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ABSTRACT

ARTICLE HISTORY

Background: Forest and savanna vegetation in the zone of transition (ZOT) contain distinct
woody species due to ﬁre, drought and herbivory barriers that constrain forest species from
invading adjacent savannas and vice-versa. Little is known if these barriers cause divergence
in species composition between the overstorey and understorey strata in these vegetation
types.
Aim: We investigated woody species composition across overstorey and understorey strata in
the ZOT and explored the relationship between soil fertility and species composition patterns.
Methods: We sampled overstorey and understorey woody species and determined soil
nutrient concentrations in twenty-ﬁve 20 m × 20 m plots in a ZOT in Ghana.
Results: Forest and savanna species dominated the overstorey and understorey of their
respective environments. However, species composition was decoupled between the overstorey and understorey strata in both forest and savanna vegetations. Few savanna and forest
species had individuals co-occurring in both overstorey and understorey such that ~65% of
the dominant species was limited to only one stratum. Soil fertility had little eﬀect on these
patterns.
Conclusion: These patterns indicate that, forest and savanna species face signiﬁcant recruitment barriers in their respective environments, suggesting that requirements for juvenile
establishment may diﬀer from recruitments to the canopy layer.
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Introduction
Understanding vegetation dynamics at forest–
savanna boundaries (referred to here as zones of
transition or ZOTs, Torello-Raventos et al. 2013) is
central to our ability to predict potential biome
shifts whether caused by management or climate
change (Bond 2008; Corlett 2015; Veenendaal et al.
2015). Many ZOTs are composed of patches of
forest and savanna vegetation that persist under
the same climatic conditions (Backéus 1992;
Lehmann et al. 2011). Yet, forest and savanna
vegetation are characterised by diﬀerent ﬂora
(Adejuwon and Adesina 1992; Hovestadt et al.
1999; Azihou et al. 2013) and physiognomy
(Torello-Raventos et al. 2013; Veenendaal et al.
2015). Consequently, woody species of forest and
savanna are classiﬁed as distinct species types
(Ratnam et al. 2011; Hoﬀmann et al. 2012). ZOTs
are often characterised by high rates of ﬂoristic
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turnover (i.e. replacement of forest species by
savanna species and vice-versa) and structural
turnover (i.e. shift from ‘closed-canopy’ to ‘opengrassy understorey’ and vice-versa) that have been
attributed to dynamic changes in disturbance
regime and microclimate (Bond 2008; Mitchard
and Flintrop 2013).
Despite the extensive literature on the adult
woody species composition and vegetation structure in ZOTs, little is known about the diﬀerences
in woody species composition between overstorey
and understorey strata within forest and savanna
vegetation. This is unfortunate because overstorey
and understorey compositional patterns provide
information about barriers to juvenile establishment (JE; i.e. the successful establishment of seedlings) and sapling recruitment (SR; i.e. the
transition from sapling to adult) that are likely to
impact successional replacement of overstorey
individuals (Anderson et al. 2015; Veldman et al.
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2013). Indeed, successional replacement of individuals in the overstorey (e.g. replacement of sparse
savanna canopy trees by dense forest canopy species), even in the absence of changes in disturbance
or climate, may contribute to structural changes
(Anderson et al. 2015) in ZOTs.
There is unequivocal evidence that diﬀerences in
species composition between forest and savanna in
ZOTs are caused by barriers to JE and SR
(Hoﬀmann et al. 2004; Gignoux et al. 2009;
Geiger et al. 2011). However, it remains unclear if
these barriers result in distinct compositional patterns between overstorey and understorey strata in
each vegetation type. The prevailing paradigm is
that low understorey light in forest, caused by high
canopy cover, constrains SR of savanna species
(Hoﬀmann et al. 2012). It is predicted that while
savanna seedlings can establish under forest
canopy, they are unable to transition from saplings
to become part of the overstorey strata. Thus, barriers to SR of savanna species are considered as the
main bottleneck limiting the mixing of forest and
savanna species in forest vegetation. By contrast,
several studies have demonstrated that ﬁre, which
is supported by the continuous layer of C4 grasses
in the understorey of savanna, represents the primary barrier to JE and SR of forest species in
savanna vegetation (Gignoux et al. 2009;
Hoﬀmann et al. 2009; Werner 2012). Juveniles of
forest species are ﬁre-intolerant because they are
unable to accumulate suﬃcient bark and carbohydrate reserves in below-ground parts and are eliminated by recurrent ﬁre (Gignoux et al. 2009;
Hoﬀmann et al. 2009; Cardozo et al. 2016). If
barriers to JE and SR were the main bottlenecks
limiting mixing of species in forest and savanna
vegetation, this would imply species (i.e. similar
species) and species-type (i.e. forest or savanna
species) composition should be linked across the
overstorey and understorey strata in each vegetation type (Hoﬀmann et al. 2012).
There is dearth of information on whether species identities are maintained across the overstorey
and understorey strata in both forest and savanna
ZOT. While species types (i.e. forest and savanna
species) may be identical, the few available studies
suggest a decoupling of species composition
between overstorey and understorey strata in both
forest and savanna (Walters and Milton 2003;
Gignoux et al. 2009). Some experimental studies
have demonstrated that a combination of low light
and dry season drought increases the mortality of
juveniles of forest trees (Veenendaal et al. 1996;

Hoﬀmann et al. 2004; Gignoux et al. 2009;
Cardozo et al. 2016). Additionally, forests in the
ZOT may occasionally experience ﬁre incursions
into their understorey. Thus, signiﬁcant barriers to
JE of forest species may select for a mix of shadeand drought-tolerant forest species together with
savanna species in the understorey of forest vegetation. We therefore predicted that a combination of
barriers to JE (of forest species) and SR (of savanna
species) would lead to a decoupling of species
composition between overstorey and understorey
strata in forest.
While ﬁre may kill some savanna juveniles, most
can resprout after ﬁre (Higgins et al. 2000; Clarke
et al. 2013). However, repeated top-kill of resprouting juveniles holds up these individuals in the
persistence niche (Higgins et al. 2000; Bond and
Midgley 2001). Individuals in the persistence niche
may escape the ﬁre-trap in, rare, isolated events or
cohort-wide events when ﬁre barriers are temporarily relaxed (Bond and Midgley 2001; Wigley et al.
2008). Given that escape events are determined
mainly by changes in the dynamics of ﬁre, there
is potentially no linkage between the overstorey
and understorey species composition in savanna
vegetation (Walters and Milton 2003; Anderson
et al. 2015). We therefore predicted that barriers
to JE (of both forest and some savanna species) and
SR (of savanna) species drives divergence in overstorey and understorey species composition in
savanna. However, in both forest and savanna
vegetation, soil fertility was hypothesised to mitigate the strength of barriers to JE and SR. Greater
concentrations of soil minerals would allow plants
to achieve higher seasonal carbon gain and growth
(Bond 2010; Silva et al. 2013) and hence escape
more readily from bottlenecks to JE and SR
(Hoﬀmann et al. 2009; Bond 2008). Thus, soil
fertility may inﬂuence overstorey and understorey
compositional patterns by reducing the strength of
bottlenecks to both JE and SR.
This study investigated overstorey and understorey woody species composition in forest and
savanna vegetation in an annually burnt ZOT in
Ghana. We analysed whether species composition
and species type (i.e. forest and savanna species)
dominance of the overstorey and understorey
strata in forest and savanna vegetation diﬀered.
Within the study area, ﬁre incursion into the
understorey of forests is a common phenomenon
(Hall and Swaine 1976; Swaine 1992; Cardozo et al.
2016). We predicted that in both forest and
savanna: (1) forest and savanna species would
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dominate the overstorey and understorey strata in
their respective environments, (2) species composition would be decoupled across the overstorey
and understorey, (3) a combination of barriers to
JE and SR drove these disparities in species composition between overstorey and understorey strata
and (4) increased soil fertility would be positively
related to patterns of similarity between overstorey
and understorey.

Materials and methods
Study site

The study was conducted in the Kogyae Strict Nature
Reserve (KSNR) located in the forest–savanna
boundary separating the southern tropical forest
from the northern Guinean savanna vegetation in
Ghana (Figure 1). KSNR is centred geographically
on 7°14′N and 1°05′W and covers an area of
386 km2. The climate is characterised by distinct
dry and wet seasons with rainfall exhibiting bimodality with peaks in June and September. Mean annual
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rainfall (based on monthly means) at KSNR is
1269 mm with minimum and maximum temperatures of 18.2 and 33.0°C, respectively. The topography is relatively ﬂat with elevation ranging from 80 to
230 m above sea level. The vegetation of KSNR has
been classiﬁed as Tall Woodland Savanna (TorelloRaventos et al. 2013) composed of forests surrounded
by savanna vegetation (Wildlife Department 1994:
see Fig. S1.2). The forest vegetation is made up of
gallery forests – fringing streams and river banks –
and transitional forests. The transitional forest was
previously a contiguous block of forest (occupying
about one-third of the Reserve) spanning the entire
middle part of KSNR (Janssen et al. 2018). However,
a combination of bushﬁres, logging and farming
during the 1980s and early 1990s led to extensive
loss of forest cover and subsequent fragmentation
of the forest into isolated patches (Janssen et al.
2018) and in some places the occurrence of transitional vegetation, composed of a mixture of forest
and savanna species (Cardozo et al. 2016). Recently,
the conservation status of the Reserve has improved
(Janssen et al. 2018); today, it is categorised into four

Figure 1. Map of Kogyae Strict Nature Reserve, Ghana, showing locations of study plots. Plot labels with preﬁx F and S are forest
and savanna plots, respectively. Insert is a map of ecological zones of Ghana showing the southern tropical forest (blue), the
northern Guinean savanna (mango), the south-eastern coastal savanna (light grey) and KSNR (red).
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zones: (1) development, (2) restoration, (3) special
use and (4) protected (Figure 1). No management
activities have been permitted in the protected zone
since 1994 (Wildlife Department 1994). Fire occurs
almost annually during the middle-to-late dry season
(November–March) in the savanna vegetation, with
occasional incursions into the forest.
Vegetation sampling

We sampled uniform vegetation stands (i.e. true
forest and savanna patches and avoided mixed
patches) while ensuring that plots were distributed to capture as much as possible of the natural
variation in tree cover in the Reserve. We a priori
identiﬁed forest and savanna vegetation within
the protected zone (Figure 1) based on visual
assessment of vegetation structure (i.e. canopy
cover, presence and abundance of grasses) and
casual observation of dominant tree species. The
plots were between 5 and 15 from savanna and
forest patch edges. A total of twenty-ﬁve
20 m × 20 m plots were selected (10 forest and
15 savanna patches; Figure 1). Each plot was
oriented from south to north with south as the
baseline and compass, tape, string and wooden
pegs used to demarcate the plot boundaries and
GPS to record the coordinates of the corners of
the plot. In West Africa, dry forests in the ZOT
are often composed of upper (>8 m) and lower
(2–8 m) canopy layers (Menault et al. 1990;
Swaine 1992). Grasses in the savanna vegetation
can reach a height of 1.5 m (Menault et al. 1990;
Hennenberg et al. 2008). Thus, an individual had
to be taller than 1.5 m to be part of the canopy
layer in forest or above the ﬂame zone in savanna.
We deﬁned the overstorey as any woody plant
with diameter at breast height >2.5 cm and height
>1.5 m (following Torello-Raventos et al. 2013).
We recorded all such overstorey individuals in
each plot. Crown area for individual trees was
obtained by measuring the major and minor axis
of each crown, and tree height (for trees >1.5 m)
was visually estimated. Further, a 5-m × 5-m
subplot was nested in the centre of the main
plot to assess the understorey vegetation.
Understorey was deﬁned as any woody plant
with diameter <2.5 cm and height <1.5 m. Thus,
our deﬁnition extends to individuals in forest that
do not form part of the canopy as well as those in
savanna that are still within the ﬂame zone.
Ground cover (GC) was assessed for the whole
5 m × 5 m subplot. Tall grasses of the genera

Andropogon, Hyparrhenia and Cymbopogon, and
Chromolaena odorata (Compositae) constitute the
main fuel load (Hennenberg et al. 2006; Awanyo
et al. 2011). We ﬁrst assessed the cover of each of
these groups and pooled them to obtain total
ground area cover (as a percentage of the total
plot area). To determine leaf area index (LAI),
true-colour hemispheric photographs were taken
under diﬀuse light conditions (mostly taken at
sunrise and sunset) with a Nikon Coolpix E4500
camera and Nikon Fisheye Lens. The camera was
positioned at the centre of the plot and the tripod
raised to a height of 1.5 m. Both the tripod and
camera were levelled using a spirit level. Field
sampling was conducted between January and
March 2012.
Vegetation variables
We compiled species lists for the over- and
understorey vegetation and recorded stem density (SD), basal area (BA), crown index (CRI:
sum of crown area for all overstorey individuals
divided by plot area), GC and species proportions for each plot (made for each species as
well as for the diﬀerent species types; i.e. forest-,
savanna- and ubiquitous species). We used the
Gap Light Analyser (GLA 2.0) imaging software
(Frazer et al. 1999) to derive LAI for each plot.
Our LAI includes leaves as well as stems and
branches which generally aﬀect crown cover and
light interception (Hoﬀmann et al. 2005). All
overstorey species (except for 3 species and 17
stems – i.e. 2.9% of all individuals) were identiﬁed to species level. Based on a literature review
(Arbonnier 2004; Hawthorne and Gyakari 2006;
Hawthorne and Jongkind 2008), we identiﬁed
the woody species in the understorey composition that are known to have height at maturity
<1.5 m (mostly small trees and shrubs) and
excluded them from our analysis. From the literature, we noted that several species at the
study site had widespread distributions and
occurred in both forest and savanna
(Arbonnier 2004; Hawthorne and Gyakari
2006; Hawthorne and Jongkind 2008). We
therefore classiﬁed species into three groups
(following Ratnam et al. 2011), namely forest-,
savanna- and ubiquitous species. Our ﬁnal overand understorey species composition matrix was
made of 48 rows (24 plots with each having 2
rows relating to the over- and understorey; 1
plot had no overstorey individuals) by 76 species (see Table S5).
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Soil variables
We took three randomly located soil samples
from depths of 0–10 and 10–20 cm in each
plot. Samples from each depth per plot were
pooled and aired-dried to constant weight
before analyses. Soil nutrient composition was
analysed in the soil laboratory of the Plant
Ecology and Nature Conservation Group of
Wageningen University and Research Centre
(Netherlands). Total N and P were determined
according to Novozamsky et al. (1983).
Exchangeable K, Mg and Na (mg g−1) were
extracted after soil samples have been unbuffered with 0.01 M BaCl2 and their concentrations quantiﬁed following Gillman (1979). Soil
C was estimated by loss-on-ignition whereas
available P was determined following Olsen
et al. (1954).
Statistical analyses

All statistical analyses were conducted in R v.
3.1.2 (R Core Team 2017). We ﬁrst assessed
whether our classiﬁcation of plots into vegetation types based on vegetation structure was
congruent with plot classiﬁcation using the species composition of the overstorey (using abundance data from 24 plots with overstorey
individuals) by carrying out a hierarchical cluster analysis based on Bray-Curtis dissimilarity
using the functions vegdist and hclust from the
‘vegan’ package (Oksanen et al. 2017).
We analysed diﬀerences in abundance of the
species types (i.e. forest-, savanna- and ubiquitous
species) between the overstorey and understorey in
each vegetation type (forest and savanna) using
generalised linear mixed model (with Poisson
error distribution) with the package ‘lme4’ (Bates
et al. 2015). Here, count (i.e. number of individuals
of each species type per plot) was treated as the
response variable with species type and plot as
ﬁxed and random eﬀects, respectively. Diﬀerences
in the abundance of each species type within each
stratum (i.e. forest overstorey, savanna overstorey,
forest understorey, savanna overstorey) were
assessed using multiple comparison tests (Tukey
HSD) via the ‘multcomp’ package (Hothorn et al.
2008).
We tested for diﬀerences in overstorey and
understorey species composition (i.e. forest overstorey vs. forest understorey, savanna overstorey
vs. savanna understorey) using permutation analysis of variance (PERMANOVA) (Anderson 2001)
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based on Chao’s abundance-based dissimilarity
index (Chao et al. 2005). Subsequently, we summarised the compositional variation between the
overstorey and understorey strata by carrying out a
non-metric multi-dimensional scaling (NMDS)
using the metaMDS function from the ‘vegan’
package. For our dataset, convergence was
achieved with stress = 0.20 using k = 2 dimensions.
We further evaluated if the observed compositional patterns could be attributed to barriers limiting
either JE, SR or both. To do this, we ﬁrst computed
the proportion of species (1) with individuals cooccurring in both overstorey and understorey (i.e.
species presumably facing no bottlenecks), (2) with
individuals occurring only in the overstorey (i.e. species that did not recruit their juveniles in the understorey – a high proportion of species in this category
may imply that JE may be the main bottleneck) and
(3) with individuals occurring only in the understorey (i.e. species that are presumably constrained
to the understorey – a high proportion of species in
this category may imply that barriers to SR may be
the main bottleneck). We then tested for diﬀerences
in the proportion of species between these categories
using beta regression implemented in the package
‘betareg’ (Cribari-Neto and Zeileis 2010).
We tested whether soil fertility was related to the
dissimilarity between overstorey and understorey
composition by ﬁrst calculating Chao’s index for
each plot (i.e. a value for each plot indicating the
dissimilarity between the overstorey and understorey composition) using the vegdist function.
Subsequently, we carried out a linear regression
with Chao’s index as the response variable and
soil mineral concentration (K, Na, Mg, available
P, %C and %N) as the explanatory variable.

Results
The structure of forest and savanna vegetation

We recorded 76 species made up of 43, 20 and 13
forest, savanna and ubiquitous species, respectively.
The result from the cluster analysis, based on overstorey individuals, was congruent with our initial vegetation classiﬁcation and produced two distinct clusters
(Figure S1), representing the forest and savanna vegetation. Independent sample t-tests (for BA, CRI, LAI
and SD) and a chi-square test (GC %) indicated that
mean BA was signiﬁcantly higher in between forest
than savanna (t = 2.557, df = 22.685, P < 0.05).
However, mean CRI, LAI, SD and GC did not diﬀer
between forest and savanna plots (Table S2).
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Overstorey and understorey dominance is linked

Forest and savanna species dominated both the
understorey and overstorey strata in their
respective environments (Table S3). Forest species comprised ca. 76% of overstorey stems in
the forest vegetation and were signiﬁcantly
more abundant than either savanna (14%,
P < 0.001) or ubiquitous (10%, P < 0.001) species (Figure 2). Sterculia tragacantha (38%),
Didymosalpinx abbeokutae (8%) and Pouteria
alnifolia (7%) were the dominant overstorey
species in the forest. Similarly, forest species
(62%) achieved higher abundance in the forest
understorey
relative
to
savanna
(24%,
P < 0.001) and ubiquitous (14%, P < 0.001)
species. S. tragacantha (27%), Monodora tenuifolia (7%) and Lecaniodiscus cupaniodes (6%)
were the dominant forest species in forest
understorey. In addition to the dominant forest
species, Uvaria chamae (savanna species, 16%)
and Diospyros mespiliformis (ubiquitous species,
7%) constituted a signiﬁcant proportion of the
understorey community.
In the savanna vegetation, savanna species contributed ca. 50% of the individuals to the overstorey and were more abundant compared to
forest (17%, P < 0.001) and ubiquitous (33%,
P < 0.029) species (Figure 2). The dominant species
in savanna overstorey were Terminalia glaucescens
(11%), Khaya senegalensis (ubiquitous species,
11%) and Hymenocardia acida (11%). In the

understorey, savanna species were more abundant
(49%) than forest (31%, P < 0.001) and ubiquitous
(20%, P < 0.029). U. chamae (13%) and Icacina
oliviformis (5%) were the dominant savanna species in this stratum. However, the forest species,
such as P. alnifolia (6%) and Tetracera aﬃnis (5%),
contributed an appreciable number of juveniles to
the savanna understorey.

Overstorey and understorey species composition
is decoupled in forest and savanna vegetation

Consistent
with
our
prediction,
the
PERMANOVA analysis results showed that
overstorey and understorey species composition
in both forest and savanna was signiﬁcantly
diﬀerent (Table S1). Indeed, all four strata (i.e.
forest overstorey, savanna overstorey, forest
understorey, savanna understorey) had signiﬁcantly diﬀerent species composition. The plot
level NDMS (Figure 3) provided further support
for this ﬁnding. NMDS axis 1 separated forest
plots (both overstorey and understorey) from
savanna plots whereas NMDS axis 2 separated
both forest and savanna overstorey plots from
their respective understorey plots (Figures 3
and S3). GC was positively correlated with
both NMDS axes. Nitrogen concentration (0–
10 cm depth) and Mg (10–20 cm depth) as
well as LAI were negatively correlated with
both NMDS axes (Figure S3).

Figure 2. Dominance of species functional types (forest, savanna and ubiquitous species) in the overstorey and understorey of
forest and savanna vegetations. Solid black lines represent median, boxes represent ﬁrst and third quartiles and whiskers
represent extreme values. Lower case letter represents groups that are signiﬁcantly diﬀerent from one another (P < 0.05) based
on generalised linear mixed models (with Poisson error distributions) that tested for diﬀerences in abundance of individuals
between the species functional types (forest, savanna and ubiquitous).
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Figure 3. Ordination plot from non-metric multi-dimensional scaling (NDMS) analysis of 48 plots (24 overstorey and 24
understorey plots) with a total of 76 species from Kogyae Strict Nature Reserve, Ghana. Plot labels and legend items with
preﬁx F and S refer to forest and savanna plots, respectively.

Barriers to both juvenile establishment and
sapling recruitment drives compositional
decoupling between overstore and understorey
woody communities

The number of species with individuals present
in both the overstorey and understorey in a plot
was consistently low (averaging <20% across
plots with no plot exceeding 35%). Indeed, few
species achieved co-occurrence across the

overstorey and understorey strata in both forest
and savanna (Figure 4). In both vegetation types,
considering the most dominant species (comprising 85%, 87%; 80% and 71%; of the overstorey
and understorey strata in forest and savanna,
respectively), only 36% (i.e. 8 out of 22) occurred
in both strata. More importantly, the dominance
of a species, with few exceptions (e.g. S. tragacantha in forest and K. senegalensis in savanna),
was not maintained across the overstorey and

Figure 4. Relative abundance of species across the overstorey (grey bars) and understorey (yellow bars) strata in forest and
savanna formations. Species names are the abbreviations of ﬁrst three letters of genus + species (see Table S1 for a full list of
identiﬁed species).
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Figure 5. Relative proportions of species with individuals occurring in both the overstorey and understorey, only understorey or
only overstorey. Solid black circles represent median, boxes represent ﬁrst and third quartiles and whiskers represent extreme
values. Lower case letter represents groups that are signiﬁcantly diﬀerent from one another (P < 0.05).

understorey strata in both vegetation types
(Figure 4). Out of the 10 most dominant overstorey species (forest and savanna combined), 4
achieved appreciable dominance in the understorey. We found no signiﬁcant diﬀerence
between the proportion of species restricted to
the understorey and those conﬁned to the overstorey (Figure 5) in either forest or savanna.
These results indicate that, across all plots,
almost equal numbers of species were found
only in one stratum. Thus, juveniles of resident
overstorey species experienced signiﬁcant barriers to JE in the understorey. Similarly, several
juveniles in the understorey faced substantial
bottlenecks to SR limiting transitions from the
understorey to the overstorey.

Soil fertility and overstorey and understorey
species compositional patterns

Overall, concentrations of soil fertility elements did
not diﬀer between forest and savanna vegetation
(except for Mg at a depth of 10–20 cm, P < 0.05).
The result of the linear regression models showed no
relationship between most soil fertility and Chao’s
index. However, we observed a borderline signiﬁcant
negative relationship (coeﬃcient = −0.658, df = 22,
P = 0.08) between the concentration of Mg (in the
top 0–10 cm of the soil) with Chao’s index. When
examined separately, this relationship was true only
for forest (coeﬃcient = −1.092, df = 8, P = 0.06) but not
savanna. Thus, similarity in species composition
between overstorey and understorey strata increased
with increasing concentrations of Mg. Generally, most
soil elements showed strong positive correlations with
BA and canopy area index. In contrast, GC (%) was

negatively correlated with most elements (see
Table S4).

Discussion
This study examined woody species composition of
the overstorey and understorey strata of forest and
savanna vegetation in a frequently burnt ZOT in
Ghana. We further evaluated the relationship
between soil fertility and compositional patterns.
Consistent with our predictions, forest and
savanna species dominated the over- and understories of their respective environments. Overstorey
and understorey species composition was, however, decoupled in both vegetation types with the
majority of species restricted to only one stratum.
Contrary to our prediction, only one soil fertility
element (i.e. Mg) showed a weak relationship with
overstorey and understorey compositional
patterns.
We recorded many more species than other
previous studies in KSNR (e.g. Torello-Raventos
et al. (2013) recorded 30 species; 4 forest, 20
savanna and 6 ubiquitous species, whereas
Janssen et al. (2018) recorded 21 species; 12 forest
and 9 savanna species). This may due to the fact
our plots were more evenly spread in the Reserve
whereas previous studies have either used only one
large plot (Torello-Raventos et al. 2013) or
restricted sampling to a limited portion of the
Reserve (Janssen et al. 2018). Indeed, KSNR is
thought to contain about 105 species of which the
woody component – trees, shrubs and lianas –
contribute about 76 species (Wildlife Department
1994). The number of species recorded in our
study is reﬂective of the fact that the forest–
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savanna boundary in West Africa tends to contain
relatively high numbers of species. For instance, Saj
and Sicotte (2007) have recorded 69 tree species
from 2.25 ha of dry forests (Boabeng-Fiema
Monkey Sanctuary) in Ghana. Azihou et al.
(2013) have recorded 68 tree species (20 forest
and 48 savanna species) in the forest–savanna
boundary (Biosphere Reserve of Pendjari) in
Benin. Hovestadt et al. (1999) have recorded 292
species (both juvenile and adult) out of which 76,
20 and 33 were exclusively restricted to forest
islands, gallery forest and savanna, respectively.
Concerning species types, our prediction was
that forest and savanna species would dominate
the overstorey and understorey of their respective
vegetation. It remains unknown if diﬀerentiation
into forest and savanna physiognomy already
occurs within the understorey layer (i.e. diﬀerential
establishment patterns) or through selective
recruitment of individuals into the overstorey.
Our results clearly show that the forest and
savanna species dominate the understorey of their
respective environments suggesting that diﬀerentiation into forest and savanna is set relatively early
(understorey). We argue (following Hoﬀmann
et al. 2012) that diﬀerential tolerance of forest
and savanna juveniles to drought, ﬁre and shading
(see below) potentially account for the dominance
of forest and savanna species in the understorey of
their respective environments. Thus, our results
not only provide further support for the growing
body of literature showing distinct composition of
the overstorey woody strata in forest and savanna
in ZOTs (Adejuwon and Adesina 1992; Hovestadt
et al. 1999; Hennenberg et al. 2005; Hoﬀmann et al.
2009; Geiger et al. 2011; Azihou et al. 2013) but
also show that dominance of the species type in
their respective environments is set relatively early.
We hypothesised that species composition
would be dissimilar across the overstorey and
understorey strata in both forest and savanna. In
support of our results, Anderson et al. (2015) have
reported compositional decoupling between
savanna canopy and understorey tree communities
in the Serengeti of Tanzania. The divergence of
overstorey and understorey species composition
observed in our study was not caused by mixing
of species functional types (i.e. mixing of forest and
savanna species in the understorey) nor by small
trees or shrubs that persist in the understorey and
never become canopy species. We ﬁrst excluded
from our analysis all species that at maturity do
not reach a height of 1.5 m (the threshold height
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for being part of the overstorey). We hypothesised
that such decoupling could be driven by a combination of barriers to JE and SR in both forest and
savanna. The compositional patterns observed in
this study lend support to this notion. In both
vegetation types, few species (less than 20%) had
individuals co-occurring in the overstorey and
understorey strata with the majority of the species
(~64% of the most dominant species) restricted to
only one stratum. Importantly, similar proportions
of species were restricted to both the understorey
and overstorey. Thus, there are many species in the
understorey that do not ever reach the overstorey.
Similarly, many individuals in the overstorey also
do not recruit their juveniles in their understorey,
suggesting that these individuals might have established under diﬀerent set of conditions than currently prevailing (see below).
Our work indicated that species dominance was
not linked across the two strata. Some studies have
reported similar observations where species dominance was reversed across the overstorey and understorey strata in savanna vegetation (Walters and
Milton 2003; Gignoux et al. 2009; Anderson et al.
2015). These observations potentially indicate that
requirements for successful JE may diﬀer from
those of SR under frequently burnt conditions.
Successful establishment of woody juveniles (i.e. to
enter the persistence niche) under frequently burnt
conditions is known to depend on adequate mobilisation and storage of carbohydrate in under-ground
parts during the ﬁrst growing season (Bond and
Midgley 2001). In contrast, escape from the ﬁretrap may depend more on changes in ﬁre and herbivory regime. For instance, rare, episodic tree
recruitment events that allow saplings to grow to
become part of the canopy strata may occur in exceptionally wet and ﬁre-free years (Bond 2008). Under
such situations, traits related to carbon economy
such as high photosynthetic rates, coupled with fast
growth, may give species that are poorly adapted to
ﬁre disturbance the opportunity to transition to the
canopy layer (Higgins et al. 2012).
Three principal agents, namely ﬁre, dry season
drought and herbivory, are often implicated in
being the major bottlenecks to JE and SR in ZOT
(Gignoux et al. 2009; Hoﬀmann et al. 2012; Staver
et al. 2012). In this study, we did directly not test for
the eﬀects of these agents. However, there is unequivocal evidence that these factors limit seedling establishment and the transition of saplings to the canopy
(Bond 2008; Hoﬀmann et al. 2012; references
therein). Due to the low density of large mammalian
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herbivores in KSNR, we argue that herbivory may
not impose signiﬁcant constraints on the establishment and growth of woody individuals. On the contrary, Gignoux et al. (2009: working in Lamto Natural
Reserve, Ivory Coast) and Cardozo et al. (2016: working in KSNR) have shown that juveniles of both forest
and savanna species within this ZOT experience high
mortality by dry season drought and ﬁre. In forests,
the strength of these agents can be mediated by patch
attributes (e.g. size and the distances between
patches). For instance, ﬁre incursion into forest is
likely to be more frequent in smaller patches whereas
higher canopy cover (and hence higher evapotranspiration) is likely to lead to pronounced drought
stress (for juveniles) in bigger patches (Hoﬀmann
et al. 2004; Hennenberg et al. 2006; Gignoux et al.
2009). While the present study did not evaluate patch
attributes, we recommend that establishing linkages
between patch attributes and overstorey and understorey compositional patterns is essential for understanding the spatial patterns of recruitment
bottlenecks and how these will impact vegetation
dynamics at the landscape scale.
We predicted that soil fertility would increase
overstorey and understorey compositional similarity. However, we found little support for the
eﬀect of soil fertility on overstorey and understorey compositional patterns. Our prediction
was premised on the assumption that soil fertility
enhances both JE and potential escape from SR
bottlenecks (Bond 2008). In partial support of
this prediction, Hoﬀmann et al. (2009) have
observed signiﬁcant positive correlations between
the concentrations of Mg and Ca and the
resprout size of juveniles of forest and savanna
species. Further, Anderson et al. (2015) have
shown that the compositional dissimilarity
between overstorey and understorey strata in
savanna was reduced when comparison was
based only on the overstorey and resprouting
juveniles. In this study, we considered only soil
fertility variables. However, both soil physical
(e.g. soil bulk density) and chemical properties
may interactively inﬂuence JE and transitions
(Bond 2008).
It is diﬃcult to predict if the observed compositional patterns indicate a potential for vegetation
transitions in this ZOT. There is a dearth of information on former species composition in the study
area which makes it diﬃcult to assess whether and
how species dominance might have changed over
time. Notwithstanding this, we have shown clearly
that dominance of forest and savanna species are

maintained across the understorey–overstorey
strata of their respective environments. This may
suggest a low potential for vegetation transition in
this ZOT. Indeed, an interesting observation from
this study is that, at present, it can be said that forest
species persist in forest stands that are structurally
not forest-like (sensu Torello-Raventos et al. 2013).
For instance, LAI values observed in these forest
plots (average LAI of 1.13 ± 0.18) are below the
critical thresholds for forest (Hoﬀmann et al. 2012;
Charles-Dominique et al. 2018). These LAI values
do not suﬃciently suppress grass cover (average
percentage GC in forest = 0.40 ± 0.15). Coupled
with this, the dominant forest species recorded in
this study, S. tragacantha, is not known to be dominant in any of the other forests within the study
ZOT (Hall and Swaine 1976; Swaine 1992;
Hawthorne and Jongkind 2008). Its dominance
may be recent, following the heavy logging and
forest conversion in the 1980s and 1990s (as discussed by Janssen et al. 2018). The crown of this tree
tends to be relatively small and sparsely branched
(Barwick 2004; Hawthorne and Gyakari 2006) that
may allow adequate light to the understorey and
hence support ﬂammable biomass. In spite of
these, forest species still remarkably dominate in
the forest understorey. Whether the persistence of
forest understorey in stands that are unable to suppress ﬁre points towards forest canopy building or
degradation (Cardozo et al. 2016; Janssen et al.
2018) requires additional careful analyses.
Conclusions
Our study provides evidence that despite similarity
in species types (i.e. forest and savanna species),
species composition between overstorey and
understorey strata in both forest and savanna vegetation in ZOT is dissimilar. We showed that the
majority of species in this ZOT are restricted to
only one stratum. We speculate that barriers
(potentially ﬁre and dry season drought) to both
JE and SR, rather than mixing of forest and
savanna species in the understorey, drive the
observed compositional decoupling. The observed
species occurrence and dominance patterns suggest
that requirements for successful JE may diﬀer
from SR.
Acknowledgements
We thank Mr. Ntim Gyakari (1947–2016) for assistance
during ﬁeld sampling, the staﬀ of the Ghana Wildlife

PLANT ECOLOGY & DIVERSITY

461

Department and Ejura for their help during ﬁeld data
collection. The Editor and two anonymous reviewers
made helpful comments on the manuscript during the
peer-review process.

ORCID

Disclosure statement

References

No potential conﬂict of interest was reported by the authors.

Adejuwon JO, Adesina FA. 1992. The nature and dynamics
of the forest-savanna boundary in south-western
Nigeria. In: Furley PA, Procter J, Ratter JA, editors.
Nature and Dynamics of Forest-Savanna Boundaries.
1st ed. London: Chapman and Hall; p. 331–351.
Anderson MJ. 2001. A new method for non-parametric
multivariate analysis of variance. Aust Ecol. 26:32–46.
Anderson TM, Morrison T, Rugemalila D, Holdo R. 2015.
Compositional decoupling of savanna canopy and
understory tree communities in Serengeti. J Veg Sci.
26:385–394.
Arbonnier M. 2004. Trees, shrubs and lianas in the dry
zones of West Africa. Institutional Editors : CIRAD,
NHN- MARGRAF, City: Paria, Number of Pages = 574.
Awanyo L, Attuah EM, McCarron M. 2011. Rehabilitation
of forest-savannas in Ghana: the impacts of land use,
shade, and invasive species on tree recruitment. Appl
Geogr. 31:181–190.
Azihou AF, Kakaï RG, Bellefontaine R, Sinsin B. 2013.
Distribution of tree species along a gallery forest–
savanna gradient: patterns, overlaps and ecological
thresholds. J Trop Ecol. 29:25–37.
Backéus I. 1992. Distribution and vegetation dynamics of
humid savannas in Africa and Asia. J Veg Sci. 3:345–356.
Barwick M. 2004. Tropical & subtropical trees: an encyclopaedia. Illustrate. 484. Portland, OR: Timber Press Inc.
Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting Linear
Mixed-Eﬀects Models Using lme4. J Stat Softw. 67:1–48.
Bond WJ. 2008. What Limits Trees in C 4 Grasslands and
Savannas? Annu. Rev Ecol Evol Syst. 39:641–659.
Bond WJ. 2010. Do nutrient-poor soils inhibit development of forests? A nutrient stock analysis. Plant Soil.
334:47–60.
Bond WJ, Midgley JJ. 2001. Ecology of sprouting in woody
plants: the persistence niche. Trends Ecol Evol. 16:45–51.
Cardozo AW, Medina-Vega JA, Malhi Y, Adu-Bredu S,
Ametsitsi GKD, Djabletey G, van Langevelde F,
Veenendaal E, Oliveras I. 2016. Winners and losers : tropical forest tree seedling survival across a West African
forest – savanna transition. Ecol Evol. 6:3417–3429.
Chao A, Chazdon RL, Shen TJ. 2005. A new statistical
approach for assessing similarity of species composition
with incidence and abundance data. Ecol Lett. 8:148–159.
Charles-Dominique T, Midgley GF, Tomlinson KW, Bond
WJ. 2018. Steal the light: shade vs ﬁre adapted vegetation
in forest–savanna mosaics. New Phytol. 218:1419–1429.
Clarke PJ, Lawes MJ, Midgley JJ, Lamont BB, Ojeda F,
Burrows GE, Enright NJ, Knox KJE. 2013. Resprouting
as a key functional trait: How buds, protection and
resources drive persistence after ﬁre. New Phytol.
197:19–35..

Funding
The Joint Japan World Bank Graduate Scholarship
Program (JJWBGSP) sponsored Mr. Mohammed
Armani’s MSc studies in forest and nature conservation
at Wageningen University and Research Center, The
Netherlands. Partial support was provided, through the
MSc project grant, by the Nature Conservation and Plant
Ecology Group, Wageningen University and Research
Centre.

Notes on contributors
Mohammed Armani (https://orcid.org/0000-0002-12970296) is a Ph.D. student examining traits syndromes associated with architectural (i.e. spinescence, cagey architecture) and low nutrient (‘cruddy’) defence strategies against
large mammalian herbivores.
Frank van Langevelde (http://orcid.org/0000-0001-88700797) is an associate professor working on animal movement and population biology.
Kyle Warwick Tomlinson (https://orcid.org/0000-00033039-6766) studies the eﬀects of disturbance (ﬁre, herbivory, human disturbance) on shaping ecology, evolution and
distribution of plant diversity.
Stephen Adu-Bredu (https://orcid.org/0000-0001-74877911) works on the production ecology of forests and the
impacts of anthropogenic activities on forest carbon
dynamics.
Gloria Djaney Djagbletey (https://orcid.org/0000-00032374-4902; gdjaneydjab@gmail.com) works on carbon
dioxide ﬂuxes, medicinal plants conservation and utilisation and climate change education.
Elmar M. Veenendaal (https://orcid.org/0000-0001-82302501) has a broad research interests that encompasses
plant adaptation to environmental stresses and trophic
interactions, forest–savanna boundary dynamics and the
eﬀects of artiﬁcial night lighting on urban plants.

Author contribution
AM, EM and FvL designed the project. AM, SA-B and GD
collected the data. AM analysed the data and wrote the ﬁrst
draft of the manuscript and EM, FvL and KWT contributed substantially to the revisions.

Frank Van Langevelde
0797

http://orcid.org/0000-0001-8870-

462

M. ARMANI ET AL.

Core Team R. 2017. R: A Language and Environment for
Statistical Computing.
Corlett RT. 2015. The Anthropocene concept in ecology
and conservation. Trends EcolE. 1879:1-6.
Cribari-Neto F, Zeileis A. 2010. Beta Regression in R. J Stat
Softw. 34:2.
Frazer GW, Canham CDLertzman KP. 1999. Gap Light
Analyzer (GLA), Version 2.0: Imaging software to
extract canopy structure and gap light transmission
indices from true-colour ﬁsheye photographs, users
manual and program documentation. Simon Fraser
University and the Institute of Ecosystem Studies.
Geiger EL, Gotsch SG, Damasco G, Haridasan M, Franco
AC, Hoﬀmann WA. 2011. Distinct roles of savanna and
forest tree species in regeneration under ﬁre suppression
in a Brazilian savanna. J Veg Sci. 22:312–321.
Gignoux J, Lahoreau G, Julliard R, Barot S. 2009.
Establishment and early persistence of tree seedlings in
an annually burned savanna. J Ecol. 97:484–495.
Gillman GP. 1979. A proposed method for the measurement of exchange properties of highly weathered soils.
Aust J Soil Res. 17:129.
Hall JB, Swaine MD. 1976. Classiﬁcation and Ecology of
Closed-Canopy Forest in Ghana. J Ecol. 64:913–951.
Hawthorne WD, Gyakari N. 2006. Photoguide for Forest
Trees of Ghana: A Tree-Spotter’s Field Guide for
Identofying the Largest Trees. Oxford: Oxford Forestry
Institute, Department of Plant Sciences. p. 432.
Hawthorne WD, Jongkind CCH. 2008. Woody Plants of
Western African Forest: A guide to the forest trees,
shrubs and lianes from Senegal to Ghana. Royal
Botanic Gardens, Kew, UK.
Hennenberg KJ, Fischer F, Kouadio K, Goetze D,
Orthmann B, Linsenmair KE, Jeltsch F, Porembski S.
2006. Phytomass and ﬁre occurrence along forest–
savanna transects in the Comoé National Park, Ivory
Coast. J Trop Ecol. 22:303.
Hennenberg KJ, Goetze D, Minden V, Traoré D, Porembski
S. 2005. Size-class distribution of Anogeissus leiocarpus
(Combretaceae) along forest–savanna ecotones in northern Ivory Coast. J Trop Ecol. 21:273–281.
Hennenberg KJ, Goetze D, Szarzynski J, Orthmann B,
Reineking B, Steinke I, Porembski S. 2008. Detection of
seasonal variability in microclimatic borders and ecotones
between forest and savanna. Basic Appl Ecol. 9:275–285.
Higgins SI, Bond WJ, Combrink H, Craine JM, February
EC, Govender N, Lannas K, Moncreiﬀ G, Trollope
WSW. 2012. Which traits determine shifts in the abundance of tree species in a ﬁre-prone savanna? J. Ecol.
100:1400–1410.
Higgins SI, Bond WJ, Trollope SW. 2000. Fire, reprouting
and variability: a recipt for grass-stepe coexistence in
savanna. J Ecol. 88:213–229.
Hoﬀmann WA, Da Silva ER, Machado GC, Bucci SJ, Scholz
FG, Goldstein G, Meinzer FC. 2005. Seasonal leaf
dynamics across a tree density gradient in a Brazilian
savanna. Oecologia. 145:307–316.
Hoﬀmann WA, Dasme R, Haridasan M. De Carvalho MaT,
GEiger ERL, Pereira MAB, Gotsch SG, Franco AC. 2009.
Tree topkill, not mortality, governs the dynamics of

savanna – forest boundaries under frequent ﬁre in central Brazil. Ecology. 90:1326–1337.
Hoﬀmann WA, Geiger EL, Gotsch SG, Rossatto DR, Silva
LCR, Lau OL, Haridasan M, Franco AC. 2012. Ecological
thresholds at the savanna-forest boundary: how plant
traits, resources and ﬁre govern the distribution of tropical biomes. Ecol Lett. 15:759–768.
Hoﬀmann WA, Orthen B, Franco AC. 2004. Constraints to
seedling success of savanna and forest trees across the
savanna-forest boundary. Oecologia. 140:252–260.
Hothorn T, Bretz F, Westfall P. 2008. Simultaneous inference
in general parametric models. Biometrical J. 50:346–363.
Hovestadt T, Yao P, Linsenmair KE. 1999. Seed dispersal
mechanisms and the vegetation of forest islands in a
West African forest-savanna mosaic (Como ´ e
National Park, Ivory Coast). Plant Ecol. 144:1–25.
Janssen TAJ, Ametsitsi GKD, Collins M, Adu-Bredu S,
Oliveras I, Mitchard ETA, Veenendaal EM. 2018.
Extending the baseline of tropical dry forest loss in
Ghana (1984–2015) reveals drivers of major deforestation inside a protected area.
Lehmann CER, Archibald SA, Hoﬀmann WA, Bond WJ.
2011. Deciphering the distribution of the savanna biome.
New Phytol. 191:197–209.
Menault JC, Gignoux J, Prado C, Clobert J. 1990. Tree
community dynamics in a humid savanna of the Coted’Ivoire: modelling the eﬀect of ﬁres and competition
with grass and neighbours. J Biogeogr. 17:471–481.
Mitchard ETA, Flintrop CM. 2013. Woody encroachment
and forest degradation in sub-Saharan Africa’s woodlands and savannas 1982-2006. Philos Trans R Soc B
Biol Sci. 368:20120406.
Novozamsky I, Houba VJG, Eck RV, Vark WV. 1983. A
novel digestion technique for multi-element plant analyses. Commun Soil Sci Plant Anal. 14:239–248.
Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR,
O’Hara RB, Simpson GL, Solymos P, Stevens MHH,
Wagner H 2017. Vegan: Community Ecology package.
Olsen SR, S V C, Watanabe FS, Dean LA 1954. Estimation
of available phosphorus in soils by extraction with
sodium bicarbonate.: Circ.939.
Ratnam J, Bond WJ, Fensham RJ, Hoﬀmann WA,
Archibald S, Lehmann CER, Anderson MT, Higgins SI,
Sankaran M. 2011. When is a ‘forest’ a savanna, and why
does it matter? Glob. Ecol Biogeogr. 20:653–660.
Saj TL, Sicotte P. 2007. Predicting the competitive regime
of female Colobus vellerosus from the distribution of
food resources. Int J Primatol.
Silva LCR, Hoﬀmann WA, Rossatto DR, Haridasan M,
Franco AC, Horwath WR. 2013. Can savannas become
forests? A coupled analysis of nutrient stocks and ﬁre
thresholds in central Brazil. Plant Soil. 373:829–842.
Staver AC, Bond WJ, Cramer MD, Wakeling JL. 2012. Topdown determinants of niche structure and adaptation
among African Acacias. Ecol Lett. 15:673-679.
Swaine MD. 1992. Characteristics of dry forests in West
Africa and the inﬂuence of ﬁre. J Veg Sci. 3:365–374.
Torello-Raventos M, Feldpausch TR, Veenendaal E,
Schrodt F, Saiz G, Domingues TF, Djagbletey G, Ford
A, Kemp J, Marimon BS, et al. 2013. On the delineation

PLANT ECOLOGY & DIVERSITY

of tropical vegetation types with an emphasis on forest/
savanna transitions. Plant Ecol Divers. 6:101–137.
Veenendaal E, Swaine MD, Blay D, Yelifari NB, Mullins CE.
1996. Seasonal and long-term soil water regime in West
African tropical foresr. J Veg Sci.
Veenendaal EM, Torello-Raventos M, Feldpausch TR,
Domingues TF, Gerard F, Schrodt F, Saiz G, Quesada CA,
Djagbletey G, Ford A, et al. 2015. Structural, Physiognomic
and Above-Ground Biomass Variation in Savanna-Forest
Transition Zones on Three Continents - How Diﬀerent are
Co-Occurring Savanna and Forest Formations?
Biogeosciences. 12:2927–2951.
Veldman JW, Mattingly WB, Brudvig LA. 2013.
Understory plant communities and the functional

463

distinction between savanna trees, