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Abstract. Multiple states of woody cover under similar cli-
mate conditions are found in both conceptual models and
observations. Due to the limitation of the observed woody
cover data set, it is unclear whether the observed bimodal-
ity is caused by the presence of multiple stable states or
is due to dynamic growth processes of vegetation. In this
study, we combine a woody cover data set with an above-
ground biomass data set to investigate the simultaneous oc-
currences of savanna and forest states under the same pre-
cipitation forcing. To interpret the results we use a recently
developed vegetation dynamics model (the Balanced Opti-
mality Structure Vegetation Model), in which the effect of
fires is included. Our results show that bimodality also exists
in aboveground biomass and retrieved vegetation structure.
In addition, the observed savanna distribution can be under-
stood as derived from a stable state and a slightly drifting
(transient) state, the latter having the potential to shift to the
forest state. Finally, the results indicate that vegetation struc-
ture (horizontal vs. vertical leaf extent) is a crucial compo-
nent for the existence of bimodality.

1 Introduction

Results from numerous conceptual models have demon-
strated the possible existence of multiple stable states, cor-
responding to savanna and forest states, in tropical terres-
trial ecosystems (Scheffer et al., 2001; Rietkerk et al., 2004;
Murphy and Bowman, 2012). The simulated savanna and for-
est states appear to be stable as they have a recovery ability
in these models when perturbed. To investigate the presence

of multiple stable states in observations,Hirota et al.(2011)
andStaver et al.(2011b) used the vegetation continuous frac-
tion (VCF) product from MODIS (MOD44B) (Hansen et al.,
2003). In the density distribution of woody cover in tropi-
cal regions, two peaks could be distinguished. One of these
peaks, in the 10–50 % density range, was identified as the sa-
vanna state and the other, in the 60–80 % density range, as
the forest state.

Values of woody cover near stable states indeed have
a higher probability to appear in the observed wood cover
database (Van Nes et al., 2012). However, the relation be-
tween the observed density distribution and the presence of
multiple stable states is complicated by the presence of tran-
sient growth processes, in particular those with a timescale
extending the length of the data set. Bimodality of observed
woody cover can also be caused by logistic growth rates that
are randomly distributed over all age classes. A similar phe-
nomenon is the observed bimodality of soil moisture, which
is thought to be caused by the seasonal forcing, and not the
soil moisture–precipitation feedback (Teuling et al., 2005).
Determining whether multiple states are the correct interpre-
tation of the observed density distribution of woody cover is
crucial to the prediction of critical transitions (Scheffer et al.,
2009).

In this paper, we revisit the issue of bimodality in tropical
terrestrial ecosystems and focus on the effects of transient
processes on the peaks in the density distribution of woody
cover. The MODIS woody cover database is not sufficient to
detect transient growth processes because one cannot retrieve
vegetation developmental age from it. Even though woody
cover increases with vegetation age, it is also significantly
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influenced by spatial structures of vegetation (Archibald and
Bond, 2003; Yin et al., 2014). To distinguish transient growth
processes from stable equilibria, we use an additional and in-
dependent data set, the aboveground biomass (B) data set
(Baccini et al., 2008). By combining the observedB and
woody cover data, we are able to retrieve the vegetation
structure and derive an estimation of the development change
in the stage of the woody cover.

In addition to this data analysis, we also consider the
role of transient processes on the vegetation density in the
recently developed Balanced Optimality Structure Vegeta-
tion Model (BOSVM,Yin et al., 2014). This surface water–
carbon–energy balanced model was developed by integrat-
ing several existing parametrizations from widely used mod-
els (TESSEL,van den Hurk et al., 2000; TRIFFID, Cox,
2001; LPJ,Sitch et al., 2003; CLM, Oleson et al., 2004and
CHTESSEL,Boussetta et al., 2013). BOSVM is able to sim-
ulate vegetation dynamics with different spatial structures.
Moreover, it includes the interaction between vegetation and
soil water, which is one of the key drivers of the bimodality
(Rietkerk et al., 2002). By using the BOSVM, we found that
under water-stressed conditions, vegetation-soil water inter-
actions can lead to either vegetation patches (savanna) or
fully covered states (forest), which is determined by vege-
tation structure (Yin et al., 2014).

The new element in BOSVM introduced here is the pro-
cess of fire, which is considered as another important driver
to the bimodality (Archibald et al., 2009; Hirota et al., 2011;
Staver et al., 2011b; Mayer and Khalyani, 2011). A positive
feedback of fire maintains the savanna system in areas where
forest can survive (Cochrane et al., 1999; Bucini and Hanan,
2007). It reduces the forest cover and promotes grass exten-
sion, which in turn increases fire occurrence and intensity.
Using this new version of BOSVM, we calculate the above-
ground biomass and woody cover for each specific vegetation
structure under a given climate (precipitation) regime.

The structure of the paper is as follows. After the presen-
tation of the data sets and the BOSVM in Sect.2, we analyze
the MODIS woody cover and aboveground biomass data sets
in Sect.3. In this section, the BOSVM results will also be
presented and compared to the observations. The sensitivity
of bimodality in the model results to several crucial factors
(e.g., vegetation structure, fire return interval and decompo-
sition time due to litter) is also addressed. A summary and
discussion of the results is provided in Sect.4 and we con-
clude in Sect.5.

2 Data, model and methods

We are studying a mixed vegetation type where savanna and
forest may coexist. The probability density function (PDF)
of the observed woody cover (F ) and aboveground biomass
(B) data can reflect whether bimodality exists. In Sect.2.1,
we introduce the data sets that we use in this study and the

methods of data processing. The BOSVM model is shortly
described in Sect.2.2 with focus on the implementation of
fire processes. Finally, in Sect.2.3, the bimodality test used
for both the observations and model results is described.

