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Abstract
We analysed thirty-five 400-m2 plots encompassing forest, savanna and intermediate vegetation types in an ecotonal area in Ghana, West Africa. Across all plots, fire frequency was over a
period of 15 years relatively uniform (once in 2–4 years). Although woodlands were dominated
by species typically associated with savanna-type formations, and with forest formations dominated by species usually associated with closed canopies, these associations were non-obligatory
and with a discrete non-specialized species grouping also identified. Across all plots, crown area
index, stem basal area and above-ground biomass were positively associated with higher soil
exchangeable potassium and silt contents: this supporting recent suggestions of interplays
between potassium and soil water storage potential as a significant influence on tropical vegetation structure. We also found an average NDVI cover increase of ~0.15% year−1 (1984–2011)
with plots dominated by non-specialized species increasing more than those dominated by
either forest- or savanna-affiliated species. Our results challenge the traditional view of a simple
forest vs. savanna dichotomy controlled by fire, and with our newly identified third nonspecialized species grouping also potentially important in understanding ecotonal responses
to climate change.

Introduction

© The Author(s), 2020. Published by Cambridge
University Press

Tropical savannas and forests are generally seen as distinct biomes composed of distinct plant
functional types (PFT) and vegetation structure (Furley et al. 1992). Savannas have an open
canopy with fire and herbivory considered major drivers of species composition (Hovestadt
et al. 1999, Van Langevelde et al. 2003). Forests have a closed canopy where fire does not easily
penetrate and with woody species present being fire sensitive (Torello-Raventos et al. 2013).
Differences in canopy closure with a fire-quenching threshold at around 50% crown cover
may result in contrasting pyrogenic (open tree cover) and non-pyrogenic (closed tree cover)
biomes (Hennenberg et al. 2006, Pellegrini et al. 2016, Ratnam et al. 2011). Ecotone vegetation
is considered intrinsically unstable and rapidly transforming into either a stable savanna or
alternate stable forest state through fire-mediated feedbacks (Hirota et al. 2011, Hoffmann
et al. 2012, Oliveras & Malhi 2016, Pellegrini et al. 2016, Staver et al. 2011). Stands containing
mixtures of forest and savanna trees then, as a consequence, are considered fire-degraded and
temporary (Aubréville 1938, Ratnam et al. 2011, Stebbing 1935) but transitional vegetation
comprising of a mix of forest and savanna tree species has been reported to persist over decadal
timescales (Cuni-Sanchez et al. 2016, Goetze et al. 2006). Thus closed-canopy vegetation formations containing an abundance of fire-tolerant canopy tree species may occur naturally, at
least under certain conditions. Moreover, in at least one of the classic fire experiments, under a
moderate (e.g. early burning) fire regime, many fire-sensitive species were found to persist
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(Charter & Keay 1960). Thus to simply distinguish between forest
and savanna only and to consider transition vegetation to simply
be unstable or degraded forest begs for closer scrutiny.
Climate and soil factors are key determinants of vegetation
structure (Lloyd et al. 2008, Lloyd & Veenendaal 2016,
Veenendaal et al. 2015, 2018). Edaphic properties influence the distribution and structure of tropical woody vegetation types
(Dowling et al. 1986, Goodland & Pollard 1973, Trapnell et al.
1950) with soil depth and/or texture and consequently soil water
storage an important driver of species composition and stand
structure (Keay 1960, San Jose & Farinas 1983, Swaine 1996,
Veenendaal et al. 1996a, 1996b). Although in savannas, soil
nutrients may be sufficient to potentially sustain forest (Bond
2010; Gray & Bond 2015), forest soils are generally of a higher
nutrient status than savanna soils under similar climate conditions
(Lloyd et al. 2008, Quesada et al. 2012, Ruggiero et al. 2002). Of
particular interest is the combined soil available water and potassium (CWAK) hypothesis (Lloyd et al. 2015) which suggests that
soil water availability and the nutrient potassium together can
explain vegetation structural transitions in woody vegetation.
In this paper, we closely examine variation in the structural
parameters of woody vegetation in a forest–savanna boundary
in Ghana, West Africa, investigating links between the vegetation
composition in terms of woody PFTs and the vegetation structure
in a forest–savanna mosaic. We also test the hypothesis that savanna and transitional species can co-occur in at least some closed
vegetation formations. We also investigate long-term changes and
fire incidence for different vegetation structural type, testing the
hypothesis that many differences in vegetation structure can be
simply attributed to variation in soil characteristics.
Methods
Study site
We conducted the study in the Kogyae Strict Nature Reserve
(KSNR; Figure 1a) in the Ashanti Region of Ghana (7°15 0 52 0 0 N,
1°04 0 47 0 0 W). KSNR was established in the 1960s as a barrier
reserve between the Guinea Savanna Zone in the north and the
Deciduous Forest Zone in the south (Hawthorne 1995, Janssen
et al. 2018). KSNR covers an area of 330 km2. Average rainfall is
~1.36 m year−1 and the average annual temperature is 28°C with
little season variation (Figure 1b: Wildlife Department Accra
1994). Rainfall distribution is seasonal with a distinct wet and
dry season. Heavy rains fall between May and October with varied
intensity, followed by a dry season from December to March.
Long-term rainfall above the escarpment in Central Ghana has
declined by 10–20% compared with the period 1950–1970
(Owusu & Waylen 2009). Presently KSNR regionally experiences
annual, mostly early wildfires, mostly the result of hunting/
poaching and agriculture. Since 2004, fire has also been used as
a tool to improve grazing resources for wildlife in the north-east
section of the park. The structural vegetation types within the
KSNR range from closed forests to open woodlands. Much of
the forest vegetation was, however, chopped down in the late
1980s and early 1990s in the run-up to the gazetting of the strict
conservation status of the park (Janssen et al. 2018).
The KSNR vegetation also has a human footprint, with there
being some record of occupation for the 19th and 20th century.
For example, pottery can be found (Wildlife Department Accra
1994) and transitional woodland patterns have sometimes been
linked to past agricultural activity. Nevertheless, detectable features
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of past human settlements such as forest patches consisting of
Terminalia schimperi (Hochst. ex Hutch. & Dalziel) Gere &
Boatwr (syn. Anogeissus leicocarpa (DC.) Guill. & Perr.) which typically persist for decades after village abandonment (Hopkins 1965,
Sobey 1978) were not detected in the study area.
A total of 35 plots of 20 × 20 m were established in the northeast corner of the park (Figure 1a). This plot size was considered to
be small enough to allow for a homogeneous vegetation structure
but still large enough to obtain a representative sample of the dominant tree species composition (with there usually being more than
15 trees with a diameter at breast height (dbh) of 2.5 cm or more in
each plot). All plots were located in an area where no recent human
disturbances such as logging were detectable. The plots were distributed in patches of varying tree cover across the naturally occurring vegetation mosaic and first classified a priori by eye as
savanna-like (woody vegetation with incomplete canopy closure
and a herb layer of C4 grasses), forest-like (woody vegetation with
complete canopy closure and a sparse herb layer of mainly C3 forbs
and C3 grasses), and ‘intermediate’. Fifteen plots were established
in the savanna-like vegetation, 10 plots in the forest-like vegetation,
and 10 plots in semi-closed ‘intermediate’ vegetation. All plots
were located a maximum distance of 3.0 km from each other to
allow for likely similar historical fire patterns. Also plots were only
established in flat areas of the landscape (0–3% slope, estimated by
eye) to avoid surface hydrological processes and the influence of
catena.
Vegetation parameters
In each plot, diameter and height were measured of trees with a
diameter ≥ 2.5 dbh. Trees were identified at species level. The
crown area of each tree was calculated from crown diameter measured on two perpendicular axes. Total canopy area was calculated
by summing up crown areas. Basal area was calculated as the sum
of basal area of all individual trees in a plot. Canopy area index
(CAI) was determined by dividing total crown area by the area
of the plot. Height of all trees > 10 cm dbh was measured with a
laser rangefinder (TruPulse® 200, Laser Technology Inc.).
Hemispheric photographs, to determine woody leaf area index
(LAI), were taken using a Nikon E4500 camera with fisheye lens,
mounted at 1 m height. Photographs were underexposed by two
stops to enhance contrast (Woodgate et al. 2012, Zhang et al.
2005). LAI was determined using Gap Light Analyser imaging software with contrast settings determined by three independent
observers (Frazer et al. 1999, Promis et al. 2011).
Tree classification, biomass calculation and structural
vegetation plot clustering
Based on information on species habitat and/or distribution as taken
from Keay (1989), Hawthorne (1995) and Hawthorne & Jongkind
(2006) all species in the study were classified a priori as savannaaffiliated (S), forest-affiliated trees (F) or non-specialized (N) –
the latter species having been reported as regularly occurring in both
forest and savanna. Estimates of above-ground woody biomass
(AGB) for each plot were calculated using a generic allometric
equation for tropical trees (Chave et al. 2014).
To investigate similarity in PFT composition, plots were clustered on the basis of the contribution of the PFTs to the total crown
area in the plot using all trees ≥ 2.5 cm dbh, using SPSS version 23.0
(complete linkage and single Euclidian distance to emphasize plot
differences). For the second classification, CAI, AGB, average
canopy height (H), the 0.95 quantile of average canopy height,
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Figure 1. Map of Ghana showing the different vegetation
zones and location of the Kogyae Strict Nature Reserve.
Vegetation zonation adapted from Yengoh et al. (2010).
The grey circle indicates the location of the study site (a).
Yearly rainfall and temperature distribution for the Kogyae
Strict Nature Reserve (b) (McSweeney et al. 2010; Wildlife
Department Accra 1994).

