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• Lavaka birth to stabilization ratios of
1.7–35 (1949–2010s) indicates disequi-
librium.

• Floodplain data confirm increased ero-
sion since 1000 BP, accelerating at 400
BP.

• Accelerating environmental pressure
needed to attain current disequilibrium
levels.

• Increased lavaka erosion linked to in-
creased anthropogenic pressures.
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Lavaka (gullies) are often considered as the prime indication of a currently ongoing human-induced environ-
mental crisis inMadagascar's highlands. Yet, lavaka are known to have existed long before human arrival and ac-
count for the majority of the long-term sediment input into the highland rivers and floodplains. The role of
anthropogenic disturbances in their formation therefore remains highly debated and it is unclearwhether lavaka
erosion has recently increased. Here, we address these questions by evaluating the dynamics of lavaka in the Lake
Alaotra region (central Madagascar). An overall birth to stabilization ratio of 6.1 indicates a rapid lavaka popula-
tion growth over the period 1949–2010s. Using data on lavaka development we calculated a mean lavaka popu-
lation age of 410 ± 40 years and estimate that the disequilibrium started at 870 ± 430 cal. BP. Floodplain
sedimentation starts to increase around 1000 cal. BP and peaks over the last 400 years, thereby independently
confirming this time frame of increased lavaka activity. Lavaka population dynamics modelling shows that a
strong increase in environmental pressure over the last centuries is needed to attain current disequilibrium
levels. A general drying of the climate since 950 cal. BP in combination with the introduction of cattle and grow-
ing human presence around 1000 cal. BP will likely have triggered the increase in lavaka erosion. However, the
recent acceleration cannot be explained by climatic changes alone and seems to be linked to increased
Keywords:
Lake Alaotra
Gully
Human-environment interactions
Floodplain dynamics
th to stabilization ratio; CPF, cumulative probability function; distDD, distance to drainage divide; GR, absolute growth rate;
a; VertDS, vertical distance to stream.
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anthropogenic pressure on the environment. As such, we offer a fresh and quantitatively supported perspective
on lavaka dynamics and human impact in central Madagascar, where our methodology can be used in other lo-
cations where similar questions on geomorphic equilibrium need to be answered.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The role of human impact on environmental change in Madagascar
is a topic of ongoing debate. At the centre of this debate are ‘lavaka’,
meaning ‘hole’ in Malagasy (Cox et al., 2009; Voarintsoa et al., 2012).
These common erosional features populate the rolling topography of
the central highlands. In their mature phase, lavaka are inverse
teardrop-shaped gullies with steep-sided walls exceeding 15 m, broad-
ening uphill with narrow outlets (Cox et al., 2010; Rabarimanana et al.,
2003; Wells and Andriamihaja, 1993) (Fig. 1A). The abundance of open
grassland on the island and the presence of these impressive erosion
features has led to the narrative whereby a once fully forested island
would have been gradually deforested upon the arrival of humans by
2000 cal. BP, leading to a human-induced environmental crisis
(Dewar, 2014; Gade, 1996; Klein, 2002).

This perception has recently been challenged. It is now clear that
grasslands are endemic to Madagascar (Quémére et al., 2012;
Vorontsova et al., 2016), even though their extent may have changed
considerably over the past millennia (Crowley and Samonds, 2013;
Matsumotot and Burneyt, 1994). While some lavaka can be directly as-
sociated with human activities such as trenches, tracks, steep fields and
the construction of canals and paddies (Riquier, 1954; Wells and
Andriamihaja, 1993), others are tens of thousands of years old,
predating the arrival of humans on the island (Mietton et al., 2005,
2014; Wells and Andriamihaja, 1993). Furthermore, many Malagasy
river and terrace sediments have a lavaka-dominated 10Be-signal,
which is interpreted as an indication that lavaka have been the key con-
tributors to river sediment over a timescale of tens of thousands of years
(Cox et al., 2009). However, the 10Be-signal does not provide direct in-
formation on how the absolute quantity of sediments delivered by
lavaka varied over this period. Thus, it is still unclear whether the
amount and intensity of lavaka erosion has recently increased and if
such an increasemay be linked to anthropogenic impacts such as defor-
estation and/or overgrazing.

The main objectives of this study are therefore to i) assess if the cur-
rent system is out of equilibrium, ii) derive a time frame for lavaka evo-
lution, and iii) model lavaka dynamics under different environmental
pressure scenarios in order to understand how lavaka dynamics relate
with driving factors. By doing so, we aim to assess whether the high-
lands surrounding Lake Alaotra are currently experiencing rapid
changes in erosional regime. In order to address these questions, we se-
lected six study areas (SA) of ca. 10 km2 in the Lake Alaotra region
(Fig. 1B). This region is the main rice growing area of the country and
is characterized by high lavaka densities (Bakoariniaina et al., 2006;
Voarintsoa et al., 2012). Based on historical aerial pictures from 1949
and 1969, as well as recent satellite imagery (2011–2018, referred to
as the 2010s, Table A1), we mapped and analysed the spatio-temporal
evolution of all lavaka (699 in total) in our study areas. By quantifying
lavaka birth, stabilization, and growth rates, we obtained two estimates
of the time needed to attain the current lavaka population densities and
sizes. We also analysed floodplain sedimentation data derived from 5
coring transects in the Ranofotsy and Sahabe river valleys (Fig. 1B). Or-
ganicmaterial embedded in the floodplain deposits was dated and used
to establish floodplain sedimentation rates and a cumulative probability
sedimentation history of the river valleys. The spatially integrated long-
term floodplain sedimentation history was then compared to the more
local and recent erosional history of the landscape as derived from the
lavaka analysis. Finally, lavaka population modelling under various en-
vironmental pressure scenarios enabled us to identify the most likely
2

time trajectory of lavaka population evolution and to link this trajectory
to the distinct periods of environmental pressure in the central high-
lands of Madagascar.