2.1 Data sets

In this work, data sets of woody cover (F ), aboveground
biomass (B) and mean annual precipitation (P ) are used (see
Table1). Our study area is the region [20◦ W, 30◦ E] × [5◦ S,
12◦ N], where the three data sets overlap. Note that in this re-
gion, theP is larger than 800 mm yr−1, which enables forest
states to survive (Sankaran et al., 2005; Yin et al., 2014).

The woody cover production (MOD44B,Hansen et al.,
2003) is retrieved from seven bands of the Moderate res-
olution Imaging Spectroradiometer (MODIS) between Oc-
tober 2000 and December 2001 by using a regression tree
algorithm developed byHansen et al.(2002). The spa-
tial resolution is 500 m. TheB data set (averaged between
2000 and 2003) is produced by Woods Hole Research Cen-
ter (Baccini et al., 2008). Nadir Bidirectional reflectance
distribution function Adjusted Reflectances (NBAR) from
MODIS and field measurements are used for woody plants
classification andB estimation. The result is validated by li-
dar measurement from the Geoscience Laser Altimeter Sys-
tem (GLAS). The spatial resolution is 1 km. The unit ofB

is Mg biomass ha−1 and one unit is equal to half a unit of
Mg C ha−1 (www.whrc.org). The P data we used are from
the AMMA Land Surface Model Intercomparison Project
(ALMIP). This database provides 6 years (from 2002 to
2007) 3-hourly modeled forcing variables, including air tem-
perature, specific humidity, wind speed, surface pressure,
precipitation rate and incoming short- and longwave radia-
tion (Boone et al., 2009). The spatial resolution is 0.5◦.

Due to different spatial and temporal resolutions, the
above three data sets need preprocessing before use. First,
theP value in each grid cell of the ALMIP data is calculated
by averaging over the 6 years of data. Potential effects of
seasonality of precipitation are thus not considered here but
will be addressed in a future study. Next, we resample theF

data from 500 m to 1 km resolution by the bilinear interpola-
tion method to meet the spatial resolution of theB data set.
Each grid cell of the ALMIP data set (0.5◦ resolution) con-
tains about 3080 grid cells of 1× 1 km. For each available
grid cell of ALMIP, we randomly take 50 samples from the
B data set and record corresponding values ofF . In this way,
a sample set is created containingF , B, andP . All samples
that haveF = 0 orB = 0 are removed.

2.2 Vegetation model

The Balanced Optimality Structure Vegetation Model
(BOSVM) described inYin et al. (2014) includes vegetation
spatial structure effects on the vegetation–soil water interac-
tions. Water, energy and carbon balances are integrated by
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Table 1. Information on the observation data sets used in this study.

Data Symbols Unit Resolution Duration Reference

Woody cover F m2 m−2 500 m Oct 2000–Sep 2001 Hansen et al.(2003)
Aboveground biomass B Mg biomass ha−1 1 km 2000–2003 Baccini et al.(2008)
Mean annual precipitation P mm yr−1 0.5◦ 2002–2007 Boone et al.(2009)

photosynthesis activity of vegetation. In this study, we in-
clude a biomass loss term due to fire in the carbon balance.
The three governing equations are

dW

dt
= Rain− Leak− E (1a)

Rn = H + LE + G (1b)

dCveg

dt
= NPP· CA − LIT − f (I), (1c)

whereW [kg H2O m−2] is total water stored in soil per unit
area,Rn [W m−2] is incoming net radiation andCveg [kg C] is
the total biomass, which is composed of root biomass (Croot
[kg C]), stem biomass (Cstem [kg C]) and leaf biomass (Cleaf
[kg C]).

In Eq. (1a), Rain [kg H2O m−2 s−1] is the rainfall
rate, Leak [kg H2O m−2 s−1] is the drainage rate andE
[kg H2O m−2 s−1] is the evapotranspiration rate. In Eq. (1b),
H [W m−2] is the sensible heat flux, LE [W m−2] is the la-
tent heat flux,G [W m−2] is the soil heat flux. In Eq. (1c),
NPP [kg C m−2 s−1] is the net primary production, CA [m2]
is the actual crown area, LIT [kg C m−2 s−1] is the decompo-
sition due to litter andf (I) is the biomass loss term due to
fire, influenced by fire return interval (I [yr]).

The LIT is determined by total biomass and the timescale
for litter decomposition (τ ), according to

LIT =
Croot

τroot
+

Cstem

τstem
+

Cleaf

τleaf
, (2)

whereτroot [yr], τstem [yr] and τleaf [yr] are litter timescales
of Croot, CstemandCleaf, respectively. We assume equal litter
time for stem and root biomass. Theτleaf is kept as a constant
(1 year). In the following sections,τ indicates the litter time
of root and stem biomass. The biomass loss due to fire is
calculated as

f (I) =

{
0, no fire
Cveg − C init

veg + dt (NPP· CA − LIT), fire happens,
(3)

whereC init
veg [kg C] is the initial total biomass when the sim-

ulation starts. In the simulation process, at the end of each
year a uniformly distributed ([0, 1]) random value is gener-
ated. If this random value is less than 1/I , we assume that fire
happens. At the next time step,Cveg will then be set back to
its initial valueC init

veg. If the random value is larger than 1/I ,
meaning no fire, there is no effect off (I) on the biomass
dynamics. Note that the value ofI here cannot be set less

than 1 year, otherwise 1/I is larger than 1 and fire will occur
every year.

