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African National Biodiversity Institute, Pretoria,

SA; retrievedMarch 2011 from http://www.

ville-ge.ch/musinfo/bd/cjb/africa/

Received 4 January 2012

Accepted 4 January 2012

Co-ordinating Editor: David Ward

Diouf, A. (corresponding author,

abdiouf@ulb.ac.be; layediouf@yahoo.fr):

Landscape Ecology and Plant Production
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Abstract

Question: What are the relationships between edaphic factors, fire regime and

woody vegetation structure and composition in savannas at landscape to regio-

nal scales?

Location: The Transboundary ‘W’ Regional Park, Niger,West Africa.

Methods: We focused on a protected savanna ecosystem with rainfall of

700 mm yr�1, where rainfall is not expected to be a strong limiting factor for

tree cover, and with historically low grazer and browser densities. A burned area

history map was created over 7 yr using the high temporal resolution Aqua

MODIS space-borne sensor. In the field, the composition and structural parame-

ters of the woody layer, as well as soil samples, were acquired in 137 plots of

0.09 ha each, based on a stratified random sampling approach to sampling the

fire regime (seasonality and frequency). Using classical multivariate methods,

we analysed the correlations between woody cover characteristics, fire regime

and soil and geomorphological factors.

Results: In spite of management practices aimed at generalizing early fire every

year, the fire regime created a diverse spatial structure, with some vegetation

less prone to burning (fire-free) and other types that burned very frequently.

These diverse fire histories showed correlations with gradients of both structure

and composition of the woody layer. Soil variables had a higher explanatory

power for vegetation structure and composition than fire.

Conclusions: Among the plausible causal chains between fire regime, soil fac-

tors and woody vegetation structure and composition, our results showed better

agreement with a model in which fire regime is more a consequence than a

cause of the other factors. This contrasts with bottleneck/perturbation theories

as well as management practices, but meets the common sense opinions of field

practitioners. Although our regional approach should be complemented by con-

trolled experiments at a local scale, it does appear that investments in annual

efforts to organize early fire campaigns in many protected areas may need to be

reassessed.
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Introduction

The relative importance of resource limitation and distur-

bance regime in explaining the structure of tropical savan-

nas remains hotly debated (Scholes & Archer 1997;

Accatino et al. 2010). Limiting resources (water, nutrients)

might be the main drivers of woody cover development in

regions receiving < 650 mm of average annual rainfall,

whereas disturbance regimes (fire, herbivory, logging)

would play a greater role in regions having higher rainfall

(Sankaran et al. 2005).

In African savannas, in particular, the role of fire season-

ality and frequency (fire regime hereafter) has been stud-

ied since colonial times (see Laris & Wardell 2006 for a

review). Currently, our knowledge of the long-term effects

of fire on woody vegetation structure and composition

mainly comes from long-term burning experiments on a

few relatively small permanent plots (Aubreville 1953;

Hoffmann & Solbrig 2003; Higgins et al. 2007). Globally,

these empirical experiments showed that fire can be an

important modifier of savanna structure, both by limiting

recruitment (Swaine et al. 1992; Sawadogo 2009) and by

maintaining woody plants in a resprouting phase (fire-trap

mechanism) (Bond & Archibald 2003; Hoffmann et al.

2009). In terms of composition, fire promotes a selection of

so-called ‘fire-adapted’ (see Beckage et al. 2009 for a

review) or tolerant woody species. Importantly, some fire-

sensitive species may survive either by forming clumps

(patches) (Hochberg et al. 1994; Hoffmann 1998) suffi-

ciently dense to inhibit grass survival (e.g. light competi-

tion) and subsequent fire diffusion (Jeltsch et al. 1996),

therefore termed ‘fire-fighting’, or just by chance through

surviving long enough to attain a size at which the crown

can escape the flames (Menaut et al. 1990) and having

increased bark thickness to resist fire damage (Gignoux

et al. 1997). Experience has shown that fire effects can be

determined largely by the fire regime, especially when

burning is observed as an annual or biennial event. In par-

ticular, late dry-season fires may be more intense than

early dry-season fires because of the drier state of the vege-

tation (Nielsen et al. 2003), which kills medium-sized trees

or damages larger trees (Louppe et al. 1995).

Early burning techniques are now largely accepted in

West Africa and promoted as a tool for natural resource

management (Laris & Wardell 2006). Traditional practices,

however, use varying fire regimes across the landscape

(Laris 2002). These patch-mosaic burning approaches could

be more desirable because the resulting spatial landscape

heterogeneity promoteshigher diversity in plant andanimal

communities as well as a more resilient system with regard

to large-scale uncontrollable fires (Parr&Brockett 1999).

This debate does not take into account the fact that

edaphic factors also have a strong influence (i) on the bio-

mass and condition of the grass layer, a crucial factor deter-

mining the timing and intensity of fire (Mbow et al. 2000;

Van Wilgen et al. 2003), and (ii) on the structure and

composition of the woody vegetation (e.g. self-organized

patchiness on plateaux: Barbier et al. 2008; termite

mounds: Sileshi et al. 2010; tall trees in depressions:

Mahamane 2005). Some authors also suggest that herbiv-

ory may be an important modifier of the vegetation struc-

ture and composition (McNaughton 1992; Van Langevelde

et al. 2003). Therefore, it might well be that patch mosaics

of fire regimes are the consequence of pre-existing hetero-

geneities in the vegetation characteristics and soil condi-

tions rather than the contrary. A landscape-scale approach

to fire–soil–vegetation interactions is therefore necessary

to obtain an understanding of these relationships.