2. Environmental changes in the central highlands: 2000 cal. BP–
present

Without any doubt, the central highlands of Madagascar underwent
major changes over the last millennia. Pollen and charcoal analyses in
lake sediments indicate that fire frequency and grassland areas started
to increase ca. 1300 cal. BP and that grassland extension accelerated
from ca. 600 cal. BP onwards (0 cal. BP = 1950 CE) (Burney, 1987;
Dewar andWright, 1993) (Fig. 2). This shift in vegetationmaybe related
to both changing climatic conditions and human impact.

The past climate of Madagascar has been extensively studied in the
north-western part of the island based on δ18O isotopes in stalagmites,
providing information on past precipitation in this region (Godfrey
et al., 2019). These combined results did not show a significant long-
term trend of drying orwetting over the last 1700 years. The authors ar-
gued that these results are representative for most of the northern half
of the island, including parts of the central highlands. Direct past climate
observations for the central highlands are scarce. Changes in the diatom
record of Gasse and Van Campo (1998) around 950 cal. BP were
interpreted as a multi-centuries drought by Virah-Sawmy et al.
(2010). A recent study that links δ18O isotopes from a cave on the
Mascarene island of Rodrigues (1500 km east of Madagascar) with
speleothem records in NW Madagascar identified four significant
drought-periods around 1600, 900, 400 and 200 cal. BP over the last
two millennia, whereby the drought of 400 cal. BP fits into a general
drying trend from 700 cal. BP to 200 cal. BP (Li et al., 2020) (Fig. 2).
Changes in paleoclimatic proxies in lake records in the south-west of
the island suggest a dry interval around 1000–700 cal. BP (Hixon
et al., 2021; Razanatsoa et al., 2021). Thus, different studies suggest
that amajor island-widedrought occurred around 1000–900 cal. BP. Ac-
cording to Li et al. (2020),more droughtsmayhave occurred and the cli-
mate became dryer between 700 and 200 cal. BP whereafter wetter
conditions returned. However, these conclusions are not supported by
the compiled data from the north-west of Godfrey et al. (2019), who ad-
vocated much more stable climatic conditions which are likely repre-
sentative for most of the island where monsoon-driven precipitation
is prevalent, as is the case for our study area.

The increase in grasslands also coincides with clear signs of human
presence in the central highlands since at least 1000 cal. BP and perhaps
as early as 1600 cal. BP (Douglass et al., 2019) (Fig. 2). During the first
occupation period (up to ca. 600 cal. BP), a so-called subsistence shift
occurred, where people moved from hunting and foraging to arable ag-
riculture and livestock farming with zebu (Bos indicus) cattle being in-
troduced in the highlands between ca. 1050 and 700 cal. BP (Burney
et al., 2003; Godfrey et al., 2019) (Fig. 2). Zebu herding practices are
strongly linked with fire, which primarily serves to renew pastures for
grazing (Dewar and Wright, 1993; Klein et al., 2008; Kull, 2000). Some
authors even claim that it was cattle raising and not ‘tavy’ (slash and
burn agriculture) that has eventually led to the conversion of themajor-
ity of the highland's forest-grassland vegetationmosaic into open grass-
lands (Kull, 2000). The growing presence of zebu cattle is likely one of
the main factors explaining the accelerated extension of grasslands
from ca. 600 cal. BP onwards (Burney, 1987; Dewar and Wright,
1993). This rapid grassland extension resulted in the current landscape
where trees are practically absent, which was the case since at least

http://creativecommons.org/licenses/by/4.0/


Fig. 1. Study areas and examples of characteristic lavaka. A) Front (top) and side (bottom) view of typical inverse teardrop shaped lavaka. Pictures taken inMay 2018. B) Overview of the
Lake Alaotra catchment (Google TerraMetrics 2020 imagery), central highlands of Madagascar. The six selected study areas (SA1–6) of 10–15 km2 in the Lake Alaotra catchment are in-
dicated bywhite triangles. Thefivefloodplain transectswhere sediment coreswere collected are indicated in red. They are located in theRanofotsy (R) and Sahabe catchment (S) indicated
by thewhite dotted lines. ‘A’ refers to the location offloodplain transect shown in detail on Fig. A7. Blue lines show themain rivers of the Lake Alaotra catchment. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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1949 in our study areas and since 1964 for the wider region based on
historical vegetation mapping (Humbert and Darne, 1965). It is very
likely that near-complete conversion to grassland was already com-
pleted much earlier: available pollen data indicate that the tree cover
was at its lowest for the last 200–300 years (Burney, 1987).
Fig. 2. Synthesis of themajor environmental trends in the central highlands over thepast 2000 y
(Burney, 1987; Dewar andWright, 1993). Human arrival is derived from a revised 14C chronolo
based on dates reported by Godfrey et al. (2019). Human population size throughout time is b
Lammers et al., 2015). For climate the z-score-transformed δ18O speleothem record of Rodri
environmental change with an approximate estimate of the central date indicated by the grey

3

Increased livestock farming might furthermore be linked with a
changing climate, as livestock has a higher food security potential com-
pared to cropping during longer periods of drought (Hixon et al., 2021;
Jones and Thornton, 2009). These environmental changes are consistent
with the results from detailed human population size modelling based
ears. Changes in grassland cover are based onpollen and charcoal data from sediment cores
gy (Douglass et al., 2019) and genetic analysis (Pierron et al., 2017). Cattle introduction is
ased on genetics (Pierron et al., 2017), and recent statistics (Gastineau and Sandron, 2006;
gues (Li et al., 2020) is plotted. Vertical grey bars indicate periods of major, accelerating
dotted line. The overall environmental pressure curve qualitatively combines these trends.
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on genetics (Pierron et al., 2017): population size in the highlands
remained small and relatively stable up to ca. 1000 cal. BP, after which
it started to increase steadily up to ca. 250 cal. BP. From 250 cal. BP on-
wards, the population increasedmuchmore rapidly than before. Recent
population statistics document very strong population growth rates (up
to 3% per year) after WWII due to the start of the demographic transi-
tion (Gastineau and Sandron, 2006; Lammers et al., 2015) (Fig. 2).

In summary, three approximate dates mark the environmental his-
tory of the central highlands, separating periods characterized by differ-
ent (and increasing) levels of environmental pressure. Between ca.
1300–1000 cal. BP and ca. 600 cal. BP shifting cultivation in a forest-
grassland mosaic landscape was dominant and population growth was
limited. The population gradually shifted from hunter-gathering to-
wards arable agriculture and cattle herding. From ca. 600 cal. BP on-
wards the growing presence of cattle led to a rapid extension of
grazing lands and to sustained population growth. From ca. 250 cal. BP
onwards, human population grew much more rapidly, accelerating
again after 1950 CE (Fig. 2).

3. Materials and methods

This section presents the site description, detailed information on
the lavaka population model and a summary of the methods, with full
details provided in Text A1.

3.1. Study area

Lake Alaotra is part of the Alaotra-Ankay rift valley, a NE-SW ori-
ented depression inMadagascar's highlands close to the eastern escarp-
ment at an altitude of ca. 750 m a.s.l., 250 km NE of the capital
Antananarivo (Kusky et al., 2010). The highlands surrounding Lake
Alaotra are underlain by Precambrian crystalline basement rocks and
are characterized by amature relief with rounded hills and filled valleys
(Tucker et al., 2014). The basement rocks are covered by a thick regolith
(>10 m), overlain by a compact hard lateritic horizon (Bourgeat, 1972;
Riquier, 1954). The climate is characterized by an alternating dry and
wet season and a regular occurrence of tropical cyclones (mean annual
precipitation of ca. 1200mm (Danloux, 1981)). Open grasslands, which
are used for cattle grazing, dominate the hillslopes while in the valleys
rice fields and some bushes and trees can be found. The area surround-
ing the lake is the most important rice-producing region of Madagascar
where the human population has increased fivefold over the period
1960–2013, leading to an increasing demand in natural resources and
agricultural land (Lammers et al., 2015). The hillslopes in the area are
marked by high lavaka densities (Voarintsoa et al., 2012). The effects
of lavaka on the environment are generally perceived as negative, in-
cluding land degradation, increased sediment delivery to rivers, the sil-
tation of reservoirs, clogging of irrigation channels and reduced rice
yields (Bakoariniaina et al., 2006). However, it has also been shown
that lavaka can present opportunities to local farmers by providing
favourable localized conditions for planting crops and trees (Unruh
et al., 2010). In this region, we selected six study areas of 10–15 km2

based on the availability and quality of aerial pictures, the quality and
date of the satellite images and the presence of lavaka.

3.2. Aerial pictures and satellite imagery processing and digitizing

We used historical aerial imagery from 1949 and 1969 and satellite
imagery from the 2010s. We obtained historical aerial images from
1949 and 1969 with a resolution of 2.4 m from FTM (Institut
Géographique et Hydrographique de Madagascar). For study area 6
and 4 no aerial image was available for 1949 and 1969, respectively
(Table A1). Historical aerial images were orthorectified by using ENVI
5.0 classic software and were georeferenced in ArcMap based on
Maxar-Vivid-WVO2 images (Text A1). TheMaxar-Vivid-WVO2 satellite
images have a resolution of 0.5m andwere collected between 2011 and
4

2018 (referred to as 2010s). These satellite imageswere used to digitize
the current situation (Text A1, Table A1) Lavaka extent and vegetative
cover were manually digitized on all images (Text A1).

3.3. Lavaka growth, birth and stabilization and corresponding uncertainties

We quantified lavaka birth and death rates in our study areas to as-
sess lavaka population dynamics. A lavaka is born when it appears at a
location where no lavaka activity was present on earlier images. The
death of a lavaka occurs when a lavaka is covered with vegetation and
growth stops, which we refer to as ‘stabilized’ (Wells et al., 1991). We
consider a lavaka as stabilized when three conditions are met: i) the
lavaka area has not significantly increased during the observation pe-
riod, ii) the bare surface area in the lavaka has significantly decreased,
and iii) the vegetative cover at the end of the observation period is
higher than 95% (Fig. 4A, Text A1). We also identified stabilizing lavaka,
i.e. lavaka that are in the process of becoming fully stabilized where the
vegetative cover significantly increased over the observation period,
without attaining a final level of 95% of the total lavaka area.

Changes in lavaka extent and bare surface area were calculated for
each time interval (1949–1969, 1969–2010s and 1949–2010s). The un-
certainty on these calculations due to the image preparation and digiti-
zation processes was assessed by using the method of Bendixen et al.
(2017). Changes in lavaka surface area and vegetated area are signifi-
cant when they exceed the pixel uncertainty, which is related to the
length of the digitized perimeters (Bendixen et al., 2017) (Text A1). Un-
certainties on birth and stabilization rates were calculated as the stan-
dard error of the mean as calculated from the sample study areas for
the longest time period available (1949–2010s for SA1–5, 1969–2010s
for SA6). Absolute lavaka growth rates (GR (m2 yr−1)) in between ob-
servations (1949–1969, 1969–2010s, 1949–2010s) were determined
for all study areas where images were available (Text A1).

3.4. Floodplain sedimentation

Data on floodplain sedimentation were collected through coring
data grouped in five transects across the floodplain of the Ranofotsy
River and Sahabe River (Fig. 1B, Text A1). 14 AMS radiocarbon dates of
organic material embedded in floodplain deposits were used to provide
a chronological framework for the floodplain deposits and to calculate
floodplain sedimentation rates (Text A1). A cumulative probability
function (CPF) for the floodplain sediment deposits was constructed
by convoluting the probability functions of individual calibrated radio-
carbon ages from the floodplain sediments. The CPF was scaled to the
total cumulative probability of all available radiocarbon ages (Text A1).

3.5. Lavaka population model

Lavaka evolution was simulated by using a computational popula-
tion growthmodel where lavaka are born, grow over time and stabilize
when reaching a given size. Once lavaka occur, they are assumed to
grow at a rate that only depends on their area (Fig. 3C). Hence, we as-
sume that the growth rate, in contrast to the lavaka birth rate, does
not depend on the environmental pressure. The surface area distribu-
tions of the stable, fossil lavaka already present in our study areas before
1949 (n = 255) and the lavaka that stabilized during our study period
(n = 22) provide information on the probability of a lavaka stabilizing
at a certain size (Fig. 3A). Comparing the distributions and fitted
gamma functions of the stabilized and fossil lavaka areas shows that
the area distribution of the fossil lavaka is lacking small lavaka sizes in
comparison to the size distribution of the lavaka that stabilized during
our study period (Fig. 3A). This discrepancy can be attributed to the in-
completeness of the fossil lavaka inventory. Similar to the under-
representation of smaller landslides in historical distributions
(Malamud et al., 2004), the smallest stabilized lavaka may have been
lost from the fossil record because they were smoothed out by natural



Fig. 3. Lavaka populationmodel settings. A) Lavaka area probability density for the observed currently active (n=673), fossil (n= 255) and stabilized (n=22) lavaka populations of our
study areas, and the mixed fossil-stabilized distribution with fitted gamma distributions, parameter values and their standard deviation. B) Modelled stabilization rates using the mixed
stabilization distribution are in good agreement with the observed stabilization rate of 6.23± 2.13 × 10−4 stabilized lavaka−1 yr−1 over the observation period (0 until -70 cal. BP, black)
for all three environmental pressure scenarios. C) Absolute lavaka growth rates (m2 yr−1) are linearly related to lavaka area (m2). Observational (light yellow) and functional (dark yellow)
uncertainty bounds on thefitted linear relationship are shown. The growth rate needed for a lavaka to grow significantly (filled dots) also increaseswith lavaka area. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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diffusive processes and/or human activities, or theymight have become
undetectable due to the presence of shrubs and trees. It is also possible
that some of the small lavaka that stabilized during our study period
may later be reactivated, thereby decreasing the relative frequency of
small lavaka in the stabilized lavaka size distribution over time. How-
ever, we did not observe such reactivations during the study period.
We accounted for this relative underrepresentation of small lavaka by
creating a mixed fossil-stabilized distribution: we randomly sampled
100 observations from both the fossil and stabilized probability density
functions, merged them and calculated themixed fossil-stabilized prob-
ability density function, in this way attributing an equal weight to both
original distributions (Fig. 3A). Lavaka stabilization is implemented in
themodel based on this mixed area distribution, where we used the in-
version method to sample random values from a known distribution
(Humbert andDarne, 1965). In this way eachmodelled lavaka is a priori
assigned a size at which it will stabilize and stops growing. Modelling
results indicate that this mixed distribution results in a close match
with the observed stabilization rate (Fig. 3B). The model was run over
the past 10,000 years, with a 10-year timestep for an area of 70 km2

(all study areas combined).
We assume that the lavaka birth rate is dependent on the environ-

mental pressure level, which is assumed to be low and close to zero
both from a climatic and anthropogenic perspective until ca. 1100 cal.
BP (Fig. 2), after which it increases to 100% at present. At a pressure
level of 0%, lavaka birth rates were set at 10% of the current rate,
representing the pre-human settingwhere lavakawere already present
in the landscape (Cox et al., 2009; Mietton et al., 2005, 2014; Wells and
Andriamihaja, 1993), which, at that time, had an estimated forest cover
5

of ca. 60% (Burney, 1987). The assumption of a natural background
lavaka birth rate that is 10% of the current birth rate is verified by com-
paring the modelled number of fossil lavaka with the observed number
of fossil lavaka. If this background birth rate would be sustained over
2000 years, we would, according to our model simulations, expect ca.
250 fossil lavaka exceeding 10,000 m2 in size. This is close to the 255
identified fossil lavaka in our study areas. While it is likely that the out-
lines of these larger fossil lavaka will remain visible in the landscape
longer than 2000 years, this gives an indication that the 10% background
birth rate is a reasonable maximum assumption.