Vegetation structure is determined by two free parameters.
One is the shoot/total biomass ratio (α), which represents the
allocation of biomass between root and leaf biomass to bal-
ance the water uptake and photosynthesis rate with different
climate regimes:

α =
B

Cveg
=

Cleaf + Cstem

Cveg
, (4)

whereB [kg C] is aboveground biomass, which is equal to
the sum of leaf biomass (Cleaf [kg C]) and stem biomass
(Cstem [kg C]). In Yin et al. (2014), we performed a sensitiv-
ity analysis of total biomass to vegetation structure. We found
that vegetation with vertical canopies can survive easier un-
der water-limited conditions. With the increase of precipita-
tion, vegetation with a horizontal structure starts to survive.
The first cluster of survived horizontal structures emerges
with α = 0.45. Therefore, we decided to useα = 0.45 as a con-
stant in this study to have a large survival threshold for the
whole precipitation gradient. It is true that this value is not
representative for all types of land cover. However, in this
study we only have woody cover and aboveground biomass
data, which only allow us to retrieve canopy structures, but
we cannot get a estimation ofα from observations. Thus we
fixed the value ofα and focused on the effect of canopy struc-
ture on bimodality. In addition,α can influence the value of
survival threshold and equilibrium biomass (Yin et al., 2014);
it does not change the different growth rates of vegetation,
which in turn has in principle no effect on the form of bi-
modality in the BOSVM.

Another parameter in BOSVM isD [−], which is defined
as the ratio of the relative leaf area index to the relative crown
area:

D =
LAI /LAI ref

CA/CAref
, (5)

where LAI [m2 m−2] is actual leaf area index, LAIref = 6
[m2 m−2] is the reference leaf area index and CAref [m2]
is a reference crown area of tree canopy, which is taken as
1 m2. D represents the direction of canopy growth. HighD

implies that vegetation canopy grows in a vertical orientation
and lowD implies horizontal-shaped canopy. LAI andF are
estimated by
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LAI =
Cleaf · SLA

CA
(6a)

F =
CA

CAref

(
1 − e−k·LAI

)
, (6b)

where SLA = 10 m2 kg C−1 is specific leaf area;k = 0.5 is a
constant extinction factor. Stem biomass is related to LAI as

Cstem = al · LAI bl , (7)

whereal = 0.65 [kg C m−2] andbl = 1.667 [−] are empirical
factors (Cox, 2001). In BOSVM, we can simulate different
vegetation responses to drought (Calvet, 2000; Calvet et al.,
2004). In this study, we only consider the drought-tolerant
woody plants. More details of the BOSVM model can be
found inYin et al. (2014).

2.3 Bimodality test

To test whether bimodality exists in a probability density
function determined either from observations or model re-
sults, we use the “flexmix” package in R for finite mixture
models regression (Grün and Leisch, 2007; Hirota et al.,
2011). For each distribution, we assume that it is a mixture
of a number of normal distributions. By a given number of
clusters, the program implements the finite mixtures of re-
gression models by the expectation–maximization (EM) al-
gorithm (Grün and Leisch, 2007). It is clear that the more
number of clusters we hypothesize, the better the fit of the
model to the distribution. To overcome this problem, three
criteria are used to evaluate the fit of the model (Hirota et al.,
2011): Akaike information criterion (AIC), Bayesian infor-
mation criterion (BIC) and integrated completed likelihood
criterion (ICL). These criteria evaluate the trade-off between
the goodness of fit and the complexity of the model with dif-
ferent parametrization. During the bimodality test, we find
that the ICL is more sensitive than other criteria. Thus, only
ICL results are shown in this study. For each distribution,
we test one to five potential class models according to the
method inHirota et al.(2011). The lowest value of the crite-
ria indicates the best fit model.

3 Results

We first reconstruct vegetation structure from the observa-
tions and apply a bimodality test to the distributions of the
quantitiesF , B, LAI and D (Sect.3.1). Next we compare
BOSVM results with the observations to understand the ori-
gin of the observed bimodality (Sect.3.2). Finally we test
the sensitivity of the BOSVM results to several parameters
(I , D, τ ) and forcing (P ) in Sect.3.3.

F (−)

D
en

si
ty

0.0 0.4 0.8

0
1

2
3

4 A

  B (kgC/m2)

D
en

si
ty

0 5 10 15

0.
00

0.
10

B

LAI (m2/m2)

D
en

si
ty

0 1 2 3 4 5 6 7

0.
00

0.
15

0.
30 C

D (−)

D
en

si
ty

D

0 0.55 1.56 14.1

0.
0

1.
0

2.
0

3.
0

Figure 1. Histograms of observed (or derived)F , B, LAI and D in
the West Africa. LAI andD are derived from observedF andB ac-
cording to Eqs. (5), (6b) and (8). Red and green curves are best fitted
normal distributions by assuming two potential states (savanna and
forest) exist in the observations.

3.1 Observed vegetation structure shift with
precipitation

Figure1a and b show the distribution ofF andB values, re-
spectively, using data from the whole research area and for
all P values. In both distributions, we can clearly see two
peaks, suggesting the coexistence of savanna (the wide peak
with low F ) and forest (the narrow peak with highF ). To
detect the two distinct states, the statistical bimodality test
(Sect.2.3) is applied to the observedF andB distributions.
Table 2 lists the values of the ICL, which are normalized
by the absolute value found for choosing two classes. The
lowest value indicates the best fit model. Based on ICL, the
two-cluster model is found as the best fit for the whole re-
gion (Table2) for both variablesF andB. The red and green
curves are added in Fig.1a and b to illustrate the normal dis-
tribution of savanna and forest state from the bimodality test,
respectively.

The canopy structure parametersD and LAI in the
BOSVM model can be retrieved fromF andB. B is equal
to the sum ofCleaf andCstem(Eq.4). By combining Eqs. (4),
(6a) and (7), we get

B = al · LAI bl +
LAI · CA

SLA
. (8)

Now we have three equations (Eqs.5, 6b and8) and three
unknowns (LAI, CA andD) from which the canopy structure
parameters LAI andD can be calculated. A complication of
this method is in the case that canopy closure occurs. Then
CA = CAref and LAI can be calculated either from Eqs. (6b)
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Figure 2. Density distribution of woody cover (F ) as shown in Fig.1a vs. six different mean annual precipitation (P [mm yr−1]) regimes.
Red and green curves are best fitted normal distributions by assuming two potential states (savanna and forest) exist in the observations.

or (8). Here we use Eq. (8) to retrieveD. Bimodality also
exists in the retrieved canopy structure parameter LAI and
D (Fig. 1c and d). Note that the scale ofD in Fig. 1d is
nonlinear so that it looks like the peaks are closer together.

In Fig. 2 the distributions ofF for six specificP regimes
are plotted. Table3 lists the number of clusters of the best
fit model under specificPs based on ICL criterion, suggest-
ing that bimodality inF is found for all precipitation regimes
above 1000 mm yr−1. In the 800–900 mm yr−1 precipitation
regime, the two peaks are not significantly distinguished.
However, for comparison, the pdfs (the red and green curve)
are plotted for all regimes. Table4 presents parameters of
the normal distributions of the savanna and forest state (cor-
responding to the red and green curves in histogram plots).
The F peak of the forest state keeps around 0.8 whenP is
above 1000 mm yr−1, implying that it is independent of pre-
cipitation above a given precipitation threshold. The savanna
peak moves slowly from 0.27 at 800 mm yr−1 to 0.38 at
1300 mm yr−1 but remains constant at about 0.4 with higher
values ofP . The relative range (Rµ±σ indicating the 68 %
confidence interval, see caption Table4) of the savanna state
is always higher than that of the forest state, indicating the
higher variance of the vegetation in the savanna system.

Figure3 shows the histogram distributions ofB. Although
bimodality is found for the whole region (Table3), only
the 800, 1200, 1400 and 2000 mm yr−1 precipitation regimes
show bimodality inB. For the 1000 and 1500 mm yr−1 pre-
cipitation regimes, more peaks are detected. With the in-
crease of theP , the savannaB peak increases from 1.10 to
3.56 kg C m−2 until 2000 mm yr−1 (Table4), after which it

Table 2.The complete likelihood criterion (ICL) for different num-
bers of classes ofF , LAI, B andD from the bimodality test. The
best fit value is highlighted by the numbers in italic font. Values are
normalized by assuming that the absolute value of the ICL for two
classes is unity.

Variables 1 class 2 classes 3 classes 4 classes 5 classes

F 0.114 −1 −0.710 −0.738 −0.418
B 1.134 1 1.001 1.013 1.006
LAI 1.166 1 1.053 1.065 1.125
D 3.304 1 3.139 4.829 8.780

drops to 3.12 kg C m−2. However, the peak of the forest
B increases from 5.26 to 12.40 kg C m−2 between 800 and
1300 mm yr−1 and then becomes independent toP . In con-
trast toF , under the threePs where bimodality is detected,
theRµ±σ of the savanna and forest states is similar.

The histograms of LAI (Fig.4) show a clearer bimodality
compared with theF andB distributions, and also display
a bimodality for all precipitation regimes (Table3). The sa-
vanna LAI peak increases from 1.27 at lowP to 2.73 at high
P . The forest LAI peak is about 6.0 whenP is greater than
1000 mm yr−1 and then becomes independent ofP .

Bimodality also exists in the retrieved canopy structure pa-
rameterD (Fig. 5) for all P values. With the increase ofP ,
the savannaD peak shifts from 0.21 to 0.77, implying that
the canopies of woody plants shift from horizontal to verti-
cal structure. On the contrary, theD peak of the forest state
does not shift much between 1200 and 2000 mm yr−1. With
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Figure 3. As Fig.2 for aboveground biomass (B).
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Figure 4. As Fig.2 for leaf area index (LAI).

lower P (less than 1000 mm yr−1), forest structure is more
horizontal. However, when using the definition ofD (Eq.5)
and the average values ofF and LAI (Table4) to recalcu-
lateD values, we can find that the value ofD for the forest
state does not change much under lowerP conditions. The
failure of the bimodality test onD is caused by a high over-
lap between savanna and forest structures (Fig.5). When the

savanna state is dominant (P less than 1100 mm yr−1), the
peak of the forest state is too small to be detected.

3.2 Comparison of model results and observations

The BOSVM is used to generate time series forF andB. In
each simulation, we choose three grid cells as climate forcing
from the ALMIP data set whereP is equal to 1000, 1200 and
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1500 mm yr−1. For each grid cell, we define 16 canopy struc-
tures for whichD varies from 0.05 to 48.08 with a distribu-
tion determined by an inverse tangent function. The shoot-
total biomass ratio is fixed asα = 0.45. The litter timeτ is
equal to 30 yr. TheI depends onP and has values of 30,
70 and 100 yr under 1000, 1200 and 1500 mm yr−1, respec-
tively (Pfeiffer et al., 2013).

We found that a threshold in initial total biomass exists in
BOSVM, determining whether the vegetation turns to bare
soil or to equilibrium woody cover (Yin et al., 2014). With
given P , D and I , we first calculate the surviving initial
biomass and then start the simulation by a slightly higher ini-
tial biomass (about 0.1 kg C higher than the survival thresh-
old). The simulation lasts for 10 000 yr and the time step is
1.5 h (5400 s).B andF values are recorded at the end of ev-
ery 100 yr interval.

As the observations are snapshots that include all dynamic
vegetation states, we can compare the distribution of the sim-
ulated time series with the spatial distribution of the observa-
tions to investigate the composition and stability of the ob-
served bimodality. Note that local differences in vegetation
types, soil properties and seasonalities of forcing are ignored
in the simulations.

Figure 6 illustrates the simulated growth paths of vege-
tation with different canopy structures. Climate forcing is
taken from one grid cell withP = 1200 mm yr−1, I = 70 yr
andτ = 30 yr. Each set of colored points indicates a specific
vegetation structure (differentD) and neighboring points are
100 yr apart. BothF andB increase with the growth of the
vegetation. Fire happens randomly during the growth pro-
cess and the probability depends on the value ofI . Once

Figure 6. Simulated transient growth path of vegetation including
the effect of fire. Points indicate growth stages in a multicenten-
nial simulation of vegetation dynamics. Different curves indicate
different simulations with three chosenD values. Five samples of
fire events are displayed as flames for the simulation withD = 1.74.
When fire occurs, biomass will be removed and set back to its initial
value for regrowth (the arrow). The default settings of parameters in
the model are:τ = 30 yr,P = 1200 mm yr−1 andI = 70 yr.
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Table 3.The best fit of the number of potential clusters ofF , LAI, B andD under differentP s based on the ICL criterion.

Variables 800–900 mm 1000–1100 mm 1200–1300 mm 1400–1500 mm 1500–2000 mm 2000–3000 mm

F 1 2 2 2 2 2
B 2 4 2 2 3 2
LAI 2 2 2 2 2 2
D 1 1 2 2 2 1

Table 4.Parameters of the normal distributions of savanna and forest states from bimodality analysis by using a two-cluster model.µ is the
mean value of the specific normal distribution.Rµ±σ is the relative range of the 68 % confidence interval (µ ± σ ) divided by the maximum
value of the specific variable. HereFmax= 1.0,Bmax= 16 kg C m−2, LAI max= 7 andDmax= 48.08. Ratio is the proportion of the specific
state in the whole data set.

Savanna Forest

P (mm) Contents µ Rµ±σ Ratio µ Rµ±σ Ratio

800–900

F 0.27 0.24 0.93 0.46 0.34 0.07
B 1.10 0.10 0.90 5.27 0.44 0.10
LAI 1.27 0.19 0.92 3.31 0.41 0.08
D 0.21 0.15 0.50 0.70 0.34 0.50

1000–1100

F 0.34 0.30 0.88 0.79 0.08 0.12
B 1.75 0.16 0.80 9.13 0.51 0.20
LAI 1.82 0.27 0.88 5.70 0.16 0.12
D 0.22 0.15 0.29 0.75 0.31 0.71

1200–1300

F 0.38 0.32 0.65 0.80 0.06 0.35
B 2.55 0.22 0.63 12.4 0.26 0.37
LAI 2.27 0.33 0.68 5.91 0.11 0.32
D 0.65 0.33 0.69 1.18 0.04 0.31

1400–1500

F 0.38 0.38 0.43 0.80 0.06 0.57
B 3.26 0.29 0.45 12.9 0.20 0.55
LAI 2.61 0.37 0.48 5.94 0.11 0.52
D 0.76 0.33 0.48 1.18 0.05 0.52

1500–2000

F 0.39 0.42 0.36 0.80 0.12 0.64
B 3.56 0.33 0.38 12.80 0.18 0.62
LAI 2.73 0.41 0.41 5.88 0.11 0.59
D 0.77 0.34 0.39 1.16 0.05 0.61

2000–3000

F 0.39 0.38 0.58 0.78 0.08 0.42
B 3.12 0.28 0.58 13.07 0.29 0.42
LAI 2.64 0.39 0.64 6.12 0.13 0.36
D 0.73 0.36 0.64 1.26 0.06 0.36

Whole region

F 0.36 0.34 0.59 0.80 0.06 0.41
B 2.48 0.24 0.58 12.57 0.24 0.42
LAI 2.18 0.33 0.61 5.88 0.12 0.39
D 0.65 0.35 0.62 1.17 0.05 0.38

fire happens, biomass will be set back to its initial value and
regrow. Five samples of fire events are chosen and plotted
(flames in Fig.6), and the arrow illustrates howB decreases
after a fire. The distance between two neighboring points
in Fig. 6 is a measure for the growth rate at corresponding
stages.

From Fig.6, we find that the relation betweenB andF

is fixed onceD is given. With the sameB, vegetation with
higherD has lowerF , suggesting a more vertical structure
according to Eqs. (5) and (8). The distance between neigh-
boring points is larger in the intermediate state than near
the initial or the equilibrium state (the maximumB), imply-
ing that the vegetation growth rate is higher at intermediate

Earth Syst. Dynam., 5, 257–270, 2014 www.earth-syst-dynam.net/5/257/2014/
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Figure 7. Observed and simulated aboveground biomass (B) and
woody cover (F ) for mean annual precipitationP = 1000± 50 mm.
In left bottom panel, observed samples are plotted as points. The
color represents the density of samples. Lines are trajectories of
simulated results. Each line represents one type of canopy struc-
ture. The values of canopy structure parameterD are listed in the
right top panel. Grey bars in left top and bottom right panels are his-
tograms of observedB andF , respectively. Lines in those two pan-
els are histograms of simulated results corresponding to the same
color lines in the left bottom panel. The value of fire return inter-
val (I ) is 30 yr.

values ofF andB. Hence, in the observations there may be
a bias in values at initial and equilibrium state as less samples
exist at the intermediate state, which might contribute to the
observed bimodality.

