. (2020). The stream power law is widely used to model213

bedrock channel incision, and can be formulated in its simplest form as:214

E = KAmSn (2)

where E is the long-term erosion rate, K an erodibility coefficient that encom-215

passes e.g. climate and lithology, A the upstream drainage area (as an indicator216

for discharge), S the channel slope, and m and n exponents determined by the217

fluvial processes (Howard, 1994; Lague, 2014). Flint’s law (Flint, 1974) states218

that the channel slope of rivers varies as an inverse power law to the drainage219

area:220

S = ksA
−θ (3)

where ks is the river profile steepness and θ = m/n, the concavity of the river221

profile (Snyder et al., 2000; Whipple and Tucker, 1999). Equation (2) can then222

be rewritten as a function of ks:223
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E = Kkn
s (4)

We performed a χ-analysis on the entire river network of Madagascar with a224

baselevel of 0 m (chiplot algorithm, Schwanghart and Scherler, 2014) from which225

θ-values for the individual catchments were derived, both when considering all226

rivers in the catchment and when considering only the trunk stream (θt). The227

mean θ-value of all drainage basins was equal to 0.42. As this value is close to228

the theoretical value of 0.45, we calculated the normalized channel steepness,229

ksn, using a fixed θ of 0.45 in order to allow comparison between the different230

catchments (Wobus et al., 2006; Whipple, 2004). ksn was then calculated for the231

entire river network and averaged per drainage basin.232

Additionally, we used the stream concavity index (SCI) to calculate the concavity233

of the river profiles from the normalized and smoothed river longitudinal pro-234

files of the trunk streams (Zaprowski et al., 2005; Demoulin, 1998). SCI ranges235

between -1 and 1, where positive values are indicative for concave profiles and236

negative values are equivalent to convex river profiles (Zaprowski et al., 2005).237

238

Lithology and seismic activity239

We estimated average catchment values for three geological metrics: i) litho-240

logical erodibility of the parent material (LE, [-]), ii) seismic event frequency241

[events km-2], and iii) peak ground acceleration (PGA [g]). We calculated the LE242

following the approach of Campforts et al. (2020) by combining information on243

rock composition (Aalto et al., 2006) and the stratigraphic age of non-igneous244

formations (Kober et al., 2015):245

LE =
2

7
L′ (5)

where L′ differs depending on whether the geology is dominated by igneous or246

non-igneous rocks, thus:247
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L′ =


LA+LL

3
, non-igneous rocks

LL

2
, igneous rocks

(6)

LA is a dimensionless erodibility index based on stratigraphic age (Table S2) and248

LL is a dimensionless erodibility index based on lithological strength (Table S3).249

We obtained the bedrock lithology from the 1/1 000 000 geological map of Mada-250

gascar (Roig et al., 2012; Tucker et al., 2014) based on which we calculated LE.251

It is important to acknowledge that the LE is calculated for the underlying parent252

material. In the central highlands, the bedrock is typically covered by a thick253

laterized regolith and also elsewhere the rivers might be incising into regolith254

instead of bedrock. As we miss accurate information on spatial variations in the255

thickness of the regolith cover in Madagascar we did not further quantify this.256

Madagascar has a continental passive margin setting, but is a seismically ac-257

tive landmass due to rifting. We therefore considered both the number of seis-258

mic events and modeled peak ground acceleration (PGA, [g]). We used a cata-259

logue of 3442 seismic events (magnitudes 0.5-5.6), recorded between 1979 and260

1994 (Ramanantsoa, 2000) and in 1996 (Institut et Observatoire de Géophysique261

D’Antananarivo, 2008), which were geospatially analysed by Cox et al. (2010),262

who produced a seismic event density map of Madagascar. This provides a ro-263

bust sampling of Malagasy seismicity which is considered to be representative of264

longer-term seismic activity as it is aligns with tectonic features and the more265

recent seismic catalog of Rakotondraibe et al. (2020) which is, however, only266

based on 23-months of deployment and 692 events, making it less statistically267

valid for our purpose. The PGA data were obtained from the Sub-Saharan Africa268

(SSA) Earthquake Model (Poggi et al., 2017).269

270

Bioclimate271

We also considered climatic and vegetation regimes in Madagascar using two272

bioclimatic variables: i) precipitation and iii) bioclimatic region. We calculated273

mean annual precipitation over the period 1981 - 2020 from CHIRPS, which is a274
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gridded 0.05° × 0.05° precipitation product derived from satellite imagery and275

station data (Funk et al., 2014). As our CRN data integrate over tens to hun-276

dreds of thousands of years (30 - 250 kyr) absolute precipitation amounts will277

have fluctuated over the considered time period. Bayesian modelling of Plio-278

Pleistocene climate transitions in Africa from terrigenous dust records enabled279

the identification of multiple dominant transition events, where the most recent280

event took place around 700 - 600 kyr ago, thereby predating our longest inte-281

gration period (Kukla, 2005). However, the longest integration times (up to 250282

kyr) cover one to two glacial-interglacial cycles (Kukla, 2005) during which large283

wet and dry extremes occurred (Kutzbach et al., 2020). Also the shorter integra-284

tion times include periods of climatic variation, where the last glacial maximum285

(19 - 23 kyr BP) was generally dryer and where wetter conditions prevailed dur-286

ing the Younger Dryas (11.5-12.8 kyr BP) in Eastern Africa (Garcin et al., 2006).287