In our model runs the environmental pressure is zero from 10,000
until 1100 cal. BP, after which it starts to increase up to the present-
day level (100%). We tested three different scenarios for the evolution
of environmental pressure: i) a linear increase, ii) a logistic increase,
and iii) an accelerating increase over time. A logistic increase assumes
that lavaka generation is firstly controlled by land use, leading to rapid
lavaka initiation in the period immediately after the increase in grass-
land areas, followed by a period wherein environmental pressure is
more or less constant under a stable land cover. An accelerating scenario
assumes that environmental pressure, and hence lavaka formation, in-
creases with an accelerating growth of human and cattle populations
in recent years as detailed in the literature (Fig. 2, Section 2). In this sce-
nario the combined action of these drivers is assumed to result in an ac-
celerating environmental pressure increase over time. Estimated
environmental pressure levels are 0%, 10%, 20%, 70%, and 100% at
1100, 600,250, 0 and -70 cal. BP, respectively (Fig. 2). These levels
were interpolated using a shape-preserving piecewise cubic hermite in-
terpolation (PCHIP) algorithm. While some studies have shown that
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more people do not necessarily mean more erosion (e.g. Preston et al.,
1997; Tiffen et al., 1994), these observations have been contested in
other areas where clear linkages between growing human and cattle
populations and increases in soil erosion were found (e.g. Boyd and
Slaymaker, 2000; Kemp et al., 2020). Finally, the linear scenario is a
compromise, assuming that environmental pressure increases steadily
through time.

Uncertainties on the following variables were considered:
i) measured birth rates, ii) fitted gamma distribution parameters (a
and b) for the gamma distribution describing the probability of lavaka
stabilization (Fig. 3A), and iii) the parameters (a and b) of the fitted lin-
ear relationship between lavaka area and absolute growth rate (Fig. 3C).
The impact of these uncertainties was quantified by running 10,000
Monte Carlo simulations with parameter values drawn randomly from
their estimated distributions. The reported means and standard devia-
tions were calculated from all 10,000 simulations. Model outcomes
were evaluated based on three predictions: i) the current number of ac-
tive lavaka (n = 673), ii) the birth to stabilization ratio (BSR) over the
1949–2010s study period (mean value of BSR for all lavaka combined
equals 6.1 while the mean value of BSR equals 12.2 and the median
equals 6.8 when individual study areas are considered separately),
and iii) the current lavaka area distribution (Fig. 3A).

4. Results

4.1. Lavaka birth vs. stabilization

Between the first aerial picture (1949 for SA1–5, 1969 for SA6) and
the final satellite image (2010s, Table A1), 5 to 41 new lavaka formed
in each study area, whereas only 1 to 9 lavaka stabilized (Fig. 4B). This
results in birth to stabilization ratios (BSR) ranging between 1.7 and
35 for the separate study areas and an average of 6.1 for all areas com-
bined (Fig. 4B). When also considering stabilizing lavaka these values
range between 1 and 35, with an average of 5.2 for all areas combined.
Even when we use our most strict definition of stabilized lavaka, we do
not assume that vegetative cover has to be 100%, so these values are
likely to be an underestimation of the true birth to stabilization ratio.
This indicates that the current system is clearly out of equilibrium
with far more new lavaka appearing than stabilizing, resulting in a
strongly growing number of lavaka in the Lake Alaotra region (Fig. 4B,
Text A2).

4.2. Lavaka growth rates

Absolute lavaka growth rates were significantly higher during the
period 1949–1969 (33.9 ± 3.3 m2 yr−1) compared to 1969–2010s
Fig. 4. Lavaka birth vs. stabilization. A) Example of new lavaka being born (top) and stabilizing (
the bare surface area. B) Amount of newly born and stabilized lavaka and their ratio for each stu
for SA6). (For interpretation of the references to colour in this figure legend, the reader is refer
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(17.6 ± 1.4 m2 yr−1) for all areas combined (Fig. A1). For the longest
time period available (1949–2010s for SA1–5, 1969–2010s for SA6)
the mean absolute growth rate equals 21.8 ± 1.5 m2 yr−1 and the me-
dian value is 11.1 m2 yr−1, with a strongly right-skewed distribution.
Absolute growth rates were not significantly different between our
study areas (Fig. A2).

In order to identify factors controlling lavaka growth rates, we used
the perimeter-corrected growth rate (GRperPeri (m yr−1)) to avoid
spurious correlations with lavaka area (Text A1). A stepwise linear re-
gression showed that the percentage bare lavaka surface (BareSurf
(%)), the vertical distance to stream (VertDS (m)) and the distance to
drainage divide (DistDD (m)) together explain ca. 18% of the variation
in perimeter-corrected growth rates (Tables A2, A3 and Fig. A3):
GRperPeri = 0.0073 × BareSurf0.4730 × VertDS−0.2858 × DistDD0.1801.
Our results indicate that the variables tested here are incapable of
fully explaining the lavaka growth processes. Other factors, such as seis-
mology (Cox et al., 2009), variations in groundwater conditions and
lithological strength (Voarintsoa et al., 2012), are likely to be also impor-
tant. However, while correlations between lavaka densities and these
factors have been identified, the causations remain unknown (Cox
et al., 2009). The low predictive power of the regression model also re-
flects the episodic nature of lavaka formation, which cannot be fully
captured by a static model. Furthermore, lavaka evolution is likely to
be driven by autogenic processes (such as headwall undercutting or
toppling (Wells and Andriamihaja, 1993)), making it impossible to
fully predict their evolution from state variables that mostly reflect po-
tential allogenic drivers of lavaka growth.