In Figs.7 to 9, we compare the simulated results with ob-
served data for three different precipitation regimes. For each
figure, points in the left bottom panel are from the data set
of observations. Curves are trajectories of simulatedB and
F from BOSVM as Fig.6, and each curve represents a spe-
cific canopy structure determined byD. The left top and right
bottom panels display distributions of observedB andF , re-
spectively. For the chosen values ofD, the model calculated
distributions ofB andF are plotted as curves in the left top
and right bottom panel, respectively. The left top panel is the
legend ofD.

When P = 1000 mm yr−1 (Fig. 7), a high density of ob-
served samples appears at lowB and low F . The model
shows that vegetation growth rates near the initial survival
threshold and near the equilibrium value are relatively slower
than that in the intermediate states (Fig.6). In the density
distributions of the simulated results, one peak (correspond-
ing to the savanna state) is near the survival threshold, while
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Figure 8. Observed and simulatedB and F when P = 1200±
50 mm yr−1, while I = 70 yr.

another (corresponding to the forest state) is located around
the equilibrium state for all values ofD. The model matches
the observations reasonably well for relatively small values
of D, indicating a more horizontal shaped canopy. Although
the forest state (highB and highF ) can exist in this regime,
it is rare and the model results indicate that this is due to the
high fire frequency. TheB of this forest state shows more
variance than its woody coverF values, particularly in the
range ofB > 10 kg C m−2 andF > 0.6.

The bimodality is more apparent whenP = 1200 mm yr−1

as shown in Fig.8. Increased precipitation reinforces vege-
tation growth rate and limits fire occurrence, which in turn
increases the probability of forest appearance. The model
data for intermediate values ofD (= 1.40) fit the observations
best. Note that woody plants with highF (greater than 0.6)
and lowB (less than 10 kg C m−2) are grouped in the for-
est state based on onlyF values. Woody plants with lowF
(less than 0.6) and highB (greater than 5 kg C m−2) would be
grouped in the savanna state based on onlyF values. How-
ever, both of these groups likely are intermediate (transient)
states between the savanna and forest state. With the avail-
ability of both woody cover andB data, these intermediate
states can be nicely distinguished.

Fire is rare whenP = 1500 mm yr−1, leading to a high pro-
portion of forest (Fig.9). However, lowF states still exists.
Under this regime, theB distribution shows a more clear bi-
modality than theF distribution. Model results fit the obser-
vations best for similar values ofD as forP = 1200 mm yr−1.

In summary, from Figs.7 to 9 we find that the distribution
of the savanna state is not only caused by the low growth rate

www.earth-syst-dynam.net/5/257/2014/ Earth Syst. Dynam., 5, 257–270, 2014
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Figure 9. Observed and simulatedB and F when P = 1500±
50 mm yr−1, while I =100 yr.

of vegetation near the initial value, but also contains signa-
tures of equilibrium states. The model results suggest that the
savanna state is composed of three clusters:

(i) Cluster H-I: vegetation near its initial state with a dom-
inantly horizontal structure.

(ii) Cluster V-I: vegetation near its initial state with a dom-
inantly vertical structure.

(iii) Cluster V-E: vegetation near its equilibrium state with a
dominantly vertical structure.

The forest state is mainly composed of one cluster:

(iv) Cluster H-E: vegetation with a dominant horizontal
structure near its equilibrium state.

Figure11 illustrates the regions where each specific cluster
appears in theB vs.F plot. Dark and light green represents
woody plants near its equilibrium and initial states, respec-
tively. The shape of rectangles indicates canopy structure.
Both H-I and V-I clusters are transient and have the poten-
tial to increaseF andB. From these, only members of the
H-I cluster can develop into forest states. Members from the
V-E clusters are stationary and can be reached from members
of the V-I cluster.

3.3 Sensitivity analysis of model results

In the previous section, we found that the simulated bimodal-
ity is significantly influenced by vegetation canopy structure
parameter, andI . Moreover, both litter time andP have ef-
fects on the vegetation survival threshold and the equilibrium
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Figure 10.Sensitivity analysis of the woody cover bimodality toI ,
D, τ andP . The default setting isI = 50 yr,D = 0.5,τ = 30 yr and
P = 1200 mm yr−1. (A) Sensitivity of bimodality toI . (B) Sensitiv-
ity of bimodality to canopy structural parameterD. (C) Sensitivity
of bimodality to litter timeτ . (D) Sensitivity of bimodality toP .

state, which in turn influences the bimodality. In this section,
we analyze the sensitivity of the simulated bimodality toI ,
D, τ andP .

To quantify the sensitivities of the simulated bimodality to
I , D, τ andP , we define the reference case as in the previous
section (I = 50 yr,D = 0.5,τ = 30 yr,P = 1200 mm yr−1) and
vary the values of each variableI , τ , D andP , where here
I is considered independent fromP . All simulations last for
10 000 yr and the time series ofF are recorded. Figure10
summarizes the findings. We use three measures to discuss
this sensitivity: (C1) the ratio of the maximum density of the
forest peak to that of the savanna peak, (C2) the distance be-
tween the two density peaks, and (C3) the horizontal shift in
F of the peaks, where a positive shift is to higherF .