Thus, absolute precipitation amounts will have fluctuated over the CRN integra-288

tion time: by using present values we implicitly assume that the present spatial289

pattern is representative for the entire integration period.290

There are clear indications that the vegetation cover of Madagascar has under-291

gone drastic changes over the past millennium with a general decline in forest292

cover that has been linked to anthropogenic impacts (Joseph and Seymour, 2020;293

Joseph et al., 2021; McConnell and Kull, 2014; Reinhardt et al., 2022; Gasse and294

Van Campo, 2001). We therefore did not include the current forest cover as295

an environmental variable, but work with generalized bioclimatic regions. We296

delineated five simplified bioclimatic regions based on Cornet (1974) and Crow-297

ley (2010) and assigned a number from 1 (moist and densely vegetated) to 5298

(dry with only sparse vegetation cover) reflecting both differences in precipita-299

tion and vegetation density: 1 = humid forest, 2 = central highlands, 3 = dry300

deciduous forest, 4 = succulent woodland, 5 = spiny thicket (Figure 1d). Cou-301

pled paleoclimate-vegetation models show that vegetation patterns have shifted302

in response to climatic variations, with modelled changes in the grassland and303

forest extent in Madagascar over the past 140 kyr (Kutzbach et al., 2020). Again,304
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we consider these regions as relative rather than absolute patterns.305

Geomorphology306

We obtained lavaka densities [lavaka km-2] for 88 of our 99 catchments (up to a307

maximum size of 11 000 km²) by direct counting from Google Earth imagery at308

eye altitude of 2.5 km (corresponding to 1/7500 scale). These 0.5 m resolution309

images permitted identification of active lavaka with a width as small as 10 m. For310

four catchments (id = 99, 96, 26 and 29, Table S4) we used previously published311

counts from Voarintsoa et al. (2012). For the seven largest catchments (12 000312

- 37 000 km², Table S4) we used a rating curve based on comparison between313

our counts and those of Cox et al. (2009) that were derived from sharpened314

Landsat ETM+ (15 m resolution) imagery. Estimates from the coarser resolution315

ETM+ imagery are systematically lower than the higher resolution Google Earth316

estimates and were therefore recalculated using a rating curve (Figure S5).317

We subdivided the catchments into 8 different classes based on size and region:318

i) central highlands (n = 27), ii) Alaotra-Ankay graben (AAG, n = 12), iii) eastern319

escarpment (n = 32), iv) eastern plain (n = 1), v) northwest (n = 5), vi) north-320

central large (n = 4), vii) southwest small (n = 11), and viii) southwest large (n321

= 2) (Figure 2b). We made a separate class for the six largest catchments in the322

north-central and southwestern regions (> 10 000 km²; the Ikopa, Betsiboka,323

Kamoro, Onilahy and Mangoky rivers) as each of these catchments encompasses324

multiple regions and nested catchments (Figure S2 and S3).325

3.3 Statistical analyses326

We performed a suite of statistical analyses on the dataset to identify the en-327

vironmental variables that explain most spatial variations in 10Be erosion rates.328

These were i) correlation and factor analysis, ii) stepwise multiple linear regres-329

sion analysis, and iii) random (within-between) models. All results are reported330

at the 95% confidence level and were obtained using R v4.0.5.331

Correlation and factor analysis332

We calculated Spearman rank correlation coefficients to test for relationships333
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between 10Be erosion rates and different environmental variables. Rank coeffi-334

cients are robust to outliers and are not linked to the distribution of the data. We335

also performed a factor analysis, which groups correlated variables into a smaller336

number of factors to extract a few common latent characteristics from a large set337

of variables. The factors are linear combinations of the original variables, and the338

factor loadings are the correlations between the original variables and the factors339

(Bartholomew et al., 2011; Kaiser, 1958; Starke et al., 2017). We calculated the340

factor scores using a varimax rotation and used the Kaiser criterion to determine341

the optimal number of factors (Kaiser, 1958). All factor analyses were performed342

using the nFactors package (Raiche, 2020).343

344

Stepwise multiple linear regression345

We performed stepwise multiple linear regressions to identify the variables that346

add significant explanatory power to the multivariate model. We used a for-347

ward and backward algorithm, where the regression model was built from the348

environmental variables by adding and removing predictors based on Akaike In-349

formation Criterion (AIC) (using the CRAN-olsrr package, Hebbali, 2020). We350

did this analysis on the full dataset and separately for the regions that contain351

sufficient observations (n > 10).352

353

Random (within-between) models354

Multilevel data structures occur when individuals or measurements (level 1) are355

nested within a geographical or social context (level 2, cross-sectional data).356

In such a framework, multilevel modelling by means of random effect (RE) and357

random within-between (REWB) models provides a means to identify the spatial358

scale at which most or least variation occurs, and to indicate the relative impor-359

tance of different variables in explaining this variation (Bell et al., 2019; Jones,360

1993). Our dataset can be considered as a cross-sectional multilevel data struc-361

ture, where individual catchments i (level 1) are clustered into groups j (regions,362

level 2). Here, we give a short overview of the equations describing an REWB363
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model; full details are provided in Text S1.3.364

In a single level linear regression, the response variable y is predicted based on

predictor variable x:

yi = β0 + β1xi + (ϵi) (7)