4.3. A time frame for lavaka evolution

We used two methods to calculate the time needed for the current
lavaka population to develop (Text A1). The first method is based on
the observed absolute growth rates and current lavaka areas and yields
an estimate of the lavaka ages of the current lavaka population (tage,
Text A1 Eq. (7)). The calculated lavaka ages are characterized by a
right-skewed distribution, with a mean age of 410 ± 40 yr (ca.
340 cal. BP), amedian age of 280±40yr (ca. 210 cal. BP) andmaximum
age of 2210±100 yr (ca. 2140 cal. BP) (Fig. 5A). This suggests thatmost
lavaka we observe today have already been present in the landscape for
a few hundred years, but that a few of them (ca. 2%) have an age of
1500 years ormore, thereby predating the arrival of humans in the cen-
tral highlands and confirming reports of (very) old lavaka (Mietton
et al., 2014). In a second approach, we estimated the time needed to ob-
tain the current number of active lavaka (tstart, Text A1 Eq. (9)) which
was calculated based on the observed lavaka birth rates (2.87 ±
0.7 × 10−2 lavaka km-2 yr−1) and stabilization rates (6.23 ±
bottom) over the period 1949–2018. Orange polygons indicate the lavaka extent, blue ones
dy area (SA) for the longest available time period (1949–2010s for SA1–5 and 1969–2010s
red to the web version of this article.)



Fig. 5.Calculated lavaka ages and floodplain sedimentation. A) Calculated lavaka age distribution based on lavaka size andmeasured growth rates (Text A1, Eq. (7)). (top) boxplotwith the
median indicated by the big vertical line and mean by the small vertical line. (bottom) lavaka age probability density distribution. B) Floodplain sedimentation rates in the Lake Alaotra
catchment (n = 16). Filled dots are the samples collected in this study, hollow dots the samples reported in Mietton et al. (2018) and error bars the 1σ error on the 14C ages and rates
(Text A1, Table A4). C) Relative cumulative probability function of all available radiocarbon ages of floodplain deposits in the Lake Alaotra catchment (n = 16). The grey shaded area
indicates the estimated onset of increased lavaka activity at 870 ± 430 cal. BP. Note that the first 20,000–2500 years are plotted on a different scale than the last 2500 years.
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2.13 × 10−4 stabilized lavaka−1 yr−1). Assuming constant birth and
stabilization rates, 440 ± 210 years would have been necessary to
attain the currently observed number of active lavaka, which would
place the start of the period of accelerated lavaka initiation at 370 cal.
BP. Allowing for a gradual, linear, increase in lavaka birth rates yields an
estimated time for the onset of increased lavaka activity around 870 ±
430 cal. BP. While our estimates are characterized by considerable
uncertainties, they suggest that the rapid formation of lavaka in the
Lake Alaotra region is a relatively recent phenomenon and that most
lavaka we observe today were formed in the last 500–1000 years
(Fig. 5A).

This estimated time frame for the onset of accelerated lavaka forma-
tion is confirmed by the analysis of floodplain sedimentation rates and
the cumulative probability function for floodplain sediment deposits
(Fig. 5B and C; Text A1).We obtained average long-term floodplain sed-
imentation rates in the Alaotra region of ca. 1 mm yr-1 for the last ca.
10,000 years. This is comparablewith previous studieswere sedimenta-
tion rates between 0.5 and 2mmyr-1 for the last 18,000 to 10,000 years
were obtained (Fig. 5B and C,Mietton et al. (2018)) and can therefore be
considered as the ‘baseline’ sedimentation rate. The cumulative proba-
bility function for floodplain sediment deposits (Fig. 5C) shows that
increased floodplain aggradation started at ca. 1000 cal. BP with sedi-
mentation rates increasing five to fifteenfold over the last 400 years
(10–34 mm yr-1, Fig. 5B).

4.4. Understanding lavaka population dynamics

While the analysis above allows us to propose a time frame for the
onset of increased lavaka activity in the Lake Alaotra region, it does
not explicitly link the evolution of environmental pressure with lavaka
population dynamics. Therefore, we formulated a lavaka population
model where lavaka development in our study areas is simulated over
the past 10,000 years under three different environmental pressure sce-
narios.

All environmental pressure scenarios result in a realistic number of
simulated lavaka, with the linear and logistic scenarios resulting in an
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overprediction of 49 to 56% and the accelerating scenario in an
underprediction of 23% (Fig. 6). Under the logistic scenario, the birth
to stabilization ratio (BSR) shows a clear peak with mean values up to
7 around 450 cal. BP, decreasing to 2.5 at present. For the linear increase
scenario, the peak of the BSR is less pronounced and somewhat earlier,
with maximum values of ca. 5, also decreasing to ca. 2.5 at present. For
the accelerating scenario, the BSR steadily increases, with a strong rise
from 250 cal. BP onwards. This scenario results in a current BSR of ca.
7, which is close to the observed ratio of 6.1 for all areas combined
and between themean (12.2) andmedian (6.8) values of the individual
study areas (Fig. 6). The assumed stabilization of environmental pres-
sure in the logistic scenario results in a rapid decline of the BSR after
the maximum has been reached as the number of stabilizing lavaka in-
creases while birth rates remain constant. However, the BSR is still well
above 1 at present, indicating that an extended period of constant envi-
ronmental pressure is needed in order to reduce the BSR to 1 and
achieve a constant new equilibrium lavaka population size. The size dis-
tribution of lavaka is alsodependent on the environmental pressure sce-
nario. When the environmental pressure starts increasing, an increase
in the fraction of small lavaka is observed, which declines again after
the BSR peak for the linear and logistic scenario. An accelerating in-
crease scenario leads to a continuous increase of the fraction of small
lavaka until the present day as more and more lavaka are born while
stabilization rates continue to be relatively low (Fig. 6).

5. Discussion

The notion of (dis)equilibrium in itself depends on the spatial and
temporal scales at which it is perceived and variability, which may be
difficult to distinguish from persistent disequilibrium, is inherent to
many natural systems (Forsyth, 2003; Leach and Mearns, 1996). How-
ever, we argue that our results document a clear geomorphic disequilib-
rium in the highlands of the Lake Alaotra region: over the past 70 years,
ca. 6 times more new lavaka originated than were stabilized, leading to
a rapid increase of active lavaka in the area (Fig. 4). Using information
on current lavaka sizes and growth rates, as well as birth and



Fig. 6.Modelled lavaka population evolution over the past 2000 years for three environmental pressure scenarios. Lavaka evolutionwasmodelled based on three environmental pressures
scenarios (1st column): i) linear increase (1st row, yellow), ii) logistic increase (2nd row, green), and iii) accelerating increase (3rd row, red). The 2nd column shows the evolution of the
modelled number of active lavaka. The black dot indicates the observed number of active lavaka (n=673).Modelled birth over stabilization ratios are in colour, the grey bars indicate the
25th and 75th percentiles, the black bar themedian value (6.8) and black cross themean (12.2) value for the different study areas for the observation period (1949–2010s). Boxplots show
the evolution of the lavaka area probability density function at six differentmoments in time, where the coloured bars show themodelled distribution and black bars outline the observed
distribution for all lavaka in the 2010s. Uncertainties were calculated by running 10,000 Monte Carlo simulations with randomly drawn values from the normal distribution of the mean
and standard error of the mean of the observed birth rate, a and b parameters for the stabilization gamma distribution and linear relationship between lavaka area and absolute growth
rate. From these runs the means are shown by the tick lines, the shaded bounds indicate the standard deviation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

L. Brosens, N. Broothaerts, B. Campforts et al. Science of the Total Environment 806 (2022) 150483
stabilization rates, we infer that this phase of accelerating lavaka forma-
tion started 5 to 10 centuries ago and that formation rates reached their
maximum in the past 200 years. This timing is consistentwith observed
changes in floodplain sedimentation rates, which started to increase
from 1000 cal. BP onwards with maximum values over the past
400–200 years (Fig. 5). Hence, multiple lines of evidence point to a dis-
equilibrate state of the system characterized by elevated lavaka activity
since ca. 1000 years when compared to baseline values observed over
the past 20,000 years.

The observed strong recent increase in floodplain sedimentation
rates (Fig. 5B) cannot be explained by the timespan dependent scaling
of floodplain accumulation rates (Sadler, 1981; Sadler and Jerolmack,
2015). Kemp et al. (2020) carried out a detailed analysis of the effect
of timespan and human impact on floodplain sedimentation rates in
the USA and found that, for short time periods when human impact is
apparent (between 200 and 0.1 years), floodplain sedimentation rates
scale with the sedimentation timespan considered to a power of −0.7.
However, their data also show that the timespan effect is much smaller
for timespans >200 years: under natural conditions, floodplain sedi-
mentation rates scale with sedimentation timespan to a power of
-0.06 and sedimentation rates are expected to increase on average by
only ca. 10% for a decrease in timespan from 1000 to 200 years. The
five to fifteenfold increase that we observed over this period
(Fig. 5, Table A4) is therefore not due to a measurement artefact
but can be attributed to a real increase in sediment fluxes over the
last 1000 years. Cox et al. (2009) have shown that lavaka are indeed
the dominant river sediment source in the central highlands, con-
tributing 84% of themass input. We therefore argue that themajority
of this increased floodplain sedimentation will be lavaka-derived
and can therefore be linked to accelerated lavaka formation in the
catchment. The five to fifteenfold increase in floodplain sedimenta-
tion rates over the past 400 years and current lavaka birth to stabili-
zation ratios between 1.7 and 35 show that the highlands of the Lake
Alaotra region are currently experiencing a rapid and strong increase
in lavaka erosion.
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The onset of accelerated lavaka formation at ca. 1000 cal. BP broadly
coincides with an opening of the landscape and rapid extension of
grasslands between 1300 and 600 cal. BP (Burney, 1987). Within this
time period humans arrived in the area since at least 1000 cal. BP and
perhaps as early as 1600 cal. BP (Douglass et al., 2019) and there likely
was a major island-wide drought around 950 cal. BP (Godfrey et al.,
2019; Hixon et al., 2021; Li et al., 2020; Razanatsoa et al., 2021; Virah-
Sawmy et al., 2010). Furthermore, upon the introduction of cattle be-
tween 1050 and 700 cal. BP, the so-called subsistence shift took place
where peoplemoved fromhunting and foraging to herding and farming
(Godfrey et al., 2019) (Fig. 2). The arrival of humans and their increasing
dependence on cattle likely was the main factor resulting in the ob-
served increase in grasslands. The major drought around 950 cal. BP
may have amplified this trend but seems unlikely to be its main cause:
Madagascar's ecosystems were remarkably resilient to the dry spells
that have characterized the climate throughout the Holocene (Gasse
and Van Campo, 1998; Li et al., 2020). Lyons et al. (2013), on the other
hand, argued for a climatic origin for the formation of large gully sys-
tems (‘donga’) in South Africa, linked to abrupt climatic changes during
the Mediaeval Climate Anomaly (1100–810 cal. BP) and Little Ice Age
(810–210 cal. BP). Their data show that most donga were formed
from 900 cal. BP onwards after a long period of relative landscape stabil-
ity, however, thereby not entirely excluding the possible influence of
pastoralists that entered this landscape ca. 2000 years ago.