Figure10a illustrates the effect ofI on the simulated bi-
modality. I is an external factor that cannot affect survival
threshold and equilibrium biomass for specific vegetation
structure, implying that it has no impact on (C2) and (C3).
However,I determines the frequency of fire occurrence and
a larger value ofI implies less fire occurrences and hence
leads to a higher peak of the forest state and a lower one of
the savanna state.

Figure10b displays how the simulatedF bimodality is in-
fluenced byD. D shifts the position of the twoF peaks to
lower values (C3). However, the magnitude of the impact de-
pends on the value ofD. The position of the savanna peak is
more sensitive toD whenD is low. On the contrary,D influ-
ences the position of the forest peak more significantly when
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Figure 11. Regions of the four clusters of woody plants. Grey cir-
cles are observed samples ofB andF . Each tree represents a spe-
cific cluster. Dark and light green indicate woody plants near its
equilibrium and initial states, respectively. The shape of rectangles
indicates canopy structure.

D is high. The interpretation is that the survival threshold
of vegetation with a horizontal structure, which determines
the position of the savanna peak, is more sensitive to climate
variation than that of vegetation with a vertical structure. On
the other hand, the equilibrium biomass with a dominant ver-
tical structure is more sensitive to climate variation than that
with a dominant horizontal structure. Moreover, the equilib-
rium biomass drops faster than the survival threshold with
an increase ofD. This implies that the distance between the
savanna and forest peak, measure (C2), decreases with in-
creasingD. For vegetation with largerD, it takes less time
for F to increase from the initial value to equilibrium, which
leads to a higher peak of the forest state (measure C1).

Figure10c presents the effect ofτ on the bimodality in the
F distribution. The parameterτ has a positive and a negative
impact on the equilibrium biomass and the survival thresh-
old, respectively. Thus, the increase ofτ extends the dis-
tance between the savanna and the forest peak (C2). More-
over, highτ means low biomass loss, promoting biomass
growth rate, which consequently leads to an increase in the
density of the forest state (C1). Finally, an increasing value
of P leads to a decline of survival threshold and rise of equi-
librium biomass (Fig.10d) and leads to the largest distance
between the peaks (C2). HigherP values also reinforce an-
nual growth speed, leading to a larger forest peak (C1).

The impacts of the four variables on the three criteria are
summarized in Table5. P and τ have the same type of
impacts on bimodality. When only consideringP andτ in
this bimodality study, the relation between C1 and C2 will
be uniquely positive, which cannot represent the complexity
of woody cover. By addingI , we are able to simulate the
relative magnitude of the peaks (C1), which coincides with
the character of the bimodality of the observed vegetation

Table 5. Impacts ofP , τ , D andI on the three criteria of woody
cover bistability. “+” means positive; “−” means negative; blank
means no impact. Double symbols mean stronger impact.

P τ D I

C1 ++ ++ + ++

C2 + ++ −

C3 −

structures. Furthermore, since onlyD affects the horizontal
shift of the two peaks (C3), the canopy structure is an im-
portant variable to quantify the alternative states of woody
cover.

4 Summary and discussion

The main aim of this study is to understand the vegetation
dynamics behind the observed woody cover bimodality in
West Africa. We have shown that the observed bimodality
originates from both equilibrium states and transient growth
processes of vegetation and discuss this result in the context
of the available literature.

In the work of Hirota et al. (2011) and Staver et al.
(2011b), the global woody cover product (Hansen et al.,
2003) is used to understand alternative stable states across
a gradient of mean annual precipitation. In our study, we
combined this woody cover data set with another indepen-
dent aboveground biomass data set (Baccini et al., 2008),
from which we can calculate the vegetation structure. Our
results show a clear bimodality in forest cover, aboveground
biomass, and retrieved LAI in West Africa (Figs.1 to 5). By
including theB, we think we have a better way of express-
ing bimodalities in vegetation structures leading from low to
high cover, and low to high biomass. Our results show that
both the individual density distributions ofF andB may un-
derestimate the proportion of the intermediate states between
savanna and forest (Figs.7 to 9).

Our new vegetation structure database also shows signifi-
cant alternative states and is used to answer if and how veg-
etation structure shifts with climate regime (Figs.1d and5).
We found that in the forest state, the values ofF and B

are independent ofP and therefore do not shift with climate
regime. In addition, the structure of the forest state is stable
and independent ofP . However, the savanna structure shifts
with increasingP from horizontal to vertical structure with
a large variation in bothF andB, illustrating the complex
vegetation dynamics of the savanna system.

To understand the shifts in vegetation structures, we
used the BOSVM model (Yin et al., 2014). A large num-
ber of experimental and modeling studies have focused on
the tree–grass co-existence from an ecological perspective
(e.g.,Higgins et al., 2000; Sankaran et al., 2005; Baudena
et al., 2010), thereby mainly focusing on cover and far less
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on biomass. In our paper we have demonstrated bimodal-
ity in both observed woody cover and biomass. It is inter-
esting to see that for high cover fractions both high and
low aboveground biomass occurs. With our coupled energy–
water–biomass model that distinguishes horizontal and ver-
tical structures of woody vegetation, we are for the first
time able to fit observed bimodality in woody coverage and
biomass (Fig.11).