β0 and β1 are fixed and unchanging parameters for the intercept and the slope365

and ϵi signifies the residual variance.366

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 µoj and slope µ1j of the different regions to vary around the

overall intercept β0 and slope β1, resulting in a random two-level model with

varying intercept and slope:

yij = β0 + β1xij + (µ0j + µ1jxij + ϵij) (8)

The fixed part of the equation consists of the mean intercept and slope (β0 and β1)367

and the random part is given between by brackets with µoj the random intercept,368

µ1j the random slope, and ϵij the residual variance. The importance of the random369

part can be assessed from the variance of the slope and intercept.370

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 = β0 + β1W (xij − x̄i) + β2Bx̄i + (µ0j + µ1j(xij − x̄i) + ϵij) (9)

x̄i is the mean variable value for the region (group-mean) and indicates the371

between-effect, i.e. the difference between the different regions. (xij − x̄i) are372

the demeaned variable values per region indicating the within-effect, i.e. the373
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difference between the different catchments. Only significant fixed and random374

effects were retained (p < 0.05) and we selected the model with the lowest AIC375

for each model type (Akaike, 1987).376

4 Results377

First, we investigated if there is a spatial pattern in 10Be erosion rates in Mada-378

gascar. Next, we present the results of our statistical analyses to identify the379

environmental factors that explain most variation in 10Be erosion rates. Finally,380

we assessed how 10Be concentrations changed over time using river terrace sam-381

ples382

4.1 Spatial variations in 10Be erosion rates383

Three outliers with low 10Be concentrations (and corresponding high 10Be erosion384

rates) were identified and excluded from further analysis as they were associated385

with mass wasting processes or dam and bridge construction works near the386

sampling locations (id = 30, 32, 37, Table S1, Figure 3). 10Be erosion rates387

range between 2.4 and 51.1 mm kyr-1, with mean and median values for the full388

dataset of 16.6 and 12.7 mm kyr-1, respectively (Table S1, Figure 2a)389

The lowest 10Be erosion rates are observed on the central highlands (7.5 ± 3.0390

mm kyr-1, n = 25), within the Alaotra-Ankay graben (11.0 ± 4.2 mm kyr-1, n =391

11), and for the large catchments in the north-central part (11.2 ± 0.9 mm kyr-1,392

n = 3). Higher 10Be erosion rates are found on the eastern escarpment (20.0 ±393

10.1 mm kyr-1, n = 3), in the northwest (31.0 ± 12.2 mm kyr-1, n = 5), and in394

the small (29.0 ± 12.4 mm kyr-1, n = 11) and large (22.0 ± 7.2 mm kyr-1, n =395

2) catchments of the southwest (Figure 2 and 3). While within-region variation396

in 10Be erosion rates is limited for the central highlands, AAG and north-central397

large watersheds, considerable variation can be observed on the escarpment,398

with generally higher 10Be erosion rates in the northern part of the escarpment399

compared to the southern part (Figure 2 and 3).400
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4.2 Factors explaining variations in erosion rates401

4.2.1 Correlation and factor analysis402

A total of 15 different environmental variables are examined to explain observed403

variations in 10Be erosion rates. As a first step, we test for possible co-linearity404

by means of correlation and factor analysis for the full dataset.405

Spearman rank correlation coefficients (ρ) indicate strong (and expected) posi-406

tive correlations between the topographic variables of mean catchment gradient,407

relief, roughness, and normalized channel steepness ksn (ρ between 0.58 and408

0.99, Figure 4). These variables also positively correlate with precipitation (ρ of409

0.42 to 0.65) and show a negative relationship with lithological erodibility (LE)410

and bioclimate (ρ -0.47 to -0.79, Figure 4). These variables (gradient, relief,411

roughness, ksn, LE, precipitation and bioclimate) all have high absolute factor412

loadings on the first factor, which thus mainly covers differences in topography,413

bioclimate and lithology (Table 1). The three river concavity indices (SCI, θ, and414

θt) also strongly co-vary (ρ of 0.77 to 0.88), and are negatively correlated with415

the 10Be erosion rates (ρ = -0.33 to -0.40, Figure 4) and constitute of the second416

identified factor (Table 1). The third factor has high factor loadings for seismic417

events, PGA and lavaka density (Table 1), for which positive correlations were418

observed, indicating that higher lavaka densities are found for catchments with419

higher seismic activity (Figure 4). Larger catchments are associated with higher420

relief and plot on the fourth factor axis (Figure 4, Table 1).421

When considering the full dataset, 10Be erosion rates are negatively correlated422

with stream concavity (Factor 2, Table 1, ρ between -0.33 and -0.40, Figure 4),423

but show the strongest negative correlation with mean catchment elevation (ρ424

= -0.54, Figure 4, Figure S6). Furthermore, a negative correlation with lavaka425

density (ρ = -0.31) and a small but significant positive correlation with LE (ρ =426

0.25) is observed (Figure 4, Figure S6). When considering the full dataset (n427

= 88) this suggests that 10Be erosion rates tend to increase where the lithology428

is weaker (higher LE), when stream profiles become less concave (move away429

from equilibrium) and when lavaka densities decrease (Figure 4, Figure S6). The430
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latter correlation is counterintuitive as one would expect higher inferred erosion431

rates when there are more lavaka. In this case the effect of elevation may play432

a role: lavaka are only found on the higher central highlands where long-term433

erosion rates are lower (ρ = 0.34, Figure 1, 4, 3, and S6).434

4.2.2 Stepwise Linear regression435

Stepwise linear regressions were performed for both the full dataset and subsets436

of the different regions containing a sufficient number of sampled catchments.437