While it is not possible to fully disentangle the role of climate and
human activity in the onset of accelerated lavaka erosion around
1000 cal. BP, our results also show that floodplain sedimentation rates
strongly increased from 400 cal. BP onwards. Furthermore, our scenario
analysis indicates that the birth to stabilization ratios that we observed
over the period 1949–2010s are likely limited in time and caused by a
recent increase in environmental pressure over the past few hundred
years (Fig. 6). The accelerating pressure scenario suggests that ca. 50%
of the current lavaka originated within the last 320 years (250 cal. BP),
a timing that falls in between the estimated mean and median ages of
the current lavaka population (410 ± 40 yr and 280 ± 40 yr,
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respectively). During this time, the growing presence of cattle and inter-
related changes in landmanagement and increasing human population
size likely resulted in further deforestation and overgrazing (Klein et al.,
2008), leading to a further reduction of the protective vegetative cover
as reflected in pollen records (Burney, 1987). Additionally, increased
human population size also leads to more build-up infrastructure like
roads and houses and a further densification of (cattle) tracks, which
have also been linked to lavaka formation (Wells and Andriamihaja,
1993). The combination and further intensification of all these factors
likely caused lavaka formation and corresponding floodplain sedimen-
tation to accelerate from ca. 400 cal. BP onwards, resulting in exceed-
ingly high rates over the last two centuries. Again, climatic influences
could potentially have contributed to this recent accelerated lavaka for-
mation: isotopic data indicate a wetting of the climate from ca. 200 cal.
BP onwards (Li et al., 2020) (Fig. 2) which could potentially result in in-
creased lavaka formation due to increased erosive rainfall. However,
similar climatic variations occurred earlier throughout the Holocene
(Fig. 2) without resulting in the recently observed strong increase in
erosion and sedimentation dynamics (Fig. 5).

While the physical mechanisms of lavaka formation and develop-
ment are uncertain, it may be assumed that lavaka formation is tightly
coupled with the state of the vegetation cover that is protecting the
soil against erosion. Gully erosion is a threshold-dependent phenome-
non, where gullies typically initiate when the shear stress of runoff ex-
ceeds the resisting forces (Vanmaercke et al., 2021; Zhao et al., 2016).
These resisting forcesmainly depend on local soil and vegetation condi-
tions: experiments have shown that vegetation cover is a crucial factor
in protecting soil surfaces against gully initiation (Gyssels et al., 2005;
Prosser and Slade, 1994). Both a drying climate and increased grazing
will reduce the amount of protective vegetation, thereby increasing
the vulnerability of the soil for gully initiation. A wetting climate, as
may have occurred over the last two centuries,may result in higher ero-
sive rainfall amounts and runoff rates, thereby further accelerating
lavaka formation in this case as there was no corresponding increase
in vegetative cover due to the increasing grazing pressure and as evi-
denced by the pollen records (Gasse and Van Campo, 1998).

Our analysis shows that lavaka formation rates and floodplain sedi-
mentation have, at least until very recently, steadily increased over time
suggesting that not only the grassland surface area, but also the inten-
sity of grassland use is an important factor in the initiation and growth
of lavaka. The effects of increased lavaka activity should, however, not
necessarily be perceived as negative or irreversible. An explorative
study has shown that lavaka can also offer opportunities for adaptation,
where mature lavaka can be interesting for agricultural activities, pro-
viding possibilities for greater livelihood resilience and food security
at the local scale (Unruh et al., 2010). Since the main trigger is likely
to be a decrease in vegetative cover, adapted land use management
and reforestation, which are generally known gully prevention tech-
niques, might aid in preventing the formation of new lavaka (Frankl
et al., 2021). Often, large scale conservation efforts in other areas were
facilitated by a stable or declining rural population (e.g. Liébault et al.,
2005; Taillefumier and Piégay, 2003). This is unlikely to happen soon
in Madagascar, as current projections indicate that the Malagasy popu-
lationwill continue to grow strongly, with a doubling of its current pop-
ulation by ca. 2050. The majority of this growth is projected to occur in
urban areas (200% growth by 2050). However, rural populations are
predicted to increase considerably as well (ca. 34% in 2050) (The
World Bank, 2020). This poses specific challenges for the development
of environmental management strategies as they will have to reconcile
the need for environmental protection with livelihood protection and
provision for an increasing number of people.

6. Conclusion

Our results indicate that the highlands around Lake Alaotra are
currently strongly out of geomorphic equilibrium. Both the floodplain
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sedimentation and lavaka dynamics data show that major and fast
changes in erosional activity took place over the past 1000 years,
which intensified over the last centuries. The increased lavaka activity
was likely triggered by changes in land management upon the arrival
of humans and the introduction of cattle in the region, resulting in a de-
crease in forest cover and more intense use of grasslands. A drying cli-
mate may have exacerbated these processes. Recent human and cattle
population growth likely contributed to a further reduction of the pro-
tective vegetative cover, resulting in a strongly growing number of
lavaka. Our results shed new light on the importance of increased an-
thropogenic pressure in the occurrence of these ubiquitous erosional
features, thereby helping to settle a long-standing debate with respect
to the impact of humans on lavaka and Madagascar's highlands. While
climatic changes may have contributed to some of the changes ob-
served, our analyses suggest that human impact was a necessary condi-
tion to trigger and amplify the current lavaka expansion phase.

While we provide evidence linking accelerated lavaka dynamics to
increased anthropogenic environmental pressure, the physical mecha-
nisms involved in the formation and growth of lavaka remain uncertain,
as well as the potential adaptive responses of local populations.
Disentangling the roles of these different pressures and mechanisms
and the possibilities for local adaptive practises should be the prime ob-
jective of future research, as it will be key to developing appropriate
landscape management strategies to slow down the current increase
in lavaka and corresponding elevated sedimentation rates.
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