Modeling bimodalities in tree cover is generally done with
a fire–vegetation feedback mechanism, in which fire limits
tree establishment and induces tree mortality (e.g.,Staver and
Levin, 2012). As it is also thought that the majority of the fuel
for the fire is provided by the grass biomass (e.g.,Higgins
et al., 2000), the outcome is that fire frequency is reduced
by an increase in tree cover. In general, without disturbance
the model will simulate full tree cover due to the competitive
exclusion mechanism (Tilman, 1982) as well as in the wet
regimes, where our analysis is focused owing to the availabil-
ity of aboveground biomass observations in these regions.

Our approach of age classing modeling, in which the veg-
etation increases its biomass while keeping the same struc-
ture, is similar to models using tree seedlings and adult trees
(e.g., Scheiter and Higgins, 2009; Baudena et al., 2010).
Baudena et al.(2010) found that tree seedlings compete for
the same water as grasses, while adult trees can outcompete
grass, as it has deeper roots. A similar mechanism is found
in our model: young species compete against bare soil pro-
cesses, while more adult trees have higher root depths having
more water resources.

From the model results we found that the savanna state
might be composed of three clusters (H-I, V-I and V-
E), while the forest state only contains one cluster (H-E)
(Fig.11). The H-I and V-I savanna members include saplings
like those described inBaudena and Provenzale(2008) and
Staver et al.(2011a), which have potential for growth and are
in general non-stationary. The V-E savanna cluster contains
adult trees that already approach their equilibrium states. The
H-I savanna members have the potential to shift to the forest
state. On the contrary, the members of the V-I savanna cluster
can only develop into ones of the V-E savanna cluster.

From this analysis we can understand why the savanna
state has a higher variation inF compared to the forest state
(Table4) and how the savanna state shifts to the forest state.
Moreover, with the increase ofP , fire becomes rare, imply-
ing that more H-I savanna will develop into the forest state.
Consequently, the proportion of the H-I trees in the savanna
state decreases, explaining why the structure of the savanna
state shifts from lowD to highD with an increase ofP .

Although the bimodality is successfully simulated in the
BOSVM model, it is hard to approach a perfect fit between
the simulation results and observations. In the BOSVM
model, we did not capture the competition between grasses
and woody plants, which might lead to a higher survival
threshold for woody plants and avoid the underestimation of
the position of the savannaF and B peaks (Figs.7 to 9).

Also, the transient changes of vegetation structure parame-
ters are not included.

Although the strength of our approach is that we rely on
different data sources and modeling results, we still need to
treat these values with care. Maximum equilibrium woody
cover values observed are about 0.9, while our model results
give values above 0.9. The latter may actually be more realis-
tic when compared with another woody cover product (Guan
et al., 2012). Recent work on the MODIS data algorithm for
converting satellite measurements to woody cover has shown
that the classification and regression tree (CART) method
also may introduce inherent bimodalities (Hanan et al., 2014)
in the data.

Another aspect that has potential effects on the observed
bimodality patterns is anthropogenic land use. We analyzed
histograms ofF by using the woody cover product after fil-
tering the land use (GlobalCover 2009 versionhttp://due.
esrin.esa.int/globcover/) and compared them with Fig.2. The
result shows that anthropogenic land use does not largely in-
fluence the observed bimodality.

For the sensitivity analysis we summarized the impacts of
the BOSVM model parametersI , D, τ andP on the three
criteria of theF bimodality. Our results show that the bi-
modality is very sensitive to all variables that we tested, im-
plying that the variation in the data set (e.g., different plant
species, soil type, etc.) can highly influence the observed bi-
modality. Meanwhile, the results also suggest that the veg-
etation structure is a crucial variable, and often is the only
factor that influences the peak position of the savanna and
forest state.

We found that the vegetation growth rates near the initial
survival threshold and equilibrium value are relatively slower
than that in the intermediate state. However, our model can-
not represent the high variation of the savanna state without
the effect of fire. The savanna–fire feedback is seen as one
of the important causes that maintains the savanna state un-
der water-sufficient conditions (Cochrane et al., 1999; Staver
et al., 2011a, b; Mayer and Khalyani, 2011).

In general,I increases withP and this is sufficient to sim-
ulate the shift of the peaks in the distribution of the savanna
and the forest state. However, due to the use of a uniform
I defined for all vegetation structures under the sameP , re-
sults show an overestimation ofB for vertical structure vege-
tation (lines withD > 2.0 in Figs.7 to 9). This indicates that
there might be a relation betweenI and vegetation structures,
as has been suggested byArchibald et al.(2009). The verti-
cal structure vegetation has a smallerF . This can cause high
grass cover and sufficient grass fuel for fire. As grass fuel is a
necessary condition for fire spread (Pfeiffer et al., 2013), we
hypothesize that the vertical structure vegetation might have
a low I . Thus, the vegetation structure parameterD affects
the value ofI . Uncertainties inI also can be caused by rain-
fall seasonality, which we did not include in the model. A
constantP regime can mean totally different climates; this,
as well asI (e.g., different lengths of dry season,Staver et al.,
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2011b), can only be studied by taking additional climatic
forcing variables into account in the model.

5 Conclusions

Our main conclusions from this study are the following. First,
by using the woody cover and aboveground biomass data
sets, we found that bimodality also exists in retrieved vegeta-
tion canopy structure and leaf area index. The savanna state
shifts from horizontal structure to vertical structure with the
increase of the mean annual precipitation. Second, by com-
paring the model results with the observations, we found that
the observed bimodality not only originates from bistable
states of forest and savanna, but also from transient vege-
tation growth processes. The observed savanna state is com-
posed of horizontal vegetation near its initial state, vertical
vegetation near its initial state and vertical vegetation near its
equilibrium state. This explains why the observed savanna
state shifts from horizontal to vertical structure with an in-
crease of mean annual precipitation.
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