Similar to the outcomes of the correlation and factor analysis, elevation, stream438

concavity θ and lithological erodibility significantly contribute to explaining 43%439

of the observed variations in 10Be erosion rates when considering the full dataset440

(n = 88) (Table 2, Figure S6).441

Seismic events are the only included variable for the central highlands-region (n442

= 25) and explain 41% of the observed variation. Also for the Alaotra-Ankay443

graben (n = 11) and the small southwestern catchments (n = 11) only one vari-444

able is included in the stepwise linear model, being the lavaka density (R² = 0.23)445

and lithological erodibility (R² = 0.23), respectively. Most variation in 10Be ero-446

sion rates on the eastern escarpment (n = 30) is associated with seismic events447

(R² = 0.39), where additional variation is explained by lithological erodibility, θt,448

elevation and precipitation, adding up to an R² of 0.55 (Table 2, Figure S6).449

The relationships between 10Be erosion rates and stream concavity, elevation450

and precipitation are negative for all the considered datasets, and positive when451

considering seismic events and lavaka densities (Table 2, Figure S6). When con-452

sidering the graben region separately we obtain a positive relationship between453

lavaka densities and erosion rates (Table 2), strengthening the hypothesis that454

the negative correlation for the full dataset is related to another underlying fac-455

tor like elevation (Figure 4). Both a positive (full dataset) and negative (eastern456

escarpment and SW small) relationship between 10Be erosion rate and litholog-457

ical erodibility is observed (Table 2, Figure S6), where a theoretical increase in458

10Be erosion rates with increasing erodibility would be expected. LE values for459

19This article is protected by copyright. All rights reserved.



the catchments on the eastern escarpment are all equal and low except for two460

catchments, likely resulting in this spurious relationship (Figure S6). Similarly,461

the negative relationship for the southwestern catchments strongly hinges on462

one catchment with relatively high LE values and relatively low erosion rates,463

whereas all other erosion values vary widely for a rather narrow variation in LE464

(Figure S6).465

4.2.3 Random (within-between) models466

When applying a multiple linear regression (cfr. Equation 7) to our full dataset467

(n=88) we only consider fixed effects to explain variations in 10Be erosion rates468

at catchment-level. In this case the significant negative variables that are in-469

cluded in the model are elevation and θ, with a positive coefficient for lithological470

erodibility (R² = 0.38, AIC = 642, residual variance = 56.13, Table 3, Table 2).471

In a model where the intercept is allowed to vary for the different regions (Ran-472

dom Intercept, Table 3), θ and seismicity are included as significant fixed effects.473

The model results in a conditional R² of 0.74. When also allowing random re-474

gression slopes for the different regions (cfr. Equation 8), elevation becomes the475

only significant fixed effect and seismic events and SCI are retained as significant476

random effects that have a varying regression slope and intercept for the differ-477

ent regions. This results in a slightly lower conditional R² of 0.62 when compared478

to the random intercept model (Table 3).479

While these random models allow to identify the most important fixed effects and480

have a clearly higher explanatory power in comparison to a multiple linear regres-481

sion model they do not allow us to clearly identify the environmental variables482

that explain variation between the different regions (between effect at level 2)483

and between the different catchments (within effect at level 1), which is explicitly484

included in the random within-between model (REWB cfr. Equation 9).485

When applying a REWBmodel with random intercept to our dataset, the within ef-486

fect of θ and seismicity are included in the fixed part of the model (R² = 0.63), in-487

dicating that these factors explain most differences between the individual catch-488
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ments: more convex and seismically active catchments have higher 10Be erosion489

rates (Table 3). The REWB model where also random slopes are included shows490

that stream concavity, seismic events and lavaka density explain most of the491

variation in 10Be erosion rates between the different regions, where the random492

regression slope of seismicity explains additional differences between the individ-493

ual catchments of a region. This results in a R² of 0.73 for the full REWB model,494

and the lowest AIC of all models considered (Table 3).495

In general, the RE(WB) models identify stream concavity (θ or SCI), seismicity,496

and lavaka density as the most important environmental variables that explain497

variations in 10Be erosion rates both between and within regions for concavity498

and seismicity, while lavaka density is only associated with differences between499

regions. Specifically accounting for the multilevel structure of the data by in-500

cluding the different regions as a random effect has allowed to identify the main501

environmental variables that explain differences in 10Be erosion rates, thereby502

omitting variables like elevation that explained most variation in a simple step-503

wise linear regression (R² = 0.27, Table 2) or correlation analysis (ρ = -0.46,504

Figure 4) but mainly reflected the differences in physical characteristics of the505

different regions instead of the actual driving factors.506

The best performing model (REWB slope, Table 3) captures the observed varia-507

tions in 10Be erosion rates relatively well for the central highlands, Alaotra-Ankay508

Graben and eastern escarpment (Figure 5). The general trend in 10Be erosion509

rates for the eastern escarpment is represented in the predicted values, but the510

range of the predicted values is smaller than the one of the observations (Fig-511

ure 5). The remainder of the variation in 10Be erosion rates on the escarpment512

is likely linked with the area of the catchment that is located on the plateau or513

in the plain, which is a variable that has not been considered in these analy-514

ses but is known to vary for the considered catchments (Wang et al., 2021).515

The model fails at predicting the observed variations in 10Be erosion rates of the516

catchments in the southwest and northwest (Figure 5). The stepwise linear re-517

gression pointed out that variations in lithological erodibility were associated with518
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variations in 10Be erosion rates in the southwestern catchments, which is a fac-519

tor that is not considered in the REWB slopes model, though this relationship is520

likely spurious as it strongly hinges on one observation (Table 2). We therefore521

conclude that the considered variables do not explain the significant variations in522

