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Abstract

In contrast to the lush eastern rainforest, the
depauperate vegetation in the Central Highlands
of Madagascar has been cast as the unintended
result of anthropogenic disturbances. However,
recent studies have shown that many Malagasy
grasslands predate Holocene human settlement,
and climatic fluctuations spanning the Holocene
may also have contributed to the establishment
and persistence of grasslands. In order to explore
the drivers of vegetation dynamics in the Central
Highlands across space and time, we developed a
model based on the competition-colonization trade-
off that simulates change in the proportion of area
occupied by the three major vegetation categories
which are forest, fire-maintained grassland, and
grazing-maintained grassland under four drivers:
climate, fire, grazing, and deforestation. Complex
dynamics emerge from the model. Most notably,
deforestation could indirectly reduce the proportion
of grazing-maintained grassland. Using a climatic
reconstruction for the last eight thousand vyears,
we found that accelerated drying between ~4000-
3000 BP could have caused an abrupt decline in
forest cover. Interestingly, fire-maintained grassland
gradually increased in proportion even without
human influence. This study suggests that grazing-
maintained grassland, and, by induction, the now-
extinct megaherbivores, might have been historically
rare. Furthermore, deforestation and accelerated

drying could have indirectly precipitated the demise
of megaherbivores by shrinking the extent of
grazing-maintained grassland. These mechanisms
add to the list of factors that potentially drove
the extinction of Madagascar’s megaherbivores.
Mechanistic approaches like the one we present
here are underrepresented compared to traditional
empirical and statistical (correlative) approaches in
paleoecology. Although quantitative inference can
be difficult, mechanistic models can bound what is
theoretically possible. Combining theoretical and
empirical approaches can thus creatively enhance
our understanding of the vegetation history of
Madagascar and paleoecology work in general.
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Résumé détaillé

Contrairement a la forét tropicale de I'Est, la
végétation dépaupérisée des Hauts Plateaux de
Madagascar a été considérée comme le résultat
des activités anthropiques. Par contre, des études
récentes ont montré que les formations herbeuses
datent d’avant l'arrivée de 'Homme sur I'lle. Etant
donné le changement climatique durant I'Holocéne,
les facteurs dominants qui déterminent la dynamique
spatiale et temporelle de la végétation ne sont pas
résolus. Aussi, un modéle basé sur la compétition-
colonisation « frade-off » a été développé. Il simule
la proportion des surfaces occupées par les trois
principales catégories de végétation dans cette
région :
par le feu (FMG : « fire-maintained grassland ») et
la formation herbeuse maintenue par le paturage
(GMG « grazing-maintained grassland »), en
fonction de quatre types de facteurs : la précipitation,
le feu, le paturage et la déforestation. Le modele
assume une hiérarchie a la tolérance a 'ombrage
et a la capacité de capturer la lumiére pour la
photosynthése. La forét est compétitivement
supérieure aux formations herbeuses (FMG et GMG)
et la FMG est compétitivement supérieure a la GMG.
La forét, la FMG et la GMG sont mieux adaptées
respectivement a un climat humide (>1500 mm par
an), intermédiaire (850-1500 mm par an) et sec (400-
850 mm par an). Dans cette étude, les objectifs sont

la forét, la formation herbeuse maintenue
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de : 1) déterminer I'état d’équilibre de la végétation
en fonction des quatre facteurs, 2) évaluer la
dynamique transitoire par rapport a un changement
brusque ou linéaire de 'un des facteurs et 3) illustrer
le changement potentiel de la végétation en fonction
de la précipitation des huit derniers millénaires et des
scénarios de déforestations.

L'exploration des paramétres révele qu’avec
suffisamment de feu et de paturage, les trois types
de végeétations peuvent facilement coexister. Par
contre, le climat joue un réle non-intuitif. Un climat
sec, qui en principe est favorable a la GMG, conduit
a la dominance de la FMG. En effet, ce climat sec
augmente le taux de mortalité des arbres et moins
d’arbres signifient moins de compétition pour la
FMG. La FMG augmente et réduit la GMG qui est
moins compétitive. Par un mécanisme similaire,
la deéforestation a un effet négatif indirect sur la
GMG. Ce mécanisme est analogue a la fameuse
cascade trophique que nous appelons « cascade
horizontale ».

Le second résultat majeur illustre I'importance
des dynamiques transitoires. La végétation ne
répond pas instantanément aux changements de
facteurs externes. Par exemple, un changement
brusque du climat ne se traduit pas automatiquement
par un changement brusque de la végétation. Par
conséquent, un changement brusque ou graduel
d’un facteur externe peut engendrer une trajectoire
semblable de la végétation. Cette dynamique
transitoire, qui peut prendre des siecles, est di au
temps que la végétation prend a s’équilibrer. Ce
résultat est pertinent pour l'interprétation des séries
temporelles en paléoécologie. La synchronie ou
I'absence de synchronie entre les séries temporelles
d’'un facteur externe et de la végétation n’implique
pas forcément une cause a effet ou I'absence de
cause a effet.

Le dernier résultat majeur illustre le potentiel
du modéle pour explorer l'effet du climat de ces
huit derniers millénaires et de la déforestation sur
la végétation des Hauts Plateaux. L'asséchement
accéléré entre ~4000-3000 BP pourrait avoir
provoqué un déclin brusque de la forét. Par
conséquent, les déforestations durant cette période
n’ont probablement pas laissé de traces apparentes
dans les séries temporelles paleoécologiques. Enfin,
dd au climat et méme sans activités anthropiques,
la FMG aurait pu progressivement augmenter en
proportion durant les huit derniers millénaires.

Cette étude établie une fondation théorique
qualitative sur la dynamique de la végétation sur les

Hauts Plateaux malgaches en fonctions du climat, du
feu, du paturage, et de la déforestation. Le manque
de données empiriques, surtout sur le début et
lintensité des activités anthropiques, ne permet pas
de faire une inférence quantitative sur la végétation
durant I'Holocene. Un corollaire de cette étude est
que la GMG, et par induction les mégaherbivores
pourraient avoir été historiquement rares. Le fait
que la déforestation puisse avoir un impact négatif
sur la GMG s’ajoute a la liste des facteurs qui
auraient pu causer l'extinction des mégaherbivores.
L'utilisation de [Il'approche mécaniste est sous-
représentée par rapport a I'approche empirique et
statistique (corrélative) traditionnelle a Madagascar
et en paléoécologie. Sachant que les inférences
quantitatives sont difficiles, les modeles mécanistes
peuvent montrer ce qui est possible. La combinaison
d’approches théoriques et empiriques peut améliorer
de maniére créative notre compréhension de I'histoire
de la végétation de Madagascar et des recherches
en paléoécologie en général.

Mots clés changement abrupt, coexistence,
competition hiérarchique, dynamique transitoire,
Holocéne

Introduction

Ecological communities fluctuate in abundance and
distribution due to the interplay of myriad extrinsic
and intrinsic factors. Extrinsic factors are ubiquitous
drivers of vegetation change (White & Pickett,
1985). These include climatic variability, such as
long-term trends (e.g., the Milankovitch cycle) or
seasonal variability,
as fires and floods, and biotic disturbances, such

abiotic disturbances, such

as insect outbreaks and grazing. More recently,
anthropogenic activities such as habitat destruction
and overexploitation are additional extrinsic factors
that shape vegetation (Millennium Ecosystem
Assessment, 2005). But intrinsic processes such
as competition and predation might also drive
fluctuations, the lynx-hare dynamic (Krebs et al.,
1995) being a famous example, and should not be
ignored. The relative importance of intrinsic and
extrinsic factors in shaping vegetation depends on
the spatial and temporal scales at which a system is
studied (Levin, 1992; Leibold et al., 2004). The issue
of scale partially explains why the dominant driver
shaping the distribution, diversity and abundance
of fauna and flora of the Central Highlands of
Madagascar during the Holocene remains debated
(Crowley et al., 2017; Li et al., 2020).
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The evolution of vegetation in the Central
Highlands of Madagascar has been a subject of debate
for nearly a century (Humbert, 1927; Koechlin et al.,
1974; Vorontsova et al., 2016; Solofondranohatra
et al., 2020; Joseph & Seymour, 2020). Unlike the
lush green forest of the eastern escarpment of the
island, the Central Highlands have little forest cover
(13%) and are dominated by grassland (77%) (Moat
& Smith, 2007). Early observers proposed that the
highlands vegetation was the result of extensive
deforestation by Malagasy communities (Perrier de la
Bathie, 1921; Humbert, 1927). Recent studies paint a
more nuanced conclusion. The presence of charcoal
in the sediments and the remains of large herbivores
indicate that fire and grazing were a natural part of the
system, including prior to human settlement (Burney,
1987; Burney et al., 2003). Furthermore, several
endemic species have traits that are adapted to fire
or grazing (Solofondranohatra et al., 2020). A modern
interpretation is that the landscape of the Central
Highlands of Madagascar resembles that of Africa
and consists of three major vegetation categories:
closed-canopy forest, fire-maintained grassland that
includes grassland and tapia savanna (hereafter
FMG), and grazing-maintained grassland (hereafter
GMG) (Solofondranohatra et al., 2018, 2020, but see
Joseph & Seymour, 2020). Moving beyond the binary
debate concerning Madagascar’s landscape pre- and
post-human arrival, we address the question of how
the proportions of these three vegetation types might
have changed during the Holocene.

Sophisticated approaches to
analyze data are used to infer Quaternary patterns
on Madagascar (Douglass & Zinke, 2015). Fossil
records and archeological artifacts map and date
the distribution of extinct species and ancient
human activities (Grandidier, 1899; Simons et
al., 1990; Crowley, 2010; Douglass et al., 2019).
Pollen, diatoms, spores, and charcoal deposits in
lake sediment cores record fluctuations in species
abundance, herbivore density, and fire activity

collect and

Table 1. Glossary of technical terms.

(Burney, 1987; Gasse & Van Campo, 1998, 2001;
Burney et al., 2003). Oxygen, carbon, and nitrogen
isotopes from corals, stalagmites, and fossils are
increasingly used to reconstruct past climate (Zinke
et al., 2004; Crowley et al., 2017; Voarintsoa et
al.,, 2017; Li et al., 2020). The underlying drivers
of vegetation patterns are generally speculated
or inferred by matching these records with other
synchronous independent records, such as evidence
for the decline of the megafauna following human
arrival on the island (Dewar, 1984). Inferring the effect
of human settlement on vegetation is complicated
because its chronology is still unresolved. Traces of
hunting and foraging activities suggest that humans
were present 2000 years before present (BP), but
the precise nature and extent of potential human
settlement spanning a 9000-year period remain
uncertain (Douglass et al., 2019). Disentangling the
role of humans versus non-anthropogenic processes
therefore becomes challenging (Burney et al.,
2003). Furthermore, these empirical approaches
tend to focus on extrinsic factors. Yet, even the
conspicuous tree collapse during the mid-Holocene
in North America could have been driven by intrinsic
processes and does not need abrupt and sustained
changes in an extrinsic driver (Ramiadantsoa et al.,
2019). A recent model also showed that the steep
eastern escarpment might be a seed dispersal barrier
and thus could prevent westward forest expansion;
this mechanism potentially explains the dominance of
grasslands in the Central Highlands of Madagascar
(Goel et al., 2020). Overall, the role of humans in
shaping Holocene vegetation can be difficult to
infer due to gaps in settlement chronologies and
the underinvestigated role of intrinsic processes in
traditional empirical paleoecological approaches.
However, the use of mechanistic models can provide
complementary and valuable insights.

In this study, we used a simple model to gain
insight into vegetation dynamics in the Central
Highlands of Madagascar during the Holocene. A

Term Definition

References

Disturbance
an ecosystem.
Equilibrium
unperturbed.

Coexistence An equilibrium where each biome* attains a positive abundance.
The behavior of a system when not at an equilibrium state.
A qualitative change in a system’s equilibrium as a parameter is varied.

Transient
Bifurcation

The behavior that a system will eventually exhibit and then retain indefinitely if

Relatively discrete event in time that alters the biotic and/or abiotic components of Ratajczak et al. (2018)

Hastings et al. (2018)

Hardin (1960)
Hastings et al. (2018)
Hastings et al. (2018)

*Coexistence generally refers to species, but we use “biome” in a broader sense throughout to emphasize the generality of the
mechanisms and results. These definitions are modified from the original definitions to fit our context.
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glossary of the terms used in this paper is provided
in Table 1. We explored the interplay between
key extrinsic factors—climate, fire, grazing, and
deforestation—and  intrinsic  factors—life-history
traits and interspecific competition—in shaping the
proportion of area occupied by forest, FMG, and
GMG. We developed a mechanistic model to assess
1) the range of factors allowing the three vegetation
types to coexist, e.g., what range of fire and grazing
regime permits the persistence of FMG and GMG
yet does not lead to forest extirpation; 2) transient
dynamics following a change in a driver variable,
e.g., how long the system takes to equilibrate as tree
mortality increases; and 3) responses to long-term
climatic changes and deforestation. Questions 1 and
2 are theoretical in nature and seek to understand the
behavior of the system. Reconstructed precipitation
patterns are then plugged into the model to address
Question 3. Our goal is not to provide an accurate
reconstruction of the past but to illustrate the
interplay between intrinsic and extrinsic factors and
how ecological theories can be leveraged to answer
paleoecological questions.

Methods

We developed and analyzed a spatially-implicit
model that simulates change in the proportion of
three vegetation categories: forest (closed canopy),
fire-maintained vegetation (savanna and grassland,
FMG), and grazing-maintained grassland (GMG).
The categorization is based on a recently developed
framework that distinguishes vegetation type along a
gradient of fire and grazing disturbances (Archibald
et al., 2019). For simplicity, the model assumes that
FMG and GMG sit at both ends of the trait space, i.e.,
flammable but not palatable to grazers and palatable
but not flammable, respectively. The study area can
be thought of as the ~19 million hectares comprising
the Central Highlands (Humbert, 1955; Figure 1A).
We first provide a general description of the skeleton
of the model, then describe how we add fire and
grazing disturbances, and finally model the effects of
climate and deforestation. The parameterizations and
analyses conducted are presented at the end of this
section.

In our model, the three vegetation types compete
for light with hierarchical tolerance for shading.
Namely, without disturbance, forest displaces FMG
and GMG, and tall FMG outcompetes laterally
spreading GMG (McNaughton, 1984; Mitchard et
al., 2009; Parr et al., 2012; Hempson et al., 2015,
2019). To model the competitive hierarchy, we

used the competition-colonization trade-off model
as a skeleton (Hastings, 1980; Tilman,1994). A
competitively inferior species can persist in the
landscape by constantly colonizing empty locations
due to the death of individuals before a superior
competitor displaces it locally. A poorer competitor
must be a better colonizer, hence the trade-off.
Species coexistence is possible with a careful
balance between colonization and mortality rate. In
this work, we did not fine tune parameters to allow
such coexistence. In fact, coexistence is expected to
be maintained by fire and grazing.

Disturbances

To include fire and grazing, we added terms aimed at
reducing the displacement by superior competitors.
Fire prevents forest from displacing FMG. For
simplicity, we used a parameter f (representing fire
regime) from zero to one to scale the effect of fire—
the proportion of FMG burned. A value of one means
that no displacement by forest is possible because
fire burns all FMG. We assume that fire does not burn
GMG and forest. Likewise, grazing prevents forest
and FMG from displacing GMG. Grazing efficiency is
captured by a parameter g, also ranging from zero to
one. Although the parameters f and g are influenced
by factors such as climate (seasonality and lightning
frequency), fuel, herbivore density, searching
ability and handling time, and the proportion of
other vegetation types, we keep them constant for
simplicity.

These assumptions lead to the following set of
equations

E=CXX(1—X—fY—gZ)—mXX

dy
E=CYY(1—X—Y—gZ)—myY—(1— ey Xy’

% =cZ(1-X—-Y—Z)—mzZ —(1— g)cX+ ¢,Y) Z,
where X, Y, and Z denote the proportion of area
occupied by forest, FMG, and GMG, respectively,
and ¢ and m represent the specific colonization and
mortality rate, respectively. Note that we obtain the
traditional competition-colonization trade-off model
by setting fand g to zero.

Climate and anthropogenic drivers

The establishment of each vegetation type depends
on precipitation (Hempson et al., 2015; Archibald
et al., 2019). Forest establishment increases with
precipitation, FMG prefers intermediate precipitation
to benefit from a balance between sufficient
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productivity for fuel and low moisture for flammability,
and GMG thrives in a dry environment. Although
precipitation affects both colonization and mortality,
in this study, we only let the mortality rate m,, m,,
and m, vary with mean annual precipitation (We also
looked at the effect of precipitation on colonization
parameters ¢ but the results are qualitatively
similar). However, assuming that mortality depends
on precipitation allows the system to change much
faster and thus maximizes variability due to climate.
Finally, we model deforestation by increasing the
value of m,.

Parameterization

We assumed that without competitors, forest can
cover up to 95% of the landscape and will take
about a millennium to go from 10% to 95%. FMG
and GMG can cover up to 98% and takes about a
hundred years to fill that space (FMG and GMG have
the same baseline parameter value). The values are
meant to be plausible and not necessarily accurate.
The baseline colonization and mortality rates were
calculated from the equilibrium and the transient time
which led to the parameters in Table 2.

The mean precipitation  (hereafter,
precipitation for short) considered here varies from
0 to 2500 mm per year. Following Hempson et al.
(2015), we assumed the establishment of GMG and
FMG is maximized between 400 and 850 mm per
year and 850 and 1500 mm per year, respectively.
To construct how establishment varies along such a
gradient, we used the center of these intervals (625
and 1175) as the optimal precipitation level (i.e.,
minimum mortality rate which corresponds to the
baseline parameter above) for the GMG and FMG.
The inverse of a gaussian function was then used
to scale the increase in mortality as precipitation
deviates from the optimal value. For the forest, we
assumed that mortality rate is a monotonic function of
the precipitation and attains the background value at
~1725 mm per year; 1725 mm was chosen to ensure
that the optimal values are equidistant. The change
in mortality due to precipitation used throughout this
manuscript is shown in Figure 1B.

We used an oxygen isotope (6180) record
derived from speleothems and covering the last eight
thousand years to infer trends in past precipitation
(Li et al., 2020). Our simulation thus only spans the
period ca. 0-8,000 yr BP (years Before Present).
First, we interpolated the isotopic data so they can
be used in our continuous time model. Second, we
performed a linear transformation to convert the

annual

580 into mean annual precipitation. In practice,
precipitation = M + V 6180, where M represents
the average precipitation over the period and V is a
scaling parameter to control for variability. We chose
an intermediate value for M = 1175 mm (the optimal
precipitation for fire-maintained vegetation). Likewise,
we chose an intermediate value of V = 300; a lower
V value will smooth the curve whereas a higher
value can increase fluctuation and cause unrealistic
extinction. The precipitation used here is shown in
Figure 1C.

Model analyses

The model aims to answer three questions: 1) how
do climate, fire and grazing disturbances, and
deforestation influence the coexistence of the three
vegetation types? 2) how long does the system
take to equilibrate following a single change in
baseline deforestation and precipitation? 3) how
may vegetation have changed during the last 8000
years given the reconstructed precipitation and a
hypothetical timing and magnitude of anthropogenic
deforestation?

For question 1, we first varied fire regime (f) and
grazing efficiency (g) between zero and one while
assuming no deforestation and keeping precipitation
constant. Second, we varied precipitation between
800 and 1600 mm per year and increased the
deforestation rate from 0 to 200% of the background
mortality rate while keeping fire regime and grazing
efficiency constant (default values in Table 2). For
each parameter combination, we ran the model until
the system reached an equilibrium. For question
2, we considered two scenarios: an abrupt and
sustained change vs. linear change. The magnitude
of the change was the same, but the abrupt change
occurred instantaneously whereas linear change
spanned a thousand years. The system was set at
the equilibrium before the change occurred. For
question 3, we ran the model for the eight-thousand-
year-period using the reconstructed precipitation and
the vegetation responses (Figures 1B & 1C). First, we
considered a default scenario without deforestation,
and then doubled the mortality rate at three different
time points: 4000, 3000, and 2000 years BP.

Given the large degree of freedom and the
uncertainty of the parameters, we did not exhaustively
explore the parameter space. Instead, we picked
values far from bifurcations. We chose a sufficiently
high value of the grazing efficiency to promote the
competitively inferior GMG and a lower value of
fire regime to tone down the effect of fire. Values in



34 Ramiadantsoa & Solofondranohatra: Nontrivial responses of vegetation to compound disturbances

A)

B)

0.010
% 0.008
—
> 0.006 — Forest
‘T 0.004 —
% FMG
< 0.002
1000 1500 2000 2500
PreC|p|tat|on (mm yr~1)
9)
2500
)
S 2000 || |
[ - |
£ 1500
£ 1500] M‘ |
S Ll ]Il | || . ' ‘ ‘ |
= 1000 “’ I “‘ I
2
Qo i
Study area ‘'O 500 | ll' "V v l ||
B Central Highlands nq‘:,
6 100 200 300km 8000 6000 4000 2000 0
[ — Time BP (yr)

Figure 1. A) Map of Madagascar and the study area. The underlying assumptions used in the model are shown in B) as
the change in mortality rate as a function of mean annual precipitation, and C) hypothetical mean annual precipitation
(Data from Li et al., 2020, see Methods for details). The gray, magenta, and cyan horizontal lines represent the optimal
precipitation (i.e., minimizes mortality rate) for forest, FMG (fire-maintained grassland), and GMG (grazing-maintained
grassland), respectively. The shaded area highlights a millennium scale dry period.

Table 2 are based on retrospective analyses and
picked to exhibit intermediate scenarios. All the
simulations were done in Mathematica (Wolfram
Research, 2019) and the code is available on the
GitHub repository: (https://github.com/ramiadantsoa/
grassland_holocene).

Table 2. Parameter definition and values.

Notation Definition Value
X Proportion of area
occupied by forest
Y Proportion of area
occupied by FMG
V4 Proportion of area
occupied by GMG
c Baseline colonization {0.01, 0.05, 0.05}

rate, type-specific

m Background mortality {0.0005, 0.001, 0.001}
rate, type-specific

f Proportion of FMG 0.825
burned (fire regime)

g Proportion of GMG 0.975

grazed (grazing)

Results
Coexistence as a function of fire, grazing,
climate, and deforestation (question 1)

At high precipitation (i.e., favorable for forest), GMG
did not persist regardless of the grazing efficiency
(Figure 2A). FMG persisted and coexisted with forest
when fire regime exceeded a threshold f ~ 0.875,
and coexistence was lost when fire regime exceeded
~ 0.975 as forest no longer persisted (Figure 2A).

At intermediate precipitation (i.e., favorable for
FMG), any scenario is possible (Figure 2B). A wide
range of parameter values allowed all vegetation
types to coexist. As fire regime increased, higher
grazing efficiency was needed to maintain GMG.
Interestingly, at low fire regime (f < 0.82), increase
in grazing efficiency promoted the coexistence of
all three categories. For instance, at f = 0.75, the
vegetation went from forest (g < 0.85), to forest and
GMG (0.85 < g < 0.93), to forest, GMG, and FMG
(g > 0.93). With low grazing efficiency and low fire
regime, forest competitively excluded the grasses
and at high fire regime only FMG persisted.
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At low precipitation (i.e., favorable for GMG), the
coexistence of all three categories was still possible
but the range of parameter values (f and g) permitting
coexistence was much smaller (Figure 2C). Most
notably, unlike above, the coexistence of forest and
GMG without the FMG was no longer possible. At
maximal grazing efficiency, GMG outcompeted the
other types. Although the climate was by assumption
favorable for the GMG, and all else equal, most of
the parameter regions were dominated by forest and
FMG.

The roles of precipitation and deforestation in
shaping the proportion of each vegetation category
are shown in Figure 3. Drying and deforestation
decreased the proportion of forest and increased the
proportion of FMG (Figures 3A & 3B). A moderate
increase in deforestation barely altered the proportion
of forest.

The response of GMG was not trivial (Figure 3C).

of GMG. In addition, GMG responded in a non-
monotonic way to drying, GMG initially increased but
started to decline when precipitation fell below ~1000
mm per year. This reiterates the results above that
drying does not necessarily benefit GMG.

Transient response to a driver change (question
2)

The response of the vegetation following a doubling
of tree mortality or a decrease of 500 mm per year
in precipitation was slow (Figure 4). As expected,
an abrupt change in the driver triggered a faster
response than a linear change (solid vs. dashed
lines in Figure 4). However, the responses to two
types of changes were qualitatively similar and
differences small. Most importantly, these trajectories
greatly differed from the real equilibrium even after a

Increasing deforestation also reduced the proportion millennium.
Precipitation
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Figure 2. Stable coexistence of the three vegetation categories as a function of fire regime (x-axis) and grazing efficiency
(y-axis). The precipitation levels are chosen so that mortality is minimal for each vegetation category (see Figures
1B& 1C). The Venn diagram codes which categories coexist. X, Y, Z denotes forest, FMG, and GMG, respectively.
Precipitation does not vary within each panel. Other parameters are indicated in Table 2.
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Figure 3. Relative abundance of each vegetation category at equilibrium as a function of the deforestation rate (x-axis)
and change in mean annual precipitation (y-axis). The white area means that the vegetation type cannot persist. Left,
center, and right panels denote forest, FMG (fire-maintained grassland), and GMG (grazing-maintained grassland),
respectively. Other parameters are indicated in Table 2.
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Figure 4. Examples of transient dynamics following changes in the drivers. The system is at equilibrium before the
change occurs at t = 200 (dotted vertical line). Continuous and dashed lines show the change in proportion due to
abrupt and gradual change in the parameters, respectively. The gradual change is set such that the parameter values
are the same at t = 1200. The dots show the equilibrium state of each category. Left panel represents an increase
of 80% in background mortality due to deforestation. Right panel represents a reduction of 525 mm of mean annual
precipitation (default 1175 mm per year). FMG: fire-maintained grassland, GMG: grazing-maintained grassland. Other

parameters are indicated in Table 2.

Vegetation scenarios with reconstructed

climate and deforestation (question 3)

The vegetation dynamic was much smoother
compared to the variability of the precipitation (Figure
5Avs. Figure 1C). Episodes of extremely low and high
precipitation were barely noticeable in the vegetation
time series. However, the extensive drying, both
in magnitude and duration, between ~4000-2700
years BP was identified in the vegetation time series.
That millennial period triggered a noticeable change
in the vegetation: a rapid collapse of forest and an
expansion of GMG. After that period, forest increased
again, and GMG declined. Interestingly, even without
anthropogenic activities, FMG gradually increased,
possibly tracking the overall decline in precipitation
during the last 8000 years (Figure 5A).

Without knowledge of the baseline scenario
(Figure 5A), the effect of deforestation was not
conspicuous. Deforestation starting around 4000
years BP would roughly coincide with the rapid drying
(Figure 5B). Deforestation starting during the dry
period ~3000 years BP was barely noticeable (Figure
5C). Finally, deforestation starting 2000 years BP
almost had no signal. The conspicuous difference
among the scenarios was however reflected in
the present proportion, the earlier the onset of
deforestation, the lower the proportion of forest at
present time.
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Figure 5. Change in the vegetation given climate scenario in
Figure 1C and three timings of deforestation (dashed vertical
lines). A) Top panel shows a baseline scenario without
deforestation. B-D) panels depict scenarios where additional
mortality (an increase by 100% compared to the baseline)
was due to deforestation at 4000, 3000, and 2000 years BP,
respectively. The shaded area highlights a millennium scale
dry period. FMG: fire-maintained grassland, GMG: grazing-
maintained grassland. Parameters are indicated in Table 2.
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Discussion

In this work, we developed a mechanistic model to
explore how the vegetation in the Central Highlands
of Madagascar might have changed during the
last eight thousand years. Our goal was not to
reconstruct the vegetation per se but to illustrate the
interplay between extrinsic and intrinsic factors. We
found that by considering interspecific competition,
deforestation may cause an indirect decline in the
extent of grazing-maintained grassland, and drying
does not
grassland. More work is needed to assess how
pervasive these phenomena are, but our results
underscore the importance of mechanistic models
for revealing unintuitive phenomena. In addition, long
transient dynamics caused a mismatch between the
shifting variable (e.g., climate or deforestation) and
the observed vegetation. Transient dynamics created
a lag and could mask the effect of an abrupt change
in a driver variable. For instance, the system has
not yet stabilized after a thousand years (Figure 4).
As a corollary, interpreting synchronous changes in
extrinsic variables as causes of vegetation changes
can be misleading.

Numerous models have investigated the role
of fire-vegetation feedbacks to understand the
coexistence of forest-savanna-grassland (Higgins
et al., 2000; Staver et al., 2011; Ratajczak et al.,
2017). Here, we introduced a mechanistic model to
explore the relative importance of fire and grazing
in maintaining three vegetation types. Forest, fire-
maintained grassland, and grazing-maintained
grassland stably coexisted as long as disturbance
regimes were sufficiently high, and grazer efficiency
(9) had to be higher than fire regime (f) to maintain
the grazing-maintained grassland. Essentially, the
disturbance regimes act as equalizing mechanisms
reducing competitive exclusion due to asymmetric
competitive ability (Chesson, 2000). A novel result
is that higher grazing efficiency could benefit fire-
maintained grassland and promote the coexistence
of all vegetation types. Increasing grazing efficiency
increased the proportion of area occupied by grazing-
maintained grassland and thus decreased that of
forest. But a decrease in forest also benefited its most
immediate competitor: fire-maintained grassland.
When the proportion of forest was sufficiently
reduced, fire-maintained grassland eventually
persisted. The same mechanism explains why
deforestation and drying, i.e., elevating the mortality
of forest, might disadvantage grazing-maintained

necessarily favor grazing-maintained

grassland. Although these results seem paradoxical,
similar indirect effects have been shown before when
species interactions are strong. For example, the
“‘enemy of my enemy” hypothesis allows the weaker
competitors (savanna and grasses) to team up and
prevent exclusion by forest (Ratajczak et al., 2017).
Trophic cascades, where change at one trophic level
ripples through other trophic levels, is another classic
example (Pace et al., 1999). Whether the “horizontal
cascade” simulated here occurs in reality remains to
be tested.

Although equilibrium is a fundamental concept,
an ecological system might never be at equilibrium
(Hastings et al., 2018). Instead, most systems track
fluctuating environmental conditions (e.g., climate).
The mismatch between the equilibrium state and
the current state is due to transient dynamics. This
mainly happens when the rate at which a system
approaches an equilibrium is much slower than the
rate at which the driver variable is changing. With
vegetation types with long life-spans, long transient
dynamic could be the rule rather than the exception.
Transient dynamic is a well-known phenomenon
called disequilibrium state in paleoecology (Davis,
1984; Svenning & Sandel, 2013). We illustrated
here how observed system states can be far from
the real equilibrium quantitatively and qualitatively
(Figure 4). For instance, in the right panel of Figure 4,
grazing-maintained grassland became the dominant
vegetation type after a drying phase, yet if conditions
remain the same, grazing-maintained grassland
would be the rarest vegetation (cyan dot in the same
panel). Furthermore, forest-grassland models have
been shown to exhibit cyclic dynamics caused by
intrinsic processes (Staver & Levin, 2012) and these
fluctuations mean that an observed state does not
necessarily reflect the environmental conditions that
generated it. A final consequence of the transient
dynamic is that abrupt change in a driver does not
necessarily manifest itself as an abrupt change in
the response. Overall, these results caution against
interpreting synchronous patterns or lack thereof
in driver and response variables as evidence or
absence of causal effects (Ratajczak et al., 2018).

A few theoretical insights and expectations
arise from this study. First, the millennial drought
between 4000-2700 years BP most likely triggered a
rapid change in vegetation, which should be clearly
detectable in paleoecological records. The rapid
drying should have caused extensive and rapid tree
death. Teasing apart the role of natural death and
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deforestation in causing a decline in flux or proportion
of pollen during that period might be challenging,
as land use practices of human communities that
may have been on Madagascar at this time remain
unknown (Douglass et al., 2019).

Second, in our simulation the proportion of fire-
maintained grassland gradually increased for the
past eight thousand years even without widespread
evidence of human activities. In our model, this
increase is driven by forest contraction tracking a
long term and gradual decrease in mean annual
precipitation. Although flammability is contingent
on favorable climatic conditions such as extended
seasonal drought and lightning strikes,
first order approximation, the expansion of fire-
maintained grassland most likely favored non-
anthropogenic fires. This result suggests that
separating anthropogenic and natural burning might
also be difficult just by looking at reconstructed time
series especially during the last two thousand years.
The non-anthropogenic increase in fire-maintained
grassland, and thus fire, could partially explain the
difficulty other researchers have encountered in
teasing apart anthropogenic and non-anthropogenic
burning (Burney et al., 2003).

Finally, the inferior  grazing-
maintained grassland might have been naturally rare
(it currently covers less than 5% of the vegetation,
Solofondranohatra et al., 2020). This implies that
independent of the impact of human pressures,
megaherbivores might have been less abundant
on Madagascar prior to their decline than we might
otherwise assume. Their habitat could have further
shrunk from gradual drying and deforestation
making them even more vulnerable to novel human
pressures. With small initial population sizes, hunting
and the introduction of domesticates (Burney et al.,
2004; Rakotozafy, 2012; Hixon et al., 2021), along
with drying and deforestation (herein), the deck was
most likely stacked against the survival of endemic
megaherbivores.

This work purposefully avoided inferring past
vegetation of Madagascar or comparing the results
with empirical patterns. Our simple four-parameter
model cannot capture the entire complexity of
a system. Instead, the results illustrate general
concepts such as coexistence and
dynamics. Unlike traditional disturbance models
(Staver & Levin, 2012), the model did not exhibit
alternative stable states. That choice was made
to simplify the model and its analyses. Additional

as a

competitively

transient

nonlinearity could have been added (e.g., feedback
between vegetation abundance, fire regime and
grazing efficiency) but that would increase the
number of stable equilibria. Alternative stable states
imply that the dynamic would also depend on the
initial proportion of each vegetation type, yet that is
one of the main unresolved questions. Our mean-
field model is spatially homogeneous, yet dispersal
and spatial variability also matter. A recent study for
instance showed that topographic features could have
limited forest expansion from the eastern escarpment
of Madagascar and sustained the dominance of
grassland in the Central Highlands (Goel et al., 2020).
Finally, we did not separate anthropogenic and non-
anthropogenic fire and grazing, in order to simplify
the analyses, but also due to large uncertainties
about these values. Instead, we focused on climate
and hypothetical deforestation as an example of
how anthropogenic activities might affect vegetation
dynamics. Adding realism to the model and actual
inference of past vegetation is beyond the scope of
this study but will be the subject of future studies.
While acknowledging the limitations of our study and
also the multitude of assumptions that can be added,
we posit that simple mechanistic models such as
the one we have presented can reveal interesting
system behavior and should be more widely used in
paleoecology.

Conclusion

We used a simple model to simulate changes in
the proportion of three major vegetation categories,
namely, forest, fire-maintained grassland, and
grazing-maintained vegetation under four types of
drivers: climate, fire, grazing, and deforestation.
The model provided qualitative insights into the
coexistence of the vegetation types and their
responses to changes
Refining the model, e.g., empirical estimates of
the parameter values, can generate quantitative
hypotheses on how human settlements might have
transformed the fauna and flora of the Central
Highlands of Madagascar. In contrast to empirical
approaches commonly used in paleoecology and
archaeology, where uncertainties are present at each
step of the process (from deposition to lab analyses),
the approach taken here is deliberately simplified.
Combining empirical and modeling approaches can
be a powerful way to advance our understanding of
the evolution of vegetation on Madagascar and in
paleoecology in general.

in extrinsic processes.



Ramiadantsoa & Solofondranohatra: Nontrivial responses of vegetation to compound disturbances 39

Acknowledgments

We thank Kristina Douglass, Laurie Godfrey, and
David Burney for the invitation to contribute to this
special issue; Kristina Douglass, Dani Buffa, Olo Be
Taloha Lab, and Leanne Phelps for useful discussion
and pointing at key papers; Monica G. Turner and
John (Jack) Williams for discussions and support; and
James Herrera for helpful comments. We also thank
anonymous reviewers. This work was supported by
the Ecologists in Africa grant (grant no. EA20/1675,
2020) from the British Ecological Society. This paper
is dedicated to the memory of Clément Ramiadana.

References

Archibald, S., Hempson, G. P. & Lehmann, C. E. 2019. A
unified framework for plant life-history strategies shaped
by fire and herbivory. New Phytologist, 224: 1490-1503.

Burney, D. A. 1987. Late Holocene vegetational change
in central Madagascar. Quaternary Research, 28: 130-
143.

Burney, D. A., Robinson, G. S. & Burney, L. P. 2003.
Sporormiella and the late Holocene extinctions in
Madagascar. Proceedings of the National Academy of
Sciences of the USA, 100: 10800-10805.

Burney, D. A., Burney, L. P, Godfrey, L. R., Jungers, W.
L., Goodman, S. M., Wright, H. T. & Jull, A. T. 2004. A
chronology for late prehistoric Madagascar. Journal of
Human Evolution, 47: 25-63.

Chesson, P. 2000. Mechanisms of maintenance of species
diversity. Annual Review of Ecology and Systematics,
31: 343-366.

Crowley, B. E. 2010. A refined chronology of
prehistoric Madagascar and the demise of the
megafauna. Quaternary Science Reviews, 29 (19-20):
2591-2603.

Crowley, B. E., Godfrey, L. R., Bankoff, R. J., Perry, G.
H., Culleton, B. J., Kennett, D. J., Sutherland, M. R.,
Samonds, K. E. & Burney, D. A. 2017. Island-wide
aridity did not trigger recent megafaunal extinctions in
Madagascar. Ecography, 40: 901-912.

Davis, M. B. 1984. Climatic instability, time lags, and
community disequilibrium. In Community Ecology, eds.
J. Diamond & T. J. Case, pp. 269-287. Harper and Row,
New York.

Dewar, R. E. 1984. Recent extinctions in Madagascar: The
loss of the subfossil fauna. In Quaternary extinctions: A
prehistoric revolution, eds. P. S. Martin & R. G. Klein,
pp. 574-593. University of Arizona Press, Tucson.

Dewar, R. E., Radimilahy, C., Wright, H. T., Jacobs, Z.,
Kelly, G. O. & Berna, F. 2013. Stone tools and foraging
in northern Madagascar challenge Holocene extinction
models. Proceedings of the National Academy of
Sciences of the USA, 110: 12583-12588.

Douglass, K. & Zinke, J. 2015. Forging ahead by land and
by sea: Archaeology and paleoclimate reconstruction

in Madagascar. African Archaeological Review, 32 (2):
267-299.

Douglass, K., Hixon, S., Wright, H. T., Godfrey, L. R.,
Crowley, B. E., Manjakahery, B., Rasolondrainy, T,
Crossland, Z. & Radimilahy, C. 2019. A critical review
of radiocarbon dates clarifies the human settlement
of Madagascar. Quaternary Science Reviews, 221:
105878.

Gasse, F. & Van Campo, E. 1998. A 40,000-yr pollen and
diatom record from Lake Tritrivakely, Madagascar, in the
southern tropics. Quaternary Research, 49: 299-311.

Gasse, F. & Van Campo, E. 2001. Late Quaternary
environmental changes from a pollen and diatom record
in the southern tropics (Lake Tritrivakely, Madagascar).
Palaeogeography, Palaeoclimatology, Palaeoecology,
167: 287-308.

Grandidier, G. 1899. Description d’'ossements de Iémuriens
disparus. Bulletin du Muséum national d’Histoire
naturelle, Paris, 5: 344-348.

Goel, N., Van Vleck, E., Aleman, J. C. & Staver, A. C.
2020. Dispersal limitation and fire feedbacks maintain
mesic savannas in Madagascar. Ecology, 101 (12):
e03177.

Hardin, G. 1960. The competitive
principle. Science, 131 (3409): 1292-1297.

Hastings, A. 1980. Disturbance, coexistence, history,
and competition for space. Theoretical Population
Biology, 18: 363-373.

Hastings, A., Abbott, K. C., Cuddington, K., Francis,
T., Gellner, G., Lai, Y. C., Morokov, A., Petrovskii,
D. & Zeeman, M. L. 2018. Transient phenomena in
ecology. Science, 361 (6406): eaat6412.

Hempson, G. P., Archibald, S., Bond, W. J., Ellis, R. P.,
Grant, C. C., Kruger, F. J., Kruger, L. M., Moxley,
C., Owen-Smith, N., Peel, M. J. S., Smit, I. P. J. &
Vickers, K. J. 2015. Ecology of grazing lawns in Africa.
Biological Reviews, 90: 979-994.

Hempson, G. P., Archibald, S., Donaldson, J. E. &
Lehmann, C. E. 2019. Alternate grassy ecosystem
states are determined by palatability-flammability trade-
offs. Trends in Ecology & Evolution, 34: 286-290.

Higgins, S. I, Bond, W. J. & Trollope, W. S. 2000. Fire,
resprouting and variability: A recipe for grass-tree
coexistence in savanna. Journal of Ecology, 88: 213-
229.

Hixon, S., Douglass, K., Crowley, B. E., Rakotozafy,
L. M. A, Clark, G., Anderson, A., Haberle, S.,
Ranaivoarisoa, J. F., Buckley, M., Fidiarisoa, S.,
Mbola, B. & Kennett, D. J. 2021. Late Holocene spread
of pastoralism coincides with endemic megafaunal
extinction in Madagascar. Proceedings of the Royal
Society B, 288: 20211204.

Humbert, H. 1927. Destruction d’'une flore insulaire par le

feu : principaux aspects de la végétation a Madagascar.
Mémoires de '’Académie Malgache, 5: 1-80.

exclusion

Humbert, H. 1955. Les territoires phytogéographiques de
Madagascar. Année Biologique, série 3, 31: 439-448.

Joseph, G. S. & Seymour, C. L. 2020. Madagascan
highlands: Originally woodland and forest containing
endemic grasses, not grazing-adapted grassland.
Proceedings of the Royal Society B: Biological
Sciences, 287: 20201956.



40 Ramiadantsoa & Solofondranohatra: Nontrivial responses of vegetation to compound disturbances

Koechlin, J., Guillaumet, J.-L. & Morat, P. 1974. Flore et
végétation de Madagascar. J. Cramer, Vaduz.

Krebs, C. J., Boutin, S., Boonstra, R., Sinclair, A.
R. E., Smith, J. N. M., Dale, M. R. T., Martin, K. &
Turkington, R. 1995. Impact of food and predation on
the snowshoe hare cycle. Science, 269: 1112-1115.

Leibold, M. A., Holyoak, M., Mouquet, N., Amarasekare,
P., Chase, J. M., Hoopes, M. F., Holt, R. D., Shurin,
J. B., Law, R., Tilman, D., Loreau, M. & Gonzalez,
A. 2004. The metacommunity concept: A framework
for multi-scale community ecology. Ecology Letters, 7:
601-613.

Levin, S. A. 1992. The problem of pattern and scale in
ecology: The Robert H. MacArthur award lecture.
Ecology, 73: 1943-1967.

Li, H., Sinha, A., André, A. A., Spétl, C., Vonhof, H. B.,
Meunier, A., Kathayat, G., Duan, P., Voarintsoa, N. R.
G., Ning, Y., Biswas, J., Hu, P, Li, X., Sha, L., Zhao,
J., Edwards, R. L. & Cheng, H. 2020. A multimillennial
climatic context for the megafaunal extinctions
in Madagascar and Mascarene Islands. Science
Advances, 6: eabb2459.

McNaughton, S. J. 1984. Grazing lawns: Animals in herds,
plant form, and coevolution. The American Naturalist,
124: 863-886.

Millennium Ecosystem Assessment. 2005. Ecosystems
and human well-being: Current state and trends. Island
Press, Washington, D.C.

Mitchard, E. T. A., Saatchi, S. S., Gerard, F. F., Lewis,
S. L. & Meir, P. 2009. Measuring woody encroachment
along a forest-savanna boundary in Central Africa.
Earth Interact, 13: 1-29.

Moat, J. & Smith, P. 2007. Atlas of the Vegetation of
Madagascar. Royal Botanic Gardens, Kew.

Pace, M. L., Cole, J. J., Carpenter, S. R. & Kitchell,
J. F. 1999. Trophic cascades revealed in diverse
ecosystems. Trends in Ecology & Evolution, 14: 483-
488.

Parr, C. L., Gray, E. F. & Bond, W. J. 2012. Cascading
biodiversity and functional consequences of a
global change induced biome switch. Diversity and
Distributions, 18: 493-503.

Perrier de la Bathie, H. 1921. La végétation malgache.
Annales du Musée Colonial de Marseille, 9: 1-266.

Rakotozafy, L. M. A. 2012. Essai d’établissement de
I'histoire naturelle des beeufs a Madagascar. Taloha, 20.

Ramiadantsoa, T., Stegner, M. A., Williams, J. W. & Ives,
A. R. 2019. The potential role of intrinsic processes in
generating abrupt and quasi-synchronous tree declines
during the Holocene. Ecology, 100: e02579.

Ratajczak, Z., D’odorico, P. & Yu, K. 2017. The enemy of
my enemy hypothesis: Why coexisting with grasses may
be an adaptive strategy for savanna trees. Ecosystems,
20: 1278-1295.

Ratajczak, Z., Carpenter, S. R., Ives, A. R., Kucharik,
C. J., Ramiadantsoa, T., Stegner, M. A., Williams, J.
W., Zhang, J. & Turner, M. G. 2018. Abrupt change in

ecological systems: Inference and diagnosis. Trends in
Ecology & Evolution, 33: 513-526.

Simons, E. L. Godfreyy, L. R. Vuillaume-
Randriamanantena, M., Chatrath, P. S. & Gagnon,
M. 1990. Discovery of new giant subfossil lemurs in the
Ankarana Mountains of Northern Madagascar. Journal
of Human Evolution, 19: 311-319.

Solofondranohatra, C. L., Vorontsova, M. S., Hackel,
J., Besnard, G., Cable, S., Williams, J., Jeannoda,
V. & Lehmann, C. E. 2018. Grass functional traits
differentiate forest and savanna in the Madagascar
Central Highlands. Frontiers in Ecology and Evolution,
6: 184.

Solofondranohatra, C. L., Vorontsova, M. S., Hempson,
G. P., Hackel, J., Cable, S., Jeannoda, V. & Lehmann,
C. E. 2020. Fire and grazing determined grasslands of
central Madagascar represent ancient assemblages.
Proceedings of the Royal Society B: Biological
Sciences, 287: 20200598.

Staver, A. C. & Levin, S. A. 2012. Integrating theoretical

climate and fire effects on savanna and forest systems.
The American Naturalist, 180: 211-224.

Staver, A. C., Archibald, S. & Levin, S. 2011. Tree cover
in subJSaharan Africa: Rainfall and fire constrain forest
and savanna as alternative stable states. Ecology, 92:
1063-1072.

Svenning, J. C. & Sandel, B. 2013. Disequilibrium
vegetation dynamics under future climate change.
American Journal of Botany, 100: 1266-1286.

Tilman, D. 1994. Competition and biodiversity in spatially
structured habitats. Ecology, 75: 2-16.

Voarintsoa, N. R. G., Railsback, L. B., Brook, G. A,,
Wang, L., Kathayat, G., Cheng, H., Li, X., Edwards,
R. L., Rakotondrazafy, A. F. M. & Razanatseheno,
M. O. M. 2017. Three distinct Holocene intervals of
stalagmite deposition and nondeposition revealed in
NW Madagascar, and their paleoclimate implications.
Climate of the Past, 13: 1771.

Vorontsova, M. S., Besnard, G., Forest, F., Malakasi, P.,
Moat, J., Clayton, W. D., Ficinski, P., Savva, G. M.,
Nanjarisoa, O. P., Razanatsoa, J., Randriatsara, F. O.,
Kimeu, J. M., Luke, W. R., Q., Kayombo, C. & Linder,
H. P. 2016. Madagascar’s grasses and grasslands:
Anthropogenic or natural? Proceedings of the Royal
Society B: Biological Sciences, 283: 20152262.

White, P. S. & Pickett, S. T. A. 1985. Natural disturbance
and patch dynamics: An introduction. In The ecology of
natural disturbance and patch dynamics, eds. S. T. A.
Pickett & P. S. White, pp. 3-13. Academic Press, New
York.

Wolfram Research, Inc. 2019. Mathematica, version 12.0.
Wolfram Research, Inc., Champaign.

Zinke, J., Dullo, W. C., Heiss, G. A. & Eisenhauer, A.
2004. ENSO and Indian Ocean subtropical dipole
variability is recorded in a coral record off southwest
Madagascar for the period 1659 to 1995. Earth and
Planetary Science Letters, 228: 177-194.