As temporal resolution, systematic coverage and avail-

ability of remote sensing data improves, it is now possible

to gather precise information on fire history over the last

decade in almost any vegetation worldwide (Roy et al.

2005). In combination with field data, such information

may be valuable for advancing the debate on the role of

fire perturbation in savanna structure and composition.

The focus of this study is the Niger part of the transboun-

dary W Regional Park (Benin, Burkina Faso and Niger),

named after the Niger River, whose meanders form a char-

acteristic ‘W’ at the northeast limit of the park (Grégoire &

Simonetti 2007). The study area is henceforward called W

Park. Early dry-season fires have been prescribed systemat-

ically during recent decades (Grégoire et al. 2003). The

aim of this approach was to protect trees and shrubs from

supposedly more destructive late dry-season fires while

favouring grass resprouting in the dry season and facilita-

tion of wildlife sightings for tourists (ECOPAS 2005). We

investigated the plausibility of different causal chains in

soil–vegetation–fire interactions through synchronous cor-

relation analyses and path analysis within a ‘natural exper-

imental’ approach (Brown 1999). We more specifically

addressed the following questions: (i) is fire regime spa-

tially uniform according to theW Park’s management plan

(early fire everywhere) in spite of edaphic constraints, or

are there vegetation types that appear to be either fire-free

or fire-prone; (ii) is fire the main determinant of woody

vegetation structure and composition; in particular, does

frequent or late-burned (post-December) vegetation pres-

ent a degraded woody layer in term of species composition,

density, height and diameter?

Methods

Study area

The study was conducted in the Niger part of the W Regio-

nal Park, located in southwest Niger (11.90–12.58°N,
2.06–2.84°E) and covering approximately 220 000 ha

Applied Vegetation Science
Doi: 10.1111/j.1654-109X.2012.01187.x© 2012 International Association for Vegetation Science 489

A. Diouf et al. Fire history and savanna structure and composition



(Fig. 1). The park is situated in the Soudano-Sahelian cli-

matic transition zone (tropical semi-arid; White 1983) with

a short rainy season (June–September) and a long dry

season (October–May). At the Tapoa station (Fig. 1), the

mean annual precipitation calculated over 20 yr is

704 mm and the annual temperature averages about 30 °
C (Barbier et al. 2006). The mean annual potential evapo-

transpiration is about 1800 mm yr�1 (ECOPAS 2005).

The study area is a pediplain with an altitude between

170 and 310 m (Couteron & Kokou 1992). The bedrock is

characterized by Precambrian geological formations

mainly composed of granite and gneiss, overtopped by sed-

imentary deposits of the Continental Terminal period,

whose alteration produced the current lateritic-capped pla-

teaux (Gavaud 1975). The principal soil types are lithosols,

lithic erosion soils, alluvial or alluvio-colluvial deposits

with temporary hydromorphy, and more-or-less leached

ferruginous soils (Benoit 1998). In terms of vegetation, the

park is located in the Sudanian phytogeographic zone

(White 1983) and belongs to the North Sudanian phyto-

geographical compartment A1 (Saadou 1990), comprising

mainly Combretaceae-dominated dry forests and savannas

(Mahamane 2005). Savannas cover more than tw-thirds

of the park area (De Wispelaere 2002) and have various

physiognomies (from woodland to grassland) according to

geomorphologic units: ferruginous plateaux, hillslopes,

depressions and plains (Couteron & Kokou 1992). The

study zone is a protected area where agriculture, wood-

cutting and hunting are kept to low levels thanks to

relatively effective management (Rabeil 2003). The man-

agement policy is to promote early fires in the park during

the fire season, i.e. fires occurring during the first half of

the dry season, between October and December. Fires

occurring after this period are considered as late fire in our

study, and are often set for illegal purposes (poaching or

cattle ranching).

Fire historymaps

Maps of fire frequency (from zero to seven times over the

monitoring period) and timing (early fire, late fire and fire-

free) were produced using fire season images from 2002 to

2009 from the Moderate Resolution Imaging Spectroradi-

ometer (MODIS), downloaded from the Warehouse

Inventory Search Tool (WIST) (https://wist.echo.nasa.gov/

api/). We used the surface reflectance images from the

Aqua satellite with a 250-m spatial resolution (product

MYD09GQK, collection 5, level 2 (L2G), tile h18v07, chan-

nels 1 (RED) and 2 (near-infrared: NIR); see Vermote et al.

2008 for data description). The imagery is nominally cor-

rected for the effect of atmospheric gases, thin cirrus clouds

and aerosols. Images at 15-day intervals for each year’s dry

season were selected after scanning the data set for cloud-

free and near nadir acquisitions in order to reduce the bias

Fig. 1. The global map is obtained using a two colour composite (green–red): late fire frequency layer over 7 yr (0–6) is mapped in levels of green,

whereas early fire frequency (0–7) is mapped in levels of red. Dark areas have never or only rarely burned during this interval. Intermediate colours indicate

different mixes of early, late and no fire years. The intensity of each colour is proportional to the frequency of the respective fire seasonality. Dotted lines

indicate the road/track network. Insert: Geographic location of the Niger part of the Regional Park W. (Source: MODIS Images MYD09GQK L2B V005

(October 2002 to March 2009) WGS 84 datum, UTM 31N projection, maximum likelihood classification).
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induced by temporal spectral changes (Eva et al. 2004;

Grégoire & Simonetti 2007). False colour composites [e.g.