10Be erosion rates in the southwestern region. The small number of observations523

in the northwest (n = 5) likely explains the weak explanatory power of the model524

in this region, as the number of observations of each region is considered during525

model optimization (Jones, 1993; Bell et al., 2019).526

4.3 Temporal variations in 10Be erosion rates527

Because 10Be integrates over long timescales, it can be difficult to determine528

whether low calculated rates reflect a former state of the landscape, with recent529

increases in erosion rate as yet not detectable in the 10Be system; or whether530

high measured rates reflect recent increases in erosion sufficient to swam the531

older signal versus the possibility that the long-term rates are high. One way to532

differentiate recent from background rates is to compare modern river 10Be with533

measurements from older deposits of the same rivers. At four locations suit-534

able terrace sampling locations containing datable material were found (Table535

S1). Modern river 10Be concentrations are higher than terrace concentrations for536

the two largest catchments, suggesting lower recent erosion rates (Figure 6b).537

However, modern 10Be concentrations are lower than terrace concentrations for538

the smallest catchments, suggesting higher current erosion rates. While differ-539

ences are small, higher current 10Be erosion rates were found for catchments540

with higher lavaka densities, which might explain the lower current 10Be concen-541

trations in river sediment (Figure 6b).542

5 Discussion543

The new 10Be data confirm previously reported low 10Be erosion rates for Mada-544

gascar, which range between 4 and 52.9 mm kyr-1 (Cox et al., 2009; Wang et al.,545
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2021). These rates are amongst the lowest globally reported rates, and are well546

below the global mean and median values of 218 and 54 mm kyr-1 reported by547

Portenga and Bierman (2011), and the more recent median value of 76.7 mm548

kyr-1 of Codilean et al. (2018). We find clear spatial patterns, where the values549

are systematically higher for the catchments on the escarpment that drain to550

the east, compared to the backslope catchments that drain to the west, when551

accounting for differences in LE (Figure 3, Figure 2, Table S1).552

Our analysis illustrates that a simple statistical analysis does not provide a full553

insight into the environmental factors controlling variations in long-term 10Be554

erosion rates in the complex and diverse setting of Madagascar. When consider-555

ing the full dataset, elevation is the most important environmental factor, where556

higher catchments were associated with lower 10Be erosion rates (Table 2, Fig-557

ure 4). However, a more sophisticated REWB analysis clearly shows that this558

association is spurious: the regions located at higher elevations do have geo-559

morphological characteristics that differ from those at lower altitudes. REWB560

models do allow to identify the factors that control variations between and within561

regions. What is clear from our analysis is that a model that allows for regional562

stratification and wherein the coefficients associated with different explanatory563

values are allowed to vary by region, thereby accounting for both differences564

between and differences within regions, explains a much larger fraction of the565

variance observed in comparison to more classical models such as multiple re-566

gression analysis. When explicitly considering the different regions in the REWB567

model, the main environmental factors that strongly correlate with spatial vari-568

ations in 10Be erosion rates between the different regions are stream concavity,569

seismicity, and lavaka density, where differences in seismic events explain addi-570

tional variation in 10Be erosion rates within the regions (Table 3).571

5.1 Driving forces of low long-term erosion rates572

The central highland values (2.5 - 15.2 mm kyr-1, Table S1, Figure 3) are compa-573

rable to those from upland plateaus elsewhere, for example 9.6 ± 0.8 mm kyr-1574
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for the Western Ghats (Mandal et al., 2015), 2.6 - 6.2 mm kyr-1 in Sri Lanka575

(Vanacker et al., 2007b), 5.0 ± 0.5 mm kyr-1 in Southern Brazil (Schoonejans576

et al., 2017), and 10 mm kyr -1 in southeast Australia (Godard et al., 2019). We577

infer that in the absence of active tectonics, physical long-term erosion rates in578

(sub)-tropical environments are low to very low, despite a strong relief and an579

erosive climate (von Blanckenburg, 2004; Codilean et al., 2021). The low 10Be580

erosion rates from the eastern escarpment of 2.8 to 43.7 mm kyr-1 are similar to,581

although somewhat lower than, values reported for other passive margin escarp-582

ments in Sri Lanka (26 - 71 mm kyr-1, Vanacker et al. (2007b); von Blanckenburg583

(2004)), the Western Ghats in India (15 - 53 mm kyr-1 Mandal et al. (2015); Wang584

and Willett (2021)), the southeastern Australian escarpment (20 - 60 mm kyr-1,585

Godard et al. (2019)), the Serra do Mar escarpment in Southern Brazil (11 - 26586

mm kyr-1, Salgado et al. (2014)), and the Blue ridge escarpment in the South-587

ern Appalachians (5.4 - 49 mm kyr-1,(Linari et al., 2017)). Our lowest values588

are observed in the southern part of the escarpment, which has more subdued589

topography than the northern and central parts (Figure 3).590

The highest 10Be erosion rates are observed at the escarpment (when control-591

ling for differences in LE), which is characterized by major knickpoints, indicating592

active rejuvenation of the landscape. Above this knickzone in the central high-593

lands, the topography is at or close to steady state, resulting in the observed594

lower erosion rates. The overall low 10Be erosion rates of the highlands cannot595

be explained by a weathering-limited system: the regolith is very thick in many596

parts of Madagascar, providing plenty of material that can potentially be eroded.597