H*: calculated as H* = H þ 1.645 σ where σ = the plot standard
deviation of tree height (Hyndman & Fan 1996) for trees
≥ 10 cm dbh. This clustering allows for a classification in structural
vegetation types (VST) as defined by Torello-Raventos
et al. (2013).
Soil chemical and physical analyses
In September 2014 composite soil samples were taken in the
middle of the growing season at depth intervals of 0–10, 10–20,
20–40, 40–60, 60–80 and 80–100 cm with a cylindrical soil auger
at the centre of a plot and in the four quadrants. Samples were air
dried before laboratory analysis. Total N and total P were
determined according to Novozamsky et al. (1983). Available

P (P-Olsen) was determined according to Olsen (1954). The cation
exchange capacity (CEC) and exchangeable K, Ca and Mg were
determined after extraction with unbuffered 0.01 M BaCl2
(Gillman 1979). Percentage organic matter (OM) was determined
by loss on ignition. Soil pH was determined in H2O (1:2.5). All soil
nutrient data are expressed on a volume basis as nutrients available
in 1 m3 using bulk density measurements taken at 20-cm intervals
from the surface to 100 cm depth using soil pits.
Soil moisture content (MC) was determined by weighing soil
samples (taken in September 2014 and additionally in the dry season in January 2015) in the field with a digital balance of precision
± 0.01 g in situ. The water mass was determined after drying at
80oC to constant weight. Percentage soil moisture content was

Downloaded from https://www.cambridge.org/core. Wageningen University and Research - Library, on 18 Nov 2020 at 13:02:39, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0266467420000085

136

expressed in volume by multiplying the gravimetric water content
with bulk density. Particle size analysis for composite samples representing from the top 20 cm was as per the Boyoucos method
(Gee & Bauder 1986).
Soil depth (d) in each plot was determined by digging a
1.5 × 2.0-m soil pit to the ferricrete layer or, on occasion, sandstone
layer. In six representative plots, a complete soil description and
classification was undertaken with layers of different appearance,
thickness and properties arising from various soil-forming processes being recorded. The resulting information was used in
conjunction with the laboratory analyses to classify soil types
according to the World Resource Base soil classification scheme
(IUSS Working Group WRB 2006) with pit descriptions deposited
in the Dryad Digital Repository. For the remaining 29 plots, soils
were classified by eye by a local pedologist using information
acquired from six pits that had been analysed in detail.
Fire occurrence and vegetation cover change
The occurrence of fire was estimated by the fire return time (period
2000–2014) on the basis of the MODIS Burned Area Product
(MCD45A1; Roy et al. 2008). As this product has a spatial resolution of 500 × 500 m and fire may still be patchy within a landscape,
whether a specific plot actually would have burned in a given year
cannot be determined precisely. We therefore define a fire occurrence as one in the vicinity of the plot (but not whether the plot has
actually burned) and quantified as the fire return time of the pixel
in which the plot was located.
To evaluate any link between fire history and vegetation change,
vegetation cover was determined by calculation of the averaged
Normalised Vegetation Index (NDVI) change over the period
1984–2015 in four steps. We first used NDVI derived from
Landsat TM (21 November 1984 and 22 November 1990),
Landsat ETMþ (15 November 2002) and Landsat OLI
(27 November 2015) at a resolution of 30 × 30 m. The NDVI from
1984, 1990 and 2002 was then cross-calibrated to the NDVI of 2015
correcting for sensor differences (Mitchard et al. 2009). NDVI
trends over the period were subsequently determined for each plot
using linear regression across the four data points for NDVI over
time and determining the slope of the regression line.
Statistical analyses
Statistical analyses were undertaken with SPSS version 23 unless
stated otherwise. Comparisons of structural properties between
plots were done with a single ANOVA and post hoc Tukey test.
Data were sometimes log-transformed to ensure normality of
the residuals and homogeneity of variances. If this proved insufficient non-parametric tests were applied. To test for differences in
tree heights of the tallest trees a general linear model assuming normal error distribution (GLM) was used. GLMs were also used to
test whether there were differences in soil nutrients, soil depth
and other environmental resources between the PFTs or VSTs.
Each GLM was followed by a post hoc Tukey test to determine
the differences between the PFT or VST groupings. For the analysis
of NDVI cover change trends we used a GLM with PFT or VST
groupings as a factor and CAI as a covariate to compensate for
the fact that CAI shows a saturating relationship with increasing
CAI (Janssen et al. 2018).
Vegetation structural properties were first correlated with soil
physical and chemical properties using Kendall’s non-parametric
rank correlation test. Ordinary Least Squares (OLS) models were
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used to quantify relationships between BA, CAI and AGB and the
measured soil parameters, selecting the minimum adequate model
based as that with the lowest Bayes information criterion (BIC)
which has a stricter penalty associated with additional terms as
compared to the Akaike information criterion (AIC) thus reducing
any chance of overfitting (Schwarz 1978). These analyses were
undertaken using the R statistical platform using the dredge
function within the MuMIn package (Bartoń 2013) with the
simplest model within two units of the lowest BIC model chosen
(Aho et al. 2014).