RGB (red–green–blue) = NIR, NIR, RED] permit visual dif-

ferentiation of the fire-affected areas according to both

their low reflectance (in particular in the NIR; Miettinen

2007; Grégoire et al. 2003), and to the shape of the

patches, which are easily distinguished by eye (Laris

2005). It is generally considered that changes in reflectance

are detectable when 50% or more of the MODIS pixels

are affected (Roy et al. 2005; Giglio L. pers. comm.), giving

a rough estimate of the smallest fires mapped (about

31 000 m2). Burned areas in each image were then identi-

fied by means of a supervised maximum likelihood classi-

fier based on training polygons delimited using the above

criteria for each individual image (date); with an overall

accuracy of 98.26 ± 0.86%, as assessed by cross-validation

with a subset of the training polygons not used in the clas-

sification. Monthly fire-affected areas for each season and

across years were then superimposed in a geographic infor-

mation system (GIS) to compose the aforementioned fire

regimemaps (Fig. 1).

Sampling and field data collection

A total of 137 square plots of 0.09 ha each (30m 9 30 m)

were inventoried within savanna vegetation across the

park during the period November 2008 to April 2009. The

plots were established according to a stratified random

sampling based on fire regimes and accessibility in the

field, which explained some clustering of the sampling

points, although the main soil and geomorphological gra-

dients have been effectively accounted for (Fig. 1). Consid-

ering the predominance of natural coppicing of ligneous

species in the study area, multi-stemmed trees or shrubs

were defined as single individuals. Individuals of more

than 1.50 m in total height or 2 cm in stem diameter were

considered as mature individuals, as these dimensions

have been shown to be critical for survival during fires

(Hoffmann & Solbrig 2003). Individuals smaller than these

height and diameter thresholds were counted as immature

(young) individuals. Individuals below the thresholds but

taller than 0.50 m were recorded as forming the regenera-

tion vegetation (seedlings and saplings). All individuals

were identified to species level, and height and diameter

were measured on all stems at 0.20 m above ground level

for individuals < 6 m in height (shrubs) and at 1.30 m for

individuals > 6 m in height (trees). Three soil samples

were cored at 20-cm depth along one diagonal of each

square plot to constitute a composite sample. Notes were

taken on geographical coordinates and on relevant envi-

ronmental variables, such as geomorphological units

(coded as plateau, slope, depression and plain), local slope

(measured in percentage) and soil depth.

Field data processing

For each plot, structural variables were calculated: total

density,mean diameter,mean height, basal area of live individ-

uals as well as of standing dead individuals, number of

woody species, number of mature individuals, average number of

resprouters per individual, and ‘young:mature’ ratio (or regener-

ation rate). To improve comparability with other data sets,

we converted the diameters of multi-stemmed individuals

to a single value, the mean quadratic diameter. The chemi-

cal and physical properties of our soil samples, i.e. pH, soil

nutrients (cation content), conductivity, nitrogen, carbon and

organic matter content, textural fractions and stone load, were

analysed at the CERRA/INRAN soil laboratory of Niamey

(Niger).

Statistical analyses

The above data were submitted to statistical analyses in the

form of three tables: (i) a species abundance table with n

rows and p columns (n = 137 sites, p = 59 species), where

only species present in more than two sites were retained;

(ii) an environmental table with n rows and q columns

(q = 22 variables) among which wemeasured 17 quantita-

tive variables: early fire frequency (EFF), late fire frequency

(LFF), fire-free frequency (FFF), total fire frequency, soil nutri-

ents, silt fraction, clay fraction, sand fraction, stony load fraction,

soil organic matter, pH, conductivity, soil N, soil C, N:C ratio, soil

depth, slope and one qualitative variable, geomorphology,

converted to five dummy variables (CANOCO, software

for Canonical Community Ordination, Version 4.5; Ithaca,

New York, NY, US): plateau, plain, depression, upper hillslope

and lower hillslope. These environmental variables were

further split into two sets of variables: all the variables

related to fire composed a ‘Fire’ set and the others related

to soil were grouped in a ‘Soil’ set. (iii) A vegetation struc-

ture table with n rows and m columns (m = 9 quantitative

variables: density, diameter, height, basal area, dead basal area,

number of species, average number of stems, average number of

resprouters and regeneration rate).

To assess the multivariate vegetation–environment rela-

tionships, ordination techniques were performed using the

CANOCO program (version 4.5; Biometrics-Plant Research

International, Wageningen, NL). Ordination is a process

arranging items along one or several main axes so as to

graphically summarize complex relationships, extracting

one or a few dominant patterns from an infinite number of

possible dimensions (McCune & Grace 2002).

At first, an unconstrained ordination, i.e. detrended cor-

respondence analysis (DCA), was applied to the species

abundance table in order to identify the best model to be

applied to represent species response between a linear and

an unimodal alternative, depending on the gradient length
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(Leps & Smilauer 2003). Thereafter, constrained ordina-

tions were applied to extract the main patterns of variation

in the species abundance table and in the vegetation struc-

ture table under the constraint that the obtained axes

should also be a linear combination of other (e.g. environ-

mental or structural) variables. Canonical correspondence

analyses (CCA, assuming a unimodal response) were used

to analyse the relationships between the species abun-

dance and the environmental variables. A redundancy

analysis (RDA, assuming linear response) was used to ana-

lyse the relationship between vegetation structure and

environmental factors. All ordinations were performed on

standardized variables, i.e. every variable was given an

equal weight (McCune & Grace 2002).

To reduce co-linearity issues, variables with a variance

inflation factor (VIF) value of either zero or > 20 were dis-

carded. A Monte Carlo permutation test at the 5% signifi-

cance level allowed us to determine the significance of

relationships between response and environment vari-

ables, and to assess the significance of each variable upon

inclusion in the regression model (CANOCO, Version 4.5;

Ithaca, New York, NY, US). Moreover, forward selection

was performed to rank the importance of each environ-

mental variable in determining the dispersion of response

variables and to obtain a minimal model. Only the signifi-

cant environment variables were used to perform the

different ordinations, because the elimination of non-

significant variables (P > 0.05) improves the realism of the

explained variation estimates (Borcard et al. 1992).

In order to assess the relative importance and redun-

dancy of the two sets of environmental variables (Fire or

Soil), partial constrained ordinations were applied follow-

ing Borcard et al. (1992). This approach allows quantifying

the variation explained uniquely (IF and IS, respectively,

for Fire and Soil) or jointly (J) by the two sets of variables

(Økland & Eilertsen 1994). To summarize, the sum of all

unconstrained eigenvalues is equal to the total variance

(IF + IS + J + U, with U being the unexplained variance)

in the response variables (or total inertia), and the sum of

canonical (or constrained) eigenvalues is the amount of

variance that can be explained by environmental variables

(IF + IS + J). Then the fraction of variation explained

uniquely by a considered set of environment variables (IF
or IS) is determined by performing a constrained ordina-

tion, in which the other set is used as co-variables, by sum-

ming the obtained canonical eigenvalues (Økland &

Eilertsen 1994). The variation explained jointly by both

sets (J) is the variation explained by all considered envi-

ronment variables minus the variation uniquely explained

by each set (b = [IF + IS + J] � [IF] � [IS]; Leps & Smil-

auer 2003).

We also used structural equation modelling (SEM; see

Hoyle 1995 for details) to examine the adequacy of differ-

ent plausible causal chains in the relationships between

Soil, Fire and Flora characteristics, through multivariate

hypotheses of causality evaluation (Bollen 1989). This sta-

tistical technique based on covariance (or correlation)

structure analysis assesses the direct effects of one factor

(exogenous or independent variable) on another (endoge-

nous or dependent variable), and indirect ones along com-

pound paths involving other factors. The method is an

extension of classical path analysis and may account for

multivariate settings, via the creation of composite ‘latent’

variables. We used maximum likelihood procedures to

estimate the standardized coefficients and their confidence

intervals using the SEPATHmodule (STATISTICA; StatSoft

Inc., Tulsa, OK, US). Overall model adequacy was tested

via a v2 statistic (Laughlin et al. 2007), a non-significant v2

indicating a good match between the model covariance

structure and that of the data set. Ullman (1996) also rec-

ommended that the ratio between v2 and the degrees of

freedom (df) should be < 2. Two main model structures

were tested, involving different causal relationships

between the latent variables Soil, Flora (woody vegetation

composition or structure) and Fire, each including a set of

predictors detected as significant in the previous analyses.

Species groupings were determined using hierarchical

agglomerative polythetic cluster analysis (McCune& Grace

2002) based on the relative Euclidean distance and on

Ward’s linkage method (Legendre & Legendre 1998) using

the PC-ORD program (version 5.0; MjM Software, Glene-

den Beach, OR, US). Importance values (IV) were com-

puted for each species using the indicator species analysis

(ISA) (Dufrêne & Legendre 1997) to identify a subset of at

least two characteristic species for each grouping.

Results

Fire regime

The elaborated fire history map (Fig. 1) represents the spa-

tial distribution and frequency of fire-free, early- and late-

fire events in the Niger part of the W Regional Park. The

map shows high spatial variability of the fire regime, both

in terms of frequency and seasonality. Areas that never

burned during the last 7 yr only represent 1.3% (approxi-

mately 2800 ha, see areas mapped in black). These areas

are mostly located in the park’s central area, dominated by

plateaux with spatially heterogeneous, periodic vegetation

cover. Despite the early-fire policy implemented by the

park managers, areas that actually burned early every year

represent only 0.8% of the area (1800 ha, areas in ‘pure’

red), whereas the areas that burned early at least once, and

never late in the observation period (frequency above

zero), represent 8% of the area (17 000 ha, areas in red

colour gradient). No areas were burned late every year.

The maximum frequency of late fires was six for the study
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period, and represented only 0.1% of the park total area

(80 ha, areas in ‘pure’ green). Additionally, the areas

burned late with a frequency between one and six repre-

sent 3.1% of the park’s area (6800 ha, areas in green col-

our gradient). In total, 87.6% of the park (192 000 ha,

mapped in intermediate colours) had alternating early, late

and fire-free years.

Determinants of floristic composition

CCA was applied to the species abundance table and con-

strained by environmental variables. Elimination of collin-

ear variables and those with high VIF reduced the number

of environmental variables from 22 to nine significant

variables (Table 1). The first two axes explained 17% of

the variance in species composition and summarized 76%

of the total explained variance (species–environment

relationship) (Table 2). The Monte Carlo permutation test

indicated statistical significance (P < 0.01) for the species–

environment relationship and for the first axis that

represented a fairly strong ecological gradient (F = 18.74;

eigenvalue = 0.387), followed by the second axis (F =
7.574; eigenvalue = 0.143).

The results of partial CCA analyses to identify the

independent (IS and IF) and joint (J) contributions of the

two broad sets of variables (Soil and Fire), revealed that Fire

explained 2.50% (11.78% for IF + J) of the species compo-

sition total variance, whereas Soil explained 9.62%

(19.90% for IS + J). Together, Fire and Soil explained

22.41% of the woody species composition variance. Soil

variables had stronger explanatory power than fire

variables.

Indeed, the structural equation model with Soil as an

exogenous latent variable, testing the relationships with

woody vegetation composition (Flora) and Fire (Fig. 2a),

was not significantly different from the correlation

structure of the observed data (v2 = 1.268; df = 1;

P > 0.1). Soil explained 73% of species composition

variance and 64% of the variation in fire characteristics.

The range of its goodness-of-fit index values (Table S1)

corroborated the good fit of the data (Brahim et al. 2011).

Thus, Soil had a significant and positive direct effect on Fire

and on Flora (Fig. 2a). Soil had an indirect effect on Flora

through Fire (Table 3), which had a relatively smaller,

although significant, effect on the woody vegetation

species composition. Globally, the total effect of Soil on

Florawas higher than the effect of Fire.

It should be noted that according to the partial CCA,

most variance explained by the Soil set is redundant with

the Fire set. This redundancy was clearly shown by the cor-

relation of Fire and Soil variables on the CCA axes (Fig. S1).

When examined in greater detail, each individual CCA

axis was correlated to a coherent set of both Fire and

Soil variables. The first CCA axis showed correlations

with EFF (r = �0.75), plateau geomorphology (r = 0.64), clay

(r = 0.62), sand (r = �0.60) and soil depth (r = �0.60),

while the second axis corresponded to a combination of

LFF (r = 0.41) and silt (r = 0.40) influences (Fig. S1).

Table 1. Variable significance and importance to explain the woody vegetation species composition and structure data variance in CCA and RDA by

applying forward selection.

Sets Variables Canonical correspondance analysis (CCA) Redundancy analysis (RDA)

k1 kA P-value F-ratio Significance k1 kA P-value F-ratio Significance

‘Fire’ Early fire frequency (EFF) 0.31 0.31 0.002 14.70 ** 0.10 0.10 0.002 15.77 **

Late fire frequency (LEF) 0.07 0.06 0.002 2.99 ** 0.03 0.03 0.002 4.61 **

‘Soil’ Clay 0.24 0.15 0.002 7.40 ** 0.07 0.01 0.062 2.04 NS

Depression 0.04 0.03 0.090 1.47 NS 0.08 0.08 0.002 11.95 **

Soil cations 0.06 0.02 0.266 1.13 NS 0.04 0.01 0.028 2.29 *

Conductivity 0.07 0.02 0.316 1.09 NS 0.06 0.04 0.002 6.24 **

Silt 0.10 0.04 0.010 2.50 ** 0.07 0.04 0.002 7.28 **

Organic matter 0.14 0.04 0.024 1.94 * 0.07 0.02 0.010 2.55 **

Soil N 0.20 0.04 0.026 2.04 * 0.07 0.01 0.204 1.43 NS

Soil N:C ratio 0.03 0.01 0.778 0.64 NS 0.02 0.01 0.178 1.49 NS

Plain 0.10 0.02 0.396 1.04 NS 0.04 0.00 0.280 1.20 Ns

Soil pH 0.05 0.03 0.190 1.29 NS 0.02 0.00 0.884 0.43 NS

Soil depth 0.21 0.07 0.002 3.18 ** 0.06 0.02 0.002 4.56 **

Plateau 0.24 0.24 0.002 11.32 ** 0.08 0.08 0.002 12.27 **

Sand 0.23 0.04 0.040 1.90 * 0.07 0.00 0.736 0.63 NS

Lower hillslope 0.03 0.02 0.338 1.10 NS 0.00 0.01 0.414 1.02 NS

Upper hillslope 0.02 0.02 0.248 1.16 NS 0.02 0.01 0.188 1.43 NS

k1 = variance explained by a single variable (Marginal effects) and kA = variance explained by a variable at the time it was included in the model (condi-

tional effects); *Significant (P < 0.05); **Highly significant (P < 0.01) and NS = not significant (P > 0.05).
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According to Jongman et al. (1987), a variable is shown to

contribute significantly to the regression if its absolute

t-value exceeds a critical value of 2.1 at 5% significance if

n � q � 1 > 18. So, considering the values of the canoni-

cal regression coefficient for standardized variables and

their associated t-values, we could conclude that the EFF

(r = �0.42; t = �4.68; P < 0.05) and plateau geomorphology

(r = 0.31; t = 4.25; P < 0.05) variables were most corre-

lated to the first axis, while LFF (r = 0.55; t = 2.73;

P < 0.05) and silt (r = 0.51; t = 3.21; P < 0.05) were most

correlated with the second axis.

A cluster analysis applied on the scores of the two-first

CCA axes produced four floristic groupings withmore than

50% dissimilarity between each pair of groups (Figs S1 and

S2). The first group (G1) is characteristic of the iron-capped

plateaux, and features Combretum micranthum and Boscia

angustifolia as indicator species; its flora also counts other

frequent species such as Acacia ataxacantha, B. senegalensis,

Guiera senegalensis, Lannea acida and L. microcarpa. This

grouping was found to be negatively correlated with both

EFF and LFF and is thus related to those areas where the

overall fire frequency is low. Soils of G1 were relatively

richer in organic matter and N, as well as in finer texture

factions. The composition of the second group (G2) was

characterized by a high frequency of Acacia macrostachya

and Dichrostachys cinerea as indicator species, and also by

Burkea africana, Combretum nigricans, Crossopteryx febrifuga

and Feretia apodanthera; it constitutes a typical hillslope

vegetation type. This grouping was correlated to LFF, fine

soil texture (clay and silt) and shallow soils. The third

floristic group (G3) has Anogeissus leiocarpa and Combretum

Table 2. Summary of CCA and RDA. In the CCA, the species abundance table is constrained by environment variables. In the RDA, structural variables are

constrained by environment variables.

Ordinations Canonical correspondance analysis (CCA) Redundancy analysis (RDA)

Axes 1 2 3 4 1 2 3 4

Eigenvalues 0.387 0.143 0.057 0.039 0.167 0.116 0.031 0.015

Species–environment correlations 0.853 0.753 0.582 0.591 0.791 0.667 0.591 0.381

Cumulative percentage variance

Of species data 12.4 17 18.8 20.1 16.7 28.3 31.5 33

Of species–environment relation 55.5 76 84.1 89.8 48.2 81.7 90.8 95.2

Sum of all eigenvalues 3.116 (Total inertia) 1 (Total variance)

Sum of all canonical eigenvalues 0.698 0.347

Fig. 2. Final structural equation models with standardized path

coefficients. In the two models, Soil was taken as exogenous latent

variable and Fire as endogenous latent variable. The second endogenous

latent variable was woody vegetation species composition (Flora) in Model

a (v2 = 1.268; df = 1; P = 0.260) and woody vegetation structure in Model

b (v2 = 1.193; df = 1; P = 0.275). For the coefficient of determination (R2),

P < 0.001; pathway strength is denoted by arrow size and its significance

according to the following: no asterisk = not significant; *P < 0.05,

**P < 0.01; ***P < 0.001.

Table 3. Soil effects on fire, woody vegetation composition (Flora) and

structure.

SOIL effects

Direct Indirect Total

Model A FLORA 0.59 0.16 0.75

FIRE 0.61 – 0.61

Model B STRUCTURE 0.67 0.17 0.84

FIRE 0.65 0.32 0.97

–, Data not calculated.
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aculeatum as indicator species; it was also characterized by

the occurrence of Acacia sieberiana, Philenoptera laxiflora, Pi-

liostigma thonningii, Prosopis africana and Ziziphus mucronata.

This grouping was more typical of depressions and lower

hillslope communities. It was also correlated with LFF and

with soil nutrients. The fourth group (G4) was characterized

by Combretum collinum and C. glutinosum as indicator spe-

cies, together with Flueggea virosa, Gardenia ternifolia,Mayte-

nus senegalensis, Strychnos spinosa, Terminalia avicennioides

and Vitellaria paradoxa. This grouping was correlated with

EFF, sand and soil depth and was found over the (geomor-

phological) plains.

Variations of woody vegetation structure

The RDA on vegetation structure constrained by environ-

mental variables produced significant first (F = 22.66;

P < 0.01) and second axes (F = 15.06; P < 0.01) explain-

ing 16.70% and 11.60% of the structural table variance,

respectively, and together summarizing 81.70% of the

structure–environment relation (total explained vari-

ance = 34.70%; Table 2). The results of partial RDA analy-

ses showed that Soil variables had a stronger independent

and total explanatory power (16.90% and 29.20%, respec-

tively, for IS and IS + J) than the Fire set (5.50% and

17.80%, respectively, for IF and IF + J). The variance

explained jointly by both variable sets (7.98%) was slightly

lower than that for species composition. In terms of axes

correlations with structural parameters (Fig. S3), axis 1

was strongly correlated with density (r = 0.68) and fairly

strongly with stem number (r = 0.54) and species number

(r = 0.47), while axis 2 was correlated with height

(r = 0.60) and basal area (r = 0.51). With regard to envi-

ronmental variables, axis 1 was correlated with EFF

(r = �0.62), plateau geomorphology (r = 0.54), organic matter

(r = 0.48) and soil depth (r = �0.46), whereas axis 2 was

correlated with depression geomorphology (r = 0.54), silt

(r = 0.35) and LFF (r = 0.27). In the first RDA, according

to the t-value associated with canonical regression correla-

tion, EFF (r = �0.54; F = 20.91; t = �5.06 and P < 0.01)

was most strongly correlated with axis 1, whereas depres-

sion geomorphology (r = 0.69; F = 20.91; t = 6.57 and

P < 0.01) and silt (r = 0.55; F = 20.91; t = 4.88 and

P < 0.01) were related to axis 2. The dead basal area was

negatively correlated with LFF on RDA axis 2.

The structural equation model showed significant good

fit to the woody vegetation data (v2 = 1.193; df = 1;

P > 0.1; Table S1), and explained 79% of the Fire set and

74% of the variation in woody vegetation structure

(Fig. 2b). Soil had both a significant direct and indirect

effect on Vegetation and Fire via the woody vegetation

structure (Table 3). This influence of the woody layer

structure on the fire regime can, for instance, be induced

by the formation of dense shrub patches on the plateaux

that interrupt the continuity of the flammable grass layer.

The effect of Fire on woody vegetation structure was rela-

tively small (but significant). Globally, Soil total effect was

higher than that of Fire and the variation explained

together by the sets of variables remained similar in the

case of woody vegetation species composition.

In summary, vegetation on plateaux had low fire fre-

quency and was characterized by high density values as

well as intense coppicing (Fig. S3), unlike vegetation on

the plains, which was affected by frequent early fires

and lower densities of individuals, lower stem diameter

and less species. The latter vegetation type had a high

regeneration rate and high average number of resprouts.

In other words, frequent early fires occurred concomi-

tantly with a woody vegetation structure characterized

by smaller individuals and with smaller stem diameters

(according to the thresholds chosen here). Late fires

occurred mainly within vegetation with large mean stem

diameter on silty soils that are found on lower hillslopes

and in depressions.

Discussion

The question of the influence of fire perturbation on

savanna structure and composition is not new (Menaut

et al. 1990; Hoffmann 1998; Higgins et al. 2007; Sawa-

dogo 2009); however, studies linking landscape at regional

scales are scarce. Traditional approaches based on con-

trolled experiments on fire–vegetation interaction have

shown clear limitations (see Furley et al. 2008 for review),

notably because the number of factors and the spatial and

temporal scales that must be considered are large. Laris

(2008) suggested that a ‘natural experiment’ approach

would achieve a higher level of realism and generality than

field or laboratory experiments by considering ‘naturally’

occurring differences and interactions in initial conditions,

perturbations or processes.

Our fire regime history map revealed a clear spatial

variability pattern of fire regime, despite management

practices aimed at generalizing early fire every year

(ECOPAS 2005). This could be explained by (or related

to) the strong influence of natural factors such as vegeta-

tion characteristics, climate conditions and geomorphol-

ogy on fire distribution (Mbow et al. 2003; Krawchuk

et al. 2009). This variability of the fire regime in space

and time has also been highlighted in the same area

(Grégoire & Simonetti 2010) and in other West African

savannas (Nielsen et al. 2003; Devineau et al. 2010), and

some authors have criticized the frequent ‘early fire for

all’ concept for savanna management (Laris 2002; Parr &

Andersen 2006). Indeed, strong correlations are shown

here between the fire regime and vegetation structure
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and composition, as well as soil and physical geomorpho-

logical variables.

If we consider that the set of soil variables and the set of

fire variables (i) take up redundant shares of variance, and

(ii) that soil is more than twice as important as fire in

explaining the structure and composition of the woody

vegetation, we can suggest that it is likely that fire regime

is more a consequence of vegetation than the other way

round. Of course one needs to be cautious because more

variables (six) were included in the soil and topography set

than in the fire regime set (two), whichmay possibly cause

a slight bias (Okland 1999). However, taking only two

variables to characterize the soil might be insufficient to

infer the range of its influences on the ecosystem. To

depart from this issue, and to go further in the inference of

possible causality chains, structural equation models were

fitted to our data. Here, the concept of latent variables

allows us to summarize the information contained in each

set independent of the number of variables in each set.

Here again, soil appears as a causal factor influencing fire

behaviour through geomorphology and woody vegetation,

which in turn also affect the susceptibility to fire. More-

over, the direct effect of Soil on Fire can most likely be

related to the unmeasured influence of the grass layer,

which could also explain the non-significant direct effect

of Flora on Fire.

Cause-and-effect relationships are not immediately

accessible due to the correlative (as opposed to experimen-

tal) approach adopted in this study. Even a well-fitted

structural equation model does not prove causal relation-

ships (Bollen 1989). However, theory that guides both our

model-building and model-fitting processes permits us to

make inferences about the sign and strength of directional

pathways (Grace 2006; Laughlin et al. 2007). The fact that

compositional and structural gradients were correlated

with edaphic gradients and to the overall geomorphology

of the W Park (plateau, hillslope, plain and depression) has

been highlighted in Couteron & Kokou (1992). Obviously,

the grass standing crop and composition are very influen-

tial in the timing of flammability and in conditioning fire

intensity, a fact that seems to be confirmed by the strong

direct effects of soil on fire regimes in the structural equa-

tion models. It would be difficult to conceive how this

effect could be exerted other than via the grass layer. How-

ever, our study focused on woody cover as an ultimate

integrator of the ecosystem relationship with fire. Trees

and shrubs may exert crucial feedbacks on the grass layer,

and thereby influence fire behaviour by modifying the

microclimate, soil water and nutrient availability under

their canopies (Breshears & Barnes 1999; Sankaran et al.

2005). This effect appears to also be confirmed in our struc-

tural equation models. For instance, unburned areas were

generally observed on plateaux of the central area of

the park, where shallower soils and the presence of self-

organized shrub clumps limit the development of peren-

nial grasses, in particular the density of perennial grass

species (e.g. Andropogon gayanus) is limited by light compe-

tition with large trees, while most of the herbaceous layer

is discontinuous and contains annual grasses (Barbier et al.

2008; Diouf et al. 2010). This vegetation type is also

characterized as having a highest density and number of

multi-stemmed species and high soil organic matter and N

content due to litter accumulation and organic matter

mineralization.

Concerning burned areas, the depression and lower

hillslope geomorphological units are characterized by a

finer soil texture with better water retention and cation

exchange capacity. Moreover, they concentrate water run-

on and thus support plant growth, possibly helping vegeta-

tion to escape the flame zone more quickly, but also

favouring grass turgidity for a longer part of the dry season.

As a consequence, this vegetation tends to allow only later

fires (i.e. post-December) to spread.

The plains geomorphological unit is characterized by

deeper soils with a coarse texture, and a continuous layer

of mixed perennial and annual grass species (Rabeil 2003).

Grass drying occurs earlier, as do dependent fire events

(Mbow et al. 2003; Van Wilgen et al. 2003), explaining

the high frequency of early fires in this unit. The high

regeneration and stump rejection rates are symptoms of

high fire frequency (Hochberg et al. 1994; Higgins et al.

2007).

Concerning the relationships between species of woody

plants and fire, our results based on thorough firemonitor-

ing also confirm the more casual observations of Couteron

&Kokou (1992). Indeed they have already classified Garde-

nia sokotensis, B. angustifolia and C. micranthum as indicators

of a fire-free habitat; C. nigricans, C. febrifuga and D. cinerea

as moderately burned habitat; and C. collinum, G. ternifolia,

S. spinosa and C. glutinosum as indicators of frequently

burned habitats.

The elements mentioned above strongly suggest that

the fire regime is largely constrained by soil characteristics

and vegetation structure and composition (Beckage

et al. 2009; Murphy et al. 2010), a fact well known to

field practitioners (Devineau et al. 2010), which should

impose caution when investigating the determinants of

savanna structure. Importantly, late fires, which are often

considered very destructive to the woody component of

savannas, appeared to occur in vegetation comprising tall

trees with large basal areas, corresponding to woody

savannas found in mesic conditions. Moreover, the corre-

lation between late fire and dead basal area appears to be

negative. Although it is well known from controlled

experiments in a given vegetation setting that late

dry-season fires are more destructive than early dry sea-
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son fires in terms of the woody component (Louppe et al.

1995), our results highlight the need for further field

studies testing the interactions between the effects of fire

timing, vegetation structure and the geomorphological

context. The concept of early and late fire might in fact

have a different result in lower topographic positions,

where soil desiccation is delayed. Furthermore, large trees

are less affected by fire-induced mortality because of the

height of the buds, which can escape the flames (‘Gulliver

syndrome’: Higgins et al. 2007) and because of greater

bark thickness (Gignoux et al. 1997). Early fires, which

are generally presented as a best management practice, in

this case occur in vegetation with many small woody

individuals and stems (‘Oskar syndrome’: Higgins et al.

2007), probably as a consequence of repeated fires.

A clear limitation of the snapshot (synchronous)

approach to vegetation structure and composition adop-

ted here is that we cannot assess how temporally stable or

transient these relationships are. We are currently study-

ing the temporal trends of reflectance and vegetation

indices over the same study period to answer this ques-

tion, but early results did not show any obvious trend that

could be related to fire regimes. It is also possible that veg-

etation either responds to average fire histories over

longer periods than the 7 yr considered here (resulting in

lag effects), or to exceptional years that may not have

occurred during the recording period (Bellingham & Spar-

row 2000; Von Holle et al. 2003). Despite the above

limitations, our intuition is that the principal determining

factor in the savannas of our study area is geomorphol-

ogy, which determines properties of the topsoil and, to a

large extent, vegetation structure, with the latter in turn

influencing fire timing. Therefore, nature might, to some

degree, endogenously produce the patchy fire manage-

ment approach advised in Parr & Andersen (2006), with

the consequence of limiting the importance of large-scale

uncontrolled fire events. Hence, to burn the park each

year, the rangers need to take into account the considered

area’s geomorphology – to achieve better control of fire

propagation, – and also include the moisture status of the

vegetation.
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Régional Parc W/ECOPAS (Ecosystèmes Protégés en Afrique
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la Réserve d’Arly – Implications pour la gestion de ces aires proté-
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Figure S1. Constrained ordination of the floristic plots

with correlation of significant environmental variables
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(plain arrows) within the first plane of the Canonical Cor-

respondence Analysis (CCA).

Figure S2. Species distributions along the Canonical

Correspondance Analysis (CCA) first two axes.

Figure S3. Constrained ordination (RDA) of the plots

following structural parameters of the woody vegetation

(solid regular arrows) and correlation with significant

environmental variables (solid bold arrows).

Table S1. Global fit indices for the final structural

equationmodels in which soil is predictor
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