It therefore seems that in (sub)-tropical environments where uplift is small or598

an uplift pulse did not yet propagate up to the catchment, that natural vege-599

tation and the presence of a strong laterite can protect an erodible saprolite on600

steep terrain sufficiently well from an erosive climate to reduce 10Be erosion rates601

to a minimum over periods spanning more than 100 kyr. The presence of this602

thick regolith cover may, however, also be the consequence of the observed low603

long-term erosion rates.604
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The negative correlation between 10Be erosion rates and river concavity (Figure605

4, Figure S7, Table 2, Table 3) indicates that the transient rivers of the eastern606

escarpment are characterized by higher erosion rates (Vanacker et al., 2015).607

This is in agreement with the inferred horizontal retreat of the eastern escarp-608

ment, which occurs at rates between 182 and 1886 mm kyr-1 (Wang et al., 2021;609

Wang and Willett, 2021). This observation is consistent with a model of steady610

retreat from the coastline since the time of rifting (Wang et al., 2021), similar to611

what has been suggested for the Western Ghats (Wang and Willett, 2021) and612

Sri Lanka (Vanacker et al., 2007b).613

A similar link between river concavity and erosion rates was observed along an614

east-west transect through the tropical Andes by Vanacker et al. (2015). They615

furthermore found a clear positive relationship between 10Be erosion rates and616

mean hillslope gradient and ksn in the transient regions, which was absent for617

the catchments located upstream of the knickpoint in the inter-Andean basin.618

These rather low uniform erosion rates that seemed independent from local relief619

were explained by the more or less steady state of these catchments which have620

not yet experienced the pulse of relief rejuvenation that propagates through the621

escarpment (Vanacker et al., 2015).622

While river concavity was clearly related to 10Be erosion rates in our dataset, we623

did not see a relationship with overall slope gradient or river steepness, even in624

the steep catchments of the eastern escarpment (Figure 4 and Figure S6). A625

positive relationship between river and slope steepness and 10Be erosion rates626

has, however, been observed in a variety of active and passive tectonic settings627

(e.g. Riebe et al., 2000; Abbühl et al., 2011; Schaller et al., 2001; Campforts628

et al., 2020; Codilean et al., 2021; Matmon et al., 2003; Linari et al., 2017).629

The absence of a clear pattern for our upland catchments (central highland and630

Alaotra-Ankay graben) might be similar to the inter-Andean setting: the pulse631

of relief rejuvenation that propagates through the escarpment has not yet ar-632

rived, leaving these catchments in dynamic steady-state (Vanacker et al., 2015;633

Kwang et al., 2021; Beeson et al., 2017). The absence of a clear relationship634
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on the escarpment might be related to the regular occurrence of river captures,635

where gentle highland rivers that previously drained to the west now drain to the636

east, thereby affecting the calculated average values (Wang et al., 2021). Wang637

et al. (2021) furthermore also reported low confidence in the channel steepness638

calculations given the transience of the river profiles and the large intra-basin639

variance, which will also apply to our analysis.640

Seismicity in steep terrain can cause mass wasting and can lower the rock strength641

as it may enhance rock fracturing, resulting in higher chemical weathering and642

a lowering of the strength over greater depth (Riebe et al., 2000; von Blancken-643

burg, 2004, 2005). This may explain the observed positive correlation between644

10Be erosion rates and seismic activity, which is especially marked in the north-645

ern part of the eastern escarpment, parts of the central highlands and in the646

Alaotra-Ankay graben (Table 2, Figure S6 and Table 3). The seismic activity and647

associated higher 10Be erosion rates can also be linked with the rifting of the648

Alaotra-Ankay graben. This results in local base level changes and tectonically649

induced faults and joints that rejuvenate the topography, starting a new phase650

of adjustment of the topography by changing erosion rates (Mietton et al., 2018;651

Kusky et al., 2010).652

Measured 10Be erosion rates of the catchments in the northwestern and south-653

western basins are as high as the ones on the escarpment, despite the fact that654

they are low lying and have gentle relief (Figure S6, Table S4). The main dif-655

ference with the other studied regions is that these catchments are underlain656

by more recent sedimentary deposits that have a higher lithological erodibility657

compared to the Precambrian basement, which may explain the relatively high658

rates observed in this area (Figure 4, Table 2, Figure S6).659

5.2 The importance of deep chemical weathering660

Recent studies have indicated the importance of deep chemical weathering in661

tropical regolith-covered landscapes like the highlands of Madagascar. Rates of662

landscape lowering inferred from cosmogenic nuclides apply to the material that663
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is lost by both physical erosion and chemical weathering processes from the up-664

per one to two meters, i.e. the penetration depth of cosmic rays. As the thick665

regolith shields deeper layers (> 2 m) from cosmogenic nuclide buildup, material666

that gets lost by chemical weathering processes below this depth will not be re-667

flected in denudation rates inferred from cosmogenic nuclides. This can result in668

an underestimation of more than 100% of the actual landscape denudation rates669

(Riebe and Granger, 2013; Dixon et al., 2009; Ott et al., 2022). Chemical weath-670

ering rates inferred from dissolved river loads in Sri Lanka (which has a similar671

tectonic setting to Madagascar) were low (2 - 7 mm kyr-1), but comparable to672

10Be erosion rates, indicating that 10Be was capturing only about half of the actual673

denudation rate (2 - 11 mm kyr-1) (von Blanckenburg, 2004). Similarly, Regard674

et al. (2016) estimated that deep chemical weathering accounts for 60% of the675

total denudation in a thick, highly weathered, regolith on the Cameroon craton.676

A recent study from Cuba furthermore indicated significant landscape-scale mass677

loss that was not reflected in in-situ 10Be cosmogenic nuclide measurements (4678

- 180 t km-2 yr-1 corresponding to 2 - 69 mm kyr-1 when ρ = 2.6 t m³), with rock679

dissolution rates (24 - 154 t km-2 yr-1 corresponding to 9 - 59 mm kyr-1 when ρ680

= 2.6 t m³) exceeding the latter in 15 of 22 basins (Campbell et al., 2022).681

We made a first back-of-the-envelope calculation based on dissolved loads (Mg,682

Na, Si, K, Ca) and river discharge measurements during one hydrological year683

(July 2018 - September 2019) for the Ranofotsy river, a relatively small (406684

km²) catchment in the Lake Alaotra region (Figure 1c). We calculate a chemical685

weathering flux of 113 (50 - 194) t km-2 yr-1 for that year, suggesting chemical686

denudation rates of 42 (19 - 72) mm kyr-1 when assuming that weathering is not687

iso-volumetric (Text S1.4). These values for the central highlands of Madagascar688

are in the range of the estimates obtained by Campbell et al. (2022), but higher689

than the rates obtained for Sri Lanka. Even though this estimate entails large690

uncertainties, it suggests that mass loss through chemical weathering is probably691

a major (and hitherto unacknowledged) factor for regional denudation in Mada-692

gascar. Thus, the low 10Be erosion rates in the central highlands, which do not693
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exceed 20 mm kyr-1 (Figure 2, Table S1), may be measuring only a portion of694

the total denudation. Chemical weathering indices calculated from the elemental695

chemistry of the river bedload material draining the central highlands and eastern696

escarpment show that the erosion pattern is reflected in the weathering indices:697

weathering degrees are highest at the central plateau and on the eastern plain698

where erosion rates are low, and are lowest at the eastern escarpment which is699

characterized by high erosion rates (Wang, 2021). While these data confirm that700

weathering degrees are high, a systematic and long-term monitoring effort of so-701

lute fluxes in multiple catchments in the different regions is required to address702

this knowledge gap.703

5.3 Impact of gully processes on long-term 10Be and cur-704

rent erosion rates705

The central highland and Alaotra-Ankay graben region are characterized by lo-706

cally high lavaka densities, with lavaka that are on average 15 m deep (Cox et al.,707

2009; Voarintsoa et al., 2012). Lavaka incision and erosion appear to significantly708

impact 10Be systematics (Table 2, Table 3, Figure 6a); a similar negative corre-709

lation between lavaka densities and 10Be concentrations in the central highlands710

was also found by Cox et al. (2009). Lavaka density explains variations in 10Be711

erosion rates between regions, but not within regions (Table 3). This seems to712

suggest that it is the general propensity of the region to the formation of lavaka713

which is associated with somewhat higher 10Be erosion rates rather than current714

and past sediment production by lavaka.715

10Be concentrations from the floors of actively eroding lavaka were found to be716

as low as 0.8 × 105 atoms g-1, only a tenth of topsoil concentrations, driving717

the inference that lavaka contribute 84% of sediment input to the fluvial sys-718

tem (Cox et al., 2009). Thus the deep saprolites with their low 10Be concentra-719

tions significantly impact the average 10Be concentration of the river sediments,720

thereby increasing the derived 10Be erosion rates. In this regard lavaka behave721

similarly to mass wasting processes like landsliding (Quock et al., 2022; Grande722
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et al., 2021; Yanites et al., 2009). Therefore caution is required when interpret-723

ing catchment-wide cosmogenic erosion rates in such terrain (von Blanckenburg,724

2005).725

While reliable regional estimates of current erosion and sediment export rates726

are not available for most regions in Madagascar, there are indications that cur-727

rent sediment export rates rates exceed long-term erosion rates by one or two728

orders of magnitude in some places. For the Ikopa catchment in the central729

highlands near Antananarivo a current erosion rate of 200 mm kyr-1 was derived730

from suspended sediment loads (360 t km-2 yr-1 assuming a bulk density (ρ) of731

1.8 t m-3, Mietton et al., 2020). Similar measurements for the Bevava and Sa-732

hamaloto reservoirs in the lake Alaotra region indicate current erosion rates of733

around 1 000 mm kyr-1 (Mietton et al., 2020, 2006). These higher rates in the734

lake Alaotra region were linked to high lavaka densities (Mietton et al., 2020,735

2006). Brosens et al. (2022b) estimated that over the period 1949-2010s lavaka736

erode between 500 and 9 200 mm kyr-1 based on detailed measurements of737

changes in lavaka areas and related volumes in six small study areas in the re-738

gion (7 - 129 t ha-1 yr-1). Brosens et al. (2022a) and Broothaerts et al. (2022)739

furthermore showed that lavaka erosion and floodplain sedimentation rates have740

increased over the last millennium, and especially over the last few hundred741

years, and that these sediments are currently stored in the alluvial plains of the742

river network upstream of lake Alaotra. This might explain why 10Be-inferred743

erosion rates in large catchments have not increased recently when compared744

to older river terrace concentrations, whereas those of smaller catchments have745

(Figure 6): sediments mobilized by a recent increase in lavaka erosion have not746

yet reached the outlet of larger catchments. This is to be expected, as several747

studies have shown that sediment residence times in alluvial environments are748

often thousands of years (Wittmann and von Blanckenburg, 2009; Hoffmann,749

2015; Pizzuto et al., 2014).750
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6 Conclusion751

A dataset of 99 detrital in-situ 10Be concentrations covering major parts of Mada-752

gascar allowed us to assess how long-term denudation rates (excluding chemical753

weathering below the cosmic ray attenuation depth) vary over the island. Clear754

differences exist. Low 10Be erosion rates of 7.5 ± 3.0 and 11.0 ± 4.2 mm kyr-1755

were found in the central highlands and in the Alaotra-Ankay graben. This con-756

firms that subtropical environments, even when characterized by strong relief757

and steep slopes, can be geomorphologically stable over long time spans. Higher758

and more variable rates were observed along the eastern escarpment (20.0 ±759

10.1 mm kyr-1), in the northwest (31.0 ± 12.2 mm kyr-1), and the southwest760

(29.0 ± 12.4 mm kyr-1). Higher 10Be erosion rates were associated with lower761

river concavity (more convex shaped rivers) and higher seismic activity both at762

the level of individual catchments as well as at the regional level, while higher763

lavaka densities explain regional variations. No relationship between 10Be ero-764

sion rates and slope gradient or river steepness was observed, which brings into765

question the general applicability of fluvial metrics to constrain vertical incision766

rates in a slowly eroding landscape such as Madagascar. While 10Be concentra-767

tions suggest that rates of landscape change in Madagascar are low, there are768

indications that chemical weathering rates may outpace CRN-derived denudation769

rates, pointing to the importance of deep weathering and removal of dissolved770

materials. In thick regolith-mantled landscapes, mass losses by deep weathering771

and subsurface dissolution should be considered alongside with mass losses by772

physical erosion.773
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7 Figures1185

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 10Be erosion rates and regions. a) 10Be erosion rates (mm
kyr-1) for all sampled catchments. Sampling locations are indicated by the dots,
which are also colored for 10Be erosion rate (Table S1). b) Division of the dataset
into different regions, with separate categories for the very large (> 10 000 km²)
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.

47This article is protected by copyright. All rights reserved.



Figure 3: 10Be erosion rates per region. 10Be 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 10Be 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 (ksn),
stream concavity index (SCI), stream concavity (θ) for all and trunk stream (θt)),
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 10Be 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).

Figure 6: Impact of lavaka on 10Be concentrations and erosion rates. a)
10Be erosion rates increase with increasing lavaka density in the Alaotra-Ankay
graben region (ρ = 0.62, p = 0.03). b) Comparison of 10Be concentrations mea-
sured in modern river sediment and in 14C dated terrace sediments. The age
of the terrace sediments is indicated next to the terrace concentrations. Lavaka
densities (LD in lavaka per km²) are indicated next to the modern river sediment
concentrations.
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8 Tables1186

Table 1: Factor loadings. Factor loadings for 10Be erosion rates and the different
environmental variables when considering the full dataset (n = 88). Factors
loadings above 0.3 are in bold to indicate the main components of the specific
factors.

Factor 1 Factor 2 Factor 3 Factor 4

erosion -0.17 -0.34 -0.16 0.04

area -0.11 -0.10 -0.02 0.72

TO
PO

elevation 0.13 0.06 0.27 -0.01

gradient 0.97 0.08 0.22 0.02

relief 0.57 0.02 -0.15 0.81

roughness 0.98 0.08 0.20 0.02

R
IV
E
R

ksn 0.74 -0.01 -0.04 0.20

SCI 0.09 0.92 -0.13 0.05

θ -0.07 0.87 0.03 0.01

θt -0.06 0.97 0.03 -0.18

G
E
O
L

LE -0.74 -0.08 -0.28 -0.06

seis events 0.02 0.00 0.91 0.00

PGA 0.21 0.02 0.69 0.10

B
IO

precip 0.69 -0.02 -0.04 -0.04

bioclim -0.82 -0.04 -0.14 0.06

G
E
O
M

lavaka dens -0.04 -0.03 0.59 -0.18
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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. θ 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

θ 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

θt 3 -15.71 0.52 208

elevation 4 -0.01 0.54 207

precipitation 5 -0.01 0.55 207

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 10Be erosion rates are
included in the model. The coefficients of the fixed effects are displayed together
with the variance (σ²) 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).

Fixed
Random

intercept

Random

slopes

REWB

intercept

REWB

slopes

FIXED EFFECTS

(Intercept) 27.43 16.68 24.00 17.53 36.78

elevation -0.01 -0.01

θ -11.79

LE 5.98

θt -5.79

seis events 3.32

θ - 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 σ² 56.13 47.17 56.07 50.68 53.11

σ² geo region 135.24 64.51 81.05 31.12

σ² seis events 23.92 18.37a

σ² 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

a within-effect
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