Results
Classifying vegetation with plant functional or structural
properties
As detailed in Appendix 1, 56 tree species were found across the 35
study plots of which 19 were classified as savanna-affiliated (S), 26
as forest-affiliated (F) and 11 as non-specialized (N).
Classification of plots on the basis of PFT cover contribution
resulted in three clusters which, on the basis of their species composition as weighted by canopy cover, were classified as either savanna (89% ± 3.6% (mean ± SE) ST dominance), transitional (60%
± 5.4% N dominance) or forest (74% ± 5.5% F dominance; Figure
2a, Appendix 2). Frequently occurring forest (F) tree species
included Ceiba pentandra, Didymosalpinx abbeokutae, Manilkara
obovata and Sterculia tragacantha. Dominant savanna (S) trees
included Terminalia glaucescens and Pterocarpus erinaceus.
Typically ubiquitous non-selective (N) trees include Bridelia
micrantha, Lannea nigritana, Margaritaria discoidea and
Pouteria alnifolia.
Alternatively, classifying on the basis of stand structural parameters resulted in five clusters viz. woodland, closed woodland, tall
closed woodland, forest and tall forest (Figure 2b, 3). Woodland
(including closed and tall closed) was on average dominated by
S-species (59–75%), while F-species dominated the forest and tall
forest classifications (on average 68–72%), also being much rarer in
other VSTs (max 15%) and almost absent in woodlands. N-species
were on average more equally distributed among VSTs (12–28%;
Figure 2b). Variation in dominance of PFTs within individual
structural groupings was, however, large. For example the woodland grouping contained both S- and N-dominated stands within
the closed woodlands grouping encompassing stands dominated
by all three PFT (Figure 3). In closed-canopy-forest and tall-forest
plots the species PFT classification was always F-affiliated.
Forest species in woodland and closed woodlands were typically
of smaller-than-average stature than is typical for this PFT
(although sometimes up to ~25 m tall), with the most common
F-species in woodland being Sterculia tragacantha Lindl., Vitex
grandiflora Gurke and Kigelia africana (Lam.) Benth. S-trees were
found only in low numbers in forest and tall forest, but within tall
closed woodland and (tall) forest patches, several tall-statured
S-affiliated specimens such as Terminalia schimperi and Khaya
senegalensis Desr. (height up to 30 m) were found. N-species were
found in all five VSTs, with this group including taller species such
as Afzelia africana Sm. and Lannea nigritana (Scot-Elliot) Keay.
Comparing the PFT classification with the VST classification,
S-dominated plots were generally classified as woodlands up to tall
closed woodlands, N-dominated plots as woodlands to tall closed
woodlands, and F-dominated plots as closed woodlands, forest or
tall forest. Smaller trees and shrubs (viz. dbh 2.5–5 cm) were absent
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Figure 3. Clustering of the plots at the Kogyae Strict Nature Reserve, Ghana, into vegetation structural types. Typology follows Torello-Raventos et al. (2013) (all trees
≥ 10 cm dbh). Squares on the y axis indentify the plant functional type classification
of the same plots (orange = savanna tree dominated, light green = non-specialized
tree dominated, dark green = forest tree dominated) (see also Appendix 2).

Figure 2. Percentage composition of forest, savanna and non-specialized tree species by crown area in plots at the Kogyae Strict Nature Reserve, Ghana, grouped
on the basis of plant functional types (a) and grouped on the basis of the vegetation
structural characteristics (b). Orange bars represent savanna trees, light green bars
non-specialized trees and dark green bars forest trees. Different letters (small caps,
capital, italics) indicate significant differences of the tree types between the classes
(one-way ANOVA post hoc Tukey test; P < 0.05). Error bars denote ± 1 SD.

and VST (GLM; P < 0.001): F-species were significantly shorter
(P < 0.05) than S-species in woodlands (including the closed
and tall closed woodlands), but S-species were significantly shorter
than F-species in the forest and tall-forest plots. On the other hand,
maximum tree height for N-species did not vary significantly
across VSTs (Figure 4d).

in woodland but constituted 5% of all trees in VST in the other
woodland classes and 15% in the forest classes (data not shown).

Fire occurrence near plots and vegetation cover change

Variation in quantitative vegetation structural properties
Variation in structural properties for the five VST categories is
shown in Figure 4. Average canopy height and 95% quantile height
were lowest for woodlands and closed woodland with both these
VSTs being significantly shorter than tall closed woodland and
forest (Figure 4a). Leaf area index varied from 1.3 m2 m−2 to
2.2 m2 m−2 in tall forests with complete canopy closure – taken here
as occurring at a LAI of 1.7 to 1.8 m2 m−2 equating to a projected
crown cover of 60% – observed for the forest and tall forest plots
(Figure 4b). CAI varied between 0.8 m2 m−2 in woodlands to
3.7 m2 m−2 in tall forest (Figure 4b). AGB increased from around
100 Mg ha−1 in woodlands to over 200 Mg ha−1 in forest with a
large increase to near 600 Mg ha−1 for tall forests (Figure 4c).
Average maximum height achieved by individual trees, being
the tallest tree recorded for each PFT, in each plot is shown in
Figure 4d. Average maximum height differed significantly across
the different VSTs with a significant interaction between PFT

Fires were assessed over the period 2000–2015, with most fires
occurring in the period after 2005 (with as a result thus in recent
years a higher frequency). For the whole period average fire
frequency in the vicinity of the plots was 0.35 ± 0.08 year−1
(mean ± SE) for woodlands, 0.30 ± 0.05 year−1 for closed woodland
and tall closed woodland plots, 0.29 ± 0.03 year−1 for forest plots
and 0.26 ± 0.03 year−1 for tall forest plots with only woodlands
being significantly different from tall forest plots (one way
ANOVA; F = 2.98, P < 0.35 with post hoc Tukey test).
Including CAI as (non-significant) covariate, the long-term
vegetation cover trend, measured through NDVI change between
1984 and 2015, was significantly different between VSTs (data analysed with a single ANOVA; F(4, 30) = 4.68, P < 0.005). All VSTs
showed an increase in NDVI over the period 1984–2005 (Figure 5a)
with the highest rate of increase in woodland being 0.23% year−1.
Closed woodlands showed an average increase of 0.11% year−1,
with the slowest rate of increase being for the tall forest plots
(0.08% year−1). Cover increase of PFT classified vegetation types
was also significantly different between plots (CAI again included
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Figure 4. Variation of structural traits across the vegetation structural types of the plots at the Kogyae Strict Nature Reserve, Ghana. Average canopy height (light green bars);
95% quantile height (dark green bars) (a); leaf area index (light green bars) crown area index (dark green bars) (b), the dotted line indicates a threshold level where the canopy is
considered closed. Above-ground biomass (light green bars) and stem basal area (dark green bars) (c). Different letters in a, b and c indicate significant differences between the
classes (one-way ANOVA post hoc Tukey test. P < 0.05) (after logtransforming data for ABG and BA). Maximum tree height per plant functional type (d) (orange bars savanna trees,
light green bars non-specialized trees and dark green bars forest trees). Brackets in (d) indicate that savanna trees (S) are significantly taller in woodlands (all types) compared with
forest trees (F) and forest trees are significantly taller in forest types. Non-specialized trees are intermediate in all cases. Error bars denote ± 1 SD.

as a covariate but now significant; F(1,31) =5.06, P < 0.032; PFT
F(1,32) = 1.44 P < 0.001) and showed a significantly larger increase
of 0.22% ± 0.02% year−1 (marginal mean ± SE) in N-dominated plots
than for S-dominated and F-dominated plots for which the
rates of increase were 0.11% ± 0.02% year−1 and 0.13% ± 0.02%
year−1 respectively (Figure 5b).
Soil physical and chemical parameters and vegetation
structural classification
All soils were of a high sand content (Appendix 3) with woodlands
and closed woodlands generally found on Lixisols, and forests
mostly on Arenosols. Maximum soil depth ranged from 1.0 m
and 2.6 m and, although varying significantly between VSTs
(GLM analysis; F4, 30 = 2.93, P < 0.04), with differences not significant in a post hoc test, but significant (P < 0.013) with soil depths
for forest and tall forest grouped VSTs (average 2.08 ± 0.26 m)
versus woodlands and closed woodlands grouped VSTs (average
1.71 ± 0.43 m).
Soil physical and chemical data integrated across the upper 1-m
profile for each plot are shown in Table 1. No significant
differences were found in particle size between the different
VSTs in the first 20 cm of the soil. Across all plots, increased silt
fractions occurred at the expense of lower sand fractions, and with
the clay fractions (always less than 0.05 g g−1) also being slightly
greater in siltier soils (Appendix 4).

Soil pH (H2O) values ranged from 6.1–6.4 and did not differ
across VSTs (one way ANOVA, P < 0.179). Soil nutrients were variable and did not differ systematically according to VST. Although
wet-season volumetric soil moisture content (θV) did not differ
significantly between VSTs (GLM F4,30 = 6.77, P < 0.099) when
sampled in the dry season, soils under forest VSTs had more
depleted soil moisture (θV ~ 0.018) as compared with the woodland
VSTs (θV ~ 0.031) with these differences being significant
at P < 0.001.

Soil physical and chemical parameters and vegetation
structural variation
Using non-parametric Kendall’s τ to probe associations between
the vegetation structural properties of canopy height, crown area
index (CAI), leaf area index (LAI), above-ground woody biomass
(AGB) and basal area (BA) with environmental and edaphic conditions (Table 2), significant bivariate correlations were found for
all four canopy structure metrics and with the frequency of fire
occurrence in the vicinity of the study plots (P < 0.05), and with
correlations of both LAI and AGB with soil depth (P < 0.01 in both
cases). Soil silt content was also positively correlated with all of
canopy height (P < 0.05), CAI (P < 0.01) and AGB (P < 0.01).
There were also negative correlations between all four structural
metrics with organic matter content (P < 0.01) and dry-season soil
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conventional form of plots of predicted vs. observed values in
Appendix 5 with symbols coloured according to report fire frequency as well.

Discussion
Vegetation composition versus structure

Figure 5. Mean NDVI change in the different vegetation structural types (a) and Plant
functional type dominated (b) plots in the Kogyae Strict Nature Reserve, Ghana, over
the period 1984–2015. Letters indicate significant differences between the types.
(a) One-way ANOVA post hoc Tukey test; P > 005. Error bars denote ± 1 SD.
(b) GLM with CAI as covariate. Means are marginal means with a test of contrasts
P > 005. Error bars denote ± 1 SE.

moisture content and negative correlations for some or all of the
canopy structural metrics with total N, extractable P and total P.
Organic matter content correlated positively with fire frequency
in the vicinity of a plot (P < 0.01) as well as soil water content in the
dry season (P < 0.01), also showing positive relationships with total
nitrogen (P < 0.05) and both total and exchangeable phosphorus
(P < 0.01). Soil depth and exchangeable potassium (Kex) were also
positively correlated (P < 0.01).
Soil factors as predictors of vegetation structure
Ignoring VFT or PFT classification and simply testing plot-level
soil parameters directly against the associated CAI, BA or AGB
(with the latter two measures being log-transformed due to their
heteroscedasticity: Figure 4), both silt fraction ϕsilt and log
exchangeable potassium [Kex] emerged as the best predictors in
all three cases (Table 3) and with a positive interaction between ϕsilt
and log [Kex] for both BA (R2 = 0.37) and AGB (R2 = 0.41), but not
for CAI (R2 = 0.31) also found.
The nature of the predicted responses is shown in the form of a
‘heat plot’ in Figure 6 with the observed values also shown. All
three metrics of canopy structure showed similar responses with
maximum values found when high [Kex] and high ϕsilt occur
simultaneously. The same data are also shown in the more

Our main objective here has been to establish the link between
plant functional type trees (savanna, transitional and forest species) and vegetation structure in vegetation patches in a forest–
savanna mosaic in Ghana (Figure 4). Although our plots were
smaller than most, the structural parameters quantified in our
400-m2 plot encompassed variation generally observed in forest–
savanna transitions (Mitchard et al. 2011, Veenendaal et al. 2015).
There were some high biomass plots of above 600 Mg ha−1 in tall
forest patches. Such variation may be expected in plots of smaller
scale as used in our study (Mitchard et al. 2011, Veenendaal
et al. 2015).
At this spatial scale of investigation, plot classification according to plant functional types (PFTs) showed a clear separation
between S-species-dominated plots, N-species-dominated plots
and F-species-dominated plots (Figure 2). This is not surprising
as trees often demonstrate clustered distributions at relatively small
(400 m2) spatial scales, especially when all tree size classes are
included (Couteron & Kokou 1997). The distribution of PFTs
across the various vegetation structural types (VST) did, however,
show a mixing of species. Generally S-trees were mostly limited to
woodland (including closed and tall closed) VSTs, with F-trees predominantly occurring in forest VSTs; but with N-trees were found
in all VSTs as might be expected from their a priori assigned
ubiquitous position (Figure 2). Nevertheless, F-trees occurred in
significant numbers in (tall) closed woodlands and S-trees in forest
plots. Thus at our spatial scale of investigation forest and savanna
PFTs are not exclusively separated. Some mixing of S- and
F-species has been recognized before in West African transitional
vegetation (Asare 1962, Charter & Keay 1960, Hopkins 1965,
Schrodt et al. 2015, Torello-Raventos et al. 2013) and in both overand understorey (Armani et al. 2018), although this has, at least in
some cases, been interpreted as a forest degradation response
(Ratnam et al. 2011).
The structural classification employed here has allowed comparisons of how key vegetation characteristics such as cover and
biomass vary between the VSTs, also allowing us to quantify
how the different PFTs may contribute to the various different
structures of the stands. For example, in the more open woodland
plots dominated by S- and N-species, forest trees are almost
entirely lacking. F-species increase in dominance as canopy closure
occurs (Figure 2b and 3). This is likely due to the selective pressure
of fire for recruitment of forest tree seedlings with canopy closure
(Armani et al. 2018, Boonman et al. 2019, Cardoso et al. 2016,
Issifu et al. 2019).
In the forest plots, presumably better growth conditions have
allowed F-trees on average to achieve greater heights than S-trees
(Figure 4) although individual savanna trees, particularly
Terminalia schimperi and Khaya senegalensis were observed to
sometimes attain a forest tree stature with heights of up to 30 m.
These predominantly savanna species are often mentioned as pioneer species preceding forest expansion into savanna (Hennenberg
et al. 2005, Nansen et al. 2001). Tall S-trees may also persist in forests long after forest expansion has taken place (Mitchard et al.
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Table 1. Soil parameters in the vegetation structural type plots at Kogyae, Ghana. Soil Moisture Organic matter, pH (H2O) and soil nutrients are averaged over 1 m
depth. Particle size analysis was done over the top 20 cm. All values are calculated per volume unless indicated otherwise. Parameters for which significant differences
were found are in bold. Superscripts indicate differences at P < 0.05; Single ANOVA with post hoc Tukey test
Vegetation structural
type
Soil parameter

Woodland
(n = 12)
Mean ± SD

Closed woodland
(n = 6)

Tall closed
woodland (n = 6)

Mean ± SD

Mean ± SD

Forest
(n = 5)
Mean ± SD

Tall forest
(n = 6)
Mean ± SD

Average all plots
Mean ± SD

Soil moisture
wet season (% vol)

18.9 ± 0.81

20.8 ± 2.35

19.9 ± 2.26

18.7 ± 1.54

18.2 ± 2.36

19.5 ± 2.19

Soil moisture
dry season (% vol)

3.04a ± 0.84

3.23a ± 0.63

3.03a ± 0.90

1.76b ± 0.33

1.80b ± 0.52

2.71 ± 0.93

Sand (%) (top 20 cm)

87.0 ± 1.78

85.6 ±2.47

84.3 ±2.29

83.10 ±4.72

84.4 ± 2.93

85.1 ±2.93

Clay (%) (top 20 cm)

1.50 ± 0.52

2.25 ± 1.13

2.89 ± 1.11

2.24 1.60

1.14 ± 0.82

2.04 ± 1.17

1

11.5 ± 1.49

12.2 ± 1.89

12.9 ± 1.28

14.7±3.30

14.5 ± 2.23

12.9 ± 2.27

6.26 ± 0.24

6.03 ± 0.26

6.15 ± 0.22

6.23 ± 0.35

6.37 ± 0.37

6.18 ± 0.30

−3

1.72b ± 0.52

1.72 ± 0.33

1.91 ± 0.35

0.89 ± 0.26

1.01 ± 0.27

1.51 ± 0.52

5.14 ± 5.53

2.16 ± 1.73

4.35 ± 5.50

1.51 ± 0.49

1.32 ± 0.53

2.81 ± 3.49

474 ± 84

535 ± 197

485 ± 137

419 ± 137

425 ± 39

480 ± 149

Silt (%) (top 20 cm)
pH (H2O)

Org. matter (g dm )
P Olsen (mg dm−3)
−3

N tot (mg dm )
−3

b

b

a

a

P tot (mg dm )

125 ± 98

106 ± 49

130 ± 60

57 ± 10

8 ± 13

98 ± 60

CEC (cmol dm−3)

5.22 ± 3.39

6.27 ± 3.80

6.88 ± 4.84

2.48 ± 2.19

7.58 ± 3.99

5.88 ± 3.90

Na (cmol dm−3)

0.70 ± 0.79

0.80 ± 0.53

0.51 ± 0.31

0.41 ± 0.81

0.75 ± 0.66

0.67 ± 0.60

−3

K (cmol dm )

0.26 ± 0.23

0.24 ± 0.23

0.25 ± 0.23

0.34 ± 0.30

0.98± 1.51

0.38 ± 0.68

Mg (cmol dm−3)

0.67 ± 0.87

2.23 ± 2.46

2.21 ± 3.17

1.73 ± 2.69

1.10 ± 0.77

1.69 ± 2.21

Ca (cmol dm−3)

4.67 ± 2.57

4.83 ± 4.06

4.86 ± 4.12

1.43 ± 1.04

3.68 ± 3.74

4.13 ± 3.52

2011) explaining part of the mixing of F- and S-tree species in the
larger size classes.
Across all plots in the study area we found a small increase in
tree cover over time to have occurred with an average NDVI increment of 0.15% year−1 (Figure 5), this being equivalent to a LAI
increment of ~0.01 year−1 or 0.3 units over the 30-y period
(Janssen et al. 2018). Such slow rates of increase are difficult to
detect at short timescales but provide an indication that canopy
closure is increasing. The lowest rate of increase in NDVI was
for the tall forest plots, but as the relationship between tree cover
(e.g. CAI) and NDVI and vegetation cover saturates at CAI > 2.5
(Janssen et al. 2018, Mitchard et al. 2009) canopy cover increase
based on NDVI increment may have been underestimated for
the forest formations. Interestingly, stands dominated by N-tree
species showed the highest NDVI increase. Though undoubtedly
a heterogenous group, N-species probably have particular traits
of a greater plasticity than is the case of F- or N- species, enabling
them to persist in variable environments such as forest–savanna
ecotones where, for West Africa at least they are commonly
observed (Hennenberg et al. 2005, Nansen et al. 2001).
In this context it is interesting to speculate on how ongoing
increases in CO2 may be playing a role in driving the observed slow
canopy cover increase. A continuing global increase in CO2 may be
playing a role in driving the observed slow canopy cover increase.
In tropical trees intrinsic water use efficiency increases have been
demonstrated to occur at a rate of 10% or more per 50 years (Sleen
et al. 2015) potentially compensating for the observed reduction of
annual rainfall (Owusu & Waylen 2009) in the study area.
A high fire incidence in our study area does not seem to have
prevented a gradual woody cover increase, although it may well
have just slowed it down: as, for example, our average NDVI
increase is at 0.15% year−1 much slower than the ~1% year−1

reported for a forest–savanna transition in Central Africa
(1985–2006) where fire incidence had decreased by 30%
(Mitchard et al. 2011). Nevertheless, we do also note that the
Cameroon transition also has higher precipitation and greater
exchangeable soil K concentrations (Veenendaal et al. 2015).
Fire may also influence species selection through recruitment
(Armani et al. 2018, Cardoso et al. 2016, Issifu et al. 2019,
Swaine 1992).
Drivers of observed woody cover patterns – fire
According to the Alternative Stable State paradigm, a large emphasis is put on the role of fire in causing unstable transitional vegetation forms which rapidly tend towards either forest or savanna
(Hirota et al. 2011, Lehmann et al. 2014). But interestingly, from
this study and others, what actually seems to be happening is a
longer-term persistence or slow change (at least at decadal timescales) of intermediate vegetation types in many places (CuniSanchez et al. 2016, Goetze et al. 2006). Notwithstanding this, in
vegetation types where edaphic conditions are not sufficient to permit canopy closure, there is a strong correlation with fire frequency
(Table 2), which is, itself, likely to have influenced canopy cover
(for a quantitative analysis of this process see Veenendaal et al.
2018). Nevertheless, using the mean fire frequency estimates available here, less than 25% of the data set variation in CAI could be
explained by variation in fire frequency (OLS: R2 = 0.21,
P < 0.005), this being much less than the variation accountable
for by the soil properties of Table 3. More detailed observations
of fire behaviour in different vegetation structural types in our
study area are needed to better understand the relationship
between closing cover, fire effects and recruitment opportunities
of savanna, forest and non-specialist PFTs in forest–savanna
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Table 2. Correlations between vegetation structural parameters and environmental conditions and resources for the plots in Kogyae Strict Nature Reserve, Ghana.
Numbers represent Kendall’s τ coefficient (n = 35; *, P < 0.05; **, P < 0.01) Can Hgt = Canopy height; CAI = Crown area index; LAI = Leaf area index; AGB = above
ground biomass; Fire = Fire occurrence in the vicinity of the plot; MC WS = Moisture content Wet season profile; MC DS Moisture content dry season profile; S
depth = Soil profile depth; % Sand top 20 cm; % Clay top 20 cm; % Silt top 20 cm; OM = organic matter; P Olson extr.; N total; P total; CEC = Cation
exchange capacity; Na = Na extractable; K = K extractable; Mg =Mg extractable and Ca = Ca extractable. Parameters for which significant differences were found
are in bold

Can Hght

Can Hgt

CAI

LAI

AGB

BA

MC_Wet

MC_Dry

1.000

0.602**

0.321**

0.723**

0.586**

−0.062

−0.433**

0.140

−0.200

−0.021

0.286*

1.000

0.553**

0.657**

0.685**

−0.119

−0.553**

0.228

−0.246*

−0.056

0.406**

1.000

0.404**

0.462**

−0.091

−0.543**

0.094

−0.198

0.000

1.000

0.776**

−0.106

−0.418**

0.197

−0.230

−0.026

0.339**

1.000

−0.116

−0.399

0.157

−0.230

−0.060

**

1.000

0.116

−0.211

−0.189

1.000

−0.187

0.192

0.118

1.000

0.109

0.327**

0.058

1.000

0.551**

CAI
LAI
AGB
BA
MC_Wet
MC_Dry

**

S_Depth

S_Depth

% sand

% sand

% clay

.325**

% clay

% silt

0.223

0.356
0.066

−0.282*

−0.382**

−0.380

0.099

−0.409**

0.024

−0.146

0.240*

0.408**

−0.284*

0.445**

1.000

−0.114

0.356**

1.000

−0.234*

−0.309**
−0.101
0.397**
−0.083

1.000
P_tot

K

Mg

Ca

0.056

−0.126

0.157

0.029

−0.174

CAI

−0.217

−0.271*

−0.254*

0.015

−0.197

0.133

0.032

−0.180

LAI

−0.172

−0.286*

−0.270*

−0.047

−0.121

0.131

0.135

−0.125

AGB

−0.277*

−0.176

−0.261*

0.029

−0.116

0.207

0.113

−0.180

BA

−0.318

−0.153

−0.274*

−0.035

−0.069

0.177

0.170

−0.126

−0.055

0.163

0.062

0.217

0.025

0.062

0.193

−0.136

−0.022

0.136

0.000

−0.160

**

CEC

MC_Wet

0.069

0.129

0.220

MC_Dry

0.153

0.328**

0.284*

0.065

−0.051

% sand

0.078

0.098

% clay

0.121

0.114

−0.147

−0.201

Fire

0.183

0.119

pH_H2O

0.079

−0.049

OM

0.311**

Ca

0.126

**

0.099

−0.197

Mg

−0.313*

−0.132

1.000

N-tot

Na

−0.421**

−0.101

−0.170

K

0.189

0.090

P_Olsen

CEC

−0.597**

.289*

−0.336**

N-tot

−0.429**

−0.057

Can Hght

P_tot

0.113

−.0434**

0.076

OM

P_olsen

−0.342**

−0.745**

pH_H20

% silt

OM

0.049

0.204

Fire

S_Depth

pH_H2O

−0.031

1.000

% silt

Fire
−0.320*

1.000

−0.262*
−0.068
0.322**
−0.083
0.278*
−0.187

Na

0.136

0.075

0.330

**

0.044

0.068

0.000

0.017

0.088

−0.087

0.002

−0.026

0.032

−0.101

−0.008

−0.123

0.012

−0.062

−0.140

−0.386

−0.150

0.050

−0.054

0.224

0.045

0.314**

0.012

0.062

−0.267*

−0.126

0.200

0.106

−0.076

0.022

0.304*

0.624**

0.126

−0.045

0.281*

0.338

**

0.069

0.032

1.000

0.176

−0.032

1.000

0.200

−0.139

−0.220

1.000

−0.032

0.042

0.267*

1.000

0.045

0.482
1.000

**

**

0.063

0.213

0.230

−0.267*

0.106

−0.274*

0.133

0402

**

0.314**
1.000

0.049
−0.106
0.055
1.000
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Table 3. Estimates for ordinary least square models relating variation for selected structural variables (basal area and canopy area index) to selected soil variables of
the plots in Kogyae Strict Nature Reserve, Ghana. Models were selected on the basis of their Bayes Information Criterion (BIC). Symbols and units: ϕsilt = silt fraction
(dimensionless); [Kex] = soil exchangeable potassium (cmol m−3). Also given is the coefficient of determination adjusted according to the statistic based on the number
of independent variables in the model. In all cases the independent variables have been centred on their mean
Canopy area index
(m2 m−2)

log (basal area)
(m2 ha−1)

log (above ground biomass)
(Mg DW ha−1)

Estimate

SE

P

Estimate

SE

P

Estimate

SE

P

Intercept

1.77

0.16

0.030

3.14

0.08

<0.001

5.00

0.10

<0.001

asin(ϕsilt)

24.49

10.00

11.96

4.81

0.019

0.100

0.086

4.52

0.021

6.97

0.001

3.62

0.010

0.243

0.145

0.102

0.155

0.076

0.148

asin(ϕsilt) × log [Kex]

–

–

–

6.95

3.40

0.050

R2adj

0.31

log [Kex]

0.37

ecotones, especially as regards their interactions with soil physical
and chemical properties.
Drivers of observed woody cover patterns – soils
Soil physical and chemical characteristics have already been documented to influence vegetation structure as well as species composition in the study region (Asare 1962, Markham & Babbedge
1979, Swaine et al. 1976). Although there were significant correlations between vegetation structural parameters and soil nutrients,
once grouped together we found no large differences between VSTs
in nutrient status in our site (Table 1). Nevertheless, organic matter
was higher underneath the more open vegetation types, possibly
related to accumulation of oxidation resistant carbon of pyrogenic
origin or directly related to soil characteristics not measured (Saiz
et al. 2012).
Although there is some evidence for soil nutrients being
co-determinant of the positioning of the forest boundary globally
(Veenendaal et al. 2015), the variation in our nutrient measurements between our VST structural groupings did not show significant differences. Nevertheless, when variation in CAI, BA and
AGB were considered across the data set as whole, significant relationships involving [K]ex and silt fraction were observed (Table 3).
These associations are consistent with the Combined Water and
Potassium (CWAK) hypothesis of Lloyd et al. (2015) as originally
developed in South America. That hypothesis supposes that potassium is a critical nutrient for plant function and growth, especially
in water-limited environments where water content of the rooting
zone is also important. The latter should be dependent on both
rooting depth and soil texture, and according to the models of
Table 3 for the very sandy soils of the study area here it seems that
relatively minor changes in silt content may be of critical importance. A rough estimate of the likely magnitude of any silt effect can
be obtained using the moisture pedo-transfer function of Oliveira
et al. (2002) which, developed in the semi-arid region of north-east
Brazil, is one of the few available that calculates plant available
water (PAW) as a function of all silt, clay and sand fractions
(Tomasella & Hodnett 2004). The Oliveira et al. (2002) equation
also requires an estimate of soil bulk density ρ and, taking our study
average of ρ = 1.51 Mg m−3, then with the silt/sand/clay associations of Appendix 4 we obtain for ϕsilt = 0.10 g g−1 an associated
PAW of ~0.035 m3 m−3. But for ϕsilt = 0.15 g g−1 the same equation
gives PAW ≅ 0.048 m3 m−3. Thus for the coarsely textured soils
encountered here an increase in silt fraction of 5% (in absolute
terms) might reasonably be expected to result in an increase in

0.176
11.00
0.41

PAW of over 30% (in relative terms). Or put another way, integrated over a 2-m depth profile then a soil with a silt fraction of
0.15 g g−1 can potentially store nearly 1.0 m of H2O, but with a silt
fraction of 0.10 then the equivalent amount is only about 0.7 m
H2O: this difference of about 0.3 m H2O equating to about
1-mo wet-season rainfall (Figure 1b).
In addition to this soil texture effect, impenetrable layers such as
ferricretes may obstruct the downward drainage of groundwater
(Batjes 1996). In our study area such impermeable layers generally
occurred, but for forest soils these were found on average almost 40
cm deeper than woodland plots. A deeper soil profile for forest soils
should thus allow for a larger volume of stored water, this then
amplifying the silt effect on PAW per unit volume as discussed
above. Together these effects could shorten the period of complete
depletion of soil water in the upper profile in the dry season by
almost 1 mo (Huttel 1975, Veenendaal et al. 1996b). Soil depth
variation such as found by us is already well known to strongly
influence tropical vegetation structure (Hiernaux et al. 2009,
Keay 1960; Lloyd et al. 2015, Markham & Babbedge 1979,
Moore & Attwell 1999, San José & Farinas 1983), with
Hartemink & Huting (2008) also noting that small variations in
silt content are strongly associated with relatively large changes
in the physical and chemical properties of South African
Arenosols. Large-scale global analyses considering soils only in
terms of their surface-layer sand and carbon contents (Lehmann
et al. 2014) must by necessity ignore such subtle but important
variation in soil properties which are no doubt important in influencing tropical vegetation structure across a range of scales.

Conclusion
We aimed to look at variation in vegetation structure and plant
functional type composition within a forest–savanna transition
zone as related to fire frequency and soil physical and chemical
properties. We found evidence for soil-available-water-related
parameters, silt content, soil depth and exchangeable potassium
to all be playing a role in patch distribution and PFT composition.
We did not find support for a bimodal system of fire-prone vegetation consisting of fire-tolerant savanna tree species and firesuppressed vegetation consisting of fire-sensitive forest tree species
as proposed in ASS theory. Rather our ecotonal mosaic consisted of
a range of plots of varying canopy cover and with these plots also
varying in their relative abundances of savanna, non-specialist and
forest species.
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Appendix 1.

Appendix 1. (Continued )

List of tree species in the study plots in the Kogyae Strict Nature
Reserve and their division in Plant functional type (F = forest tree;
S = savanna tree; N = non-specialized tree)
See main text for further explanation

SPECIES

Plant functional
type (PFT)

SPECIES

Plant functional
type (PFT)

Khaya senegalensis (Desv.) A.Juss.

S

Kigelia africana (Lam.) Benth.

F

Lannea acida A.Rich.

S

Lannea nigritana (Scott-Elliot) Keay

N
F

Afzelia africana Pers.

N

Lecaniodiscus cupanioides Planch. ex Benth.

Albizia adianthifolia (Schum.) W.Wight

F

Lepisanthes senegalensis (Poir.) Leenh.

S

Albizia coriaria Oliv.

S

Lonchocarpus sericeus (Poir.) DC.

F

Berlinia grandiflora (Vahl) Hutch. & Dalziel

N

Lophira lanceolata Tiegh. ex Keay

S

F

Manilkara obovata (Sabine & G.Don)
J.H.Hemsl.

F

Maranthes polyandra (Benth.) Prance

S

Margaritaria discoidea (Baill.) G.L.Webster

N

Milicia excelsa (Welw.) C.C.Berg

F

Monodora angolensis Welw.

F

Sarcocephalus latifolius (Sm.) E.A.Bruce

S

Bombax buonopozense P.Beauv.
Borassus aethiopum Mart.

S

Bridelia micrantha (Hochst.) Baill.

N

Ceiba pentandra (L.) Gaertn.

F

Cola caricifolia (G.Don) K.Schum.

F

Cola gigantea A.Chev.

F

Cola lateritia K.Schum.

F

Cussonia arborea Hochst. ex A.Rich

S

Dacryodes klaineana (Pierre) H.J.Lam

F

Daniellia oliveri (Rolfe) Hutch. & Dalziel

S

Detarium senegalense J.F.Gmel.

N

Dialium guineense Willd.

F

Diospyros mespiliformis Hochst. ex A.DC.

N

Didymosalpinx abbeokutae (Hiern) Keay

F

Elaeis guineensis Jacq.

F

Erythrophleum suaveolens (Guill. & Perr.) Brenan

F

Ficus sp

Bauhinia thonningii Schum.

S

Pouteria alnifolia (Baker) Roberty

N

Pseudocedrela kotschyi (Schweinf.) Harms

S

Pterocarpus erinaceus Poir.

S

Ricinodendron heudelotii (Baill.) Heckel

F

Spathodea campanulata P.Beauv.

F

Sterculia tragacantha Lindl.

F

Syzygium abbreviatum Merr.

N

Terminalia glaucescens Planch. ex Benth.

S

Terminalia schimperi* (Hochst. ex Hutch. & Dalziel)
Gere & Boatwr.

S

N

Gardenia erubescens Stapf & Hutch.

S

Trichilia rubescens Oliv

F

Grewia sp

F

Uvaria chamae P.Beauv.

N

Quassia undulata (Guill. & Perr.) D.Dietr.

F

Vitellaria paradoxa C.F.Gaertn.

S

Holarrhena floribunda (G.Don) T.Durand & Schinz

F

Vitex grandifolia Gürke

F

Hymenocardia acida Tul.

S

Zanthoxylum zanthoxyloides (Lam.) Zepern. & Timler

S

(Continued)

*Previously Anogeissus Leiocarpus (DC.) Guill. & Perr. (Maurin et al. 2017)
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Appendix 2.
Clustering of the sampled plots into Plant functional types dominated plot types based on cover (all trees ≥ 2.5 cm dbh). Number on the y
axis refers to the plot numbers
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Appendix 3.

Appendix 3. (Continued )

Classification of vegetation patches in the study area and soil
classification

Plot
Number

Plant
functional
type
dominance

1

Classification
Based on
structure

Soil type
top 20
cm

Soil Type
WBR
classification

Savanna

Closed
woodland

Sand

Abruptic
Lixisol

2

Savanna

Forest

Sand

Abruptic
Lixisol

3

Transition

Tall closed
woodland

Loamy
sand

Abruptic
Lixisol

Plot
Number

Plant
functional
type
dominance

24

Classification
Based on
structure

Soil type
top 20
cm

Soil Type
WBR
classification

Savanna

Tall closed
woodland

Loamy
sand

Chromic
Lixisol

25

Transition

Closed
woodland

Sand

Chromic
Lixisol

26

Forest

Tall forest

Loamy
sand

Arenosol

27

Forest

Tall forest

Sand

Arenosol

28

Forest

Tall forest

Sand

Arenosol

Forest

Forest

Loamy
sand

Arenosol

4

Forest

Closed
woodland

Loamy
sand

Abruptic
Lixisol

29

5

Transition

Tall closed
woodland

Loamy
sand

Abruptic
Lixisol

30

Forest

Tall forest

Sand

Arenosol

31

Forest

Forest

Sand

Arenosol

6

Transition

Closed
woodland

Loamy
sand

Abruptic
Lixisol

32

Forest

Tall forest

Loamy
sand

Arenosol

7

Transition

Closed
woodland

Loamy
sand

Abruptic
Lixisol

33

Forest

Forest

Loamy
sand

Arenosol

8

Transition

Woodland

Sand

Abruptic
Lixisol

34

Forest

Tall forest

Loamy
sand

Arenosol

9

Savanna

Closed
woodland

Loamy
sand

Chromic
Lixisol

35

Forest

Forest

Loamy
sand

Arenosol

10

Savanna

Woodland

Sand

Chromic
Lixisol

11

Savanna

Closed
woodland

Sand

Chromic
Lixisol

12

Savanna

Woodland

Loamy
sand

Chromic
Lixisol

13

Savanna

Closed
woodland

Loamy
sand

Chromic
Lixisol

14

Transition

Woodland

Loamy
sand

Pisoplinthic
Lixisol

15

Transition

Woodland

Sand

Pisoplinthic
Lixisol

16

Savanna

Tall closed
woodland

Loamy
sand

Chromic
Lixisol

17

Savanna

Woodland

Sand

Chromic
Lixisol

18

Savanna

Tall closed
woodland

Sand

Chromic
Lixisol

19

Savanna

Closed
woodland

Loamy
sand

Chromic
Lixisol

20

Savanna

Tall closed
woodland

Loamy
sand

Chromic
Lixisol
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Appendix 4.

The relationship between sand, silt and clay fractions across the
study sites. For silt fraction vs. sand fraction, the OLS regression
equation is y = 0.394 – 0.387x (r2 = 0.86) and for the clay
fraction vs. the sand fraction the equation is y = 0.173 – 0.150x
(r2 = 0.48).
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Appendix 5.

Predictive ability of the models of Table 3. (a) canopy area
index, (b) stand basal area (m2 ha−1), (c) above-ground biomass.
Symbols are colour coded according to MODIS Burned Area
Product derived fire frequency (a−1) for the period 2000–2014
as detailed in panel (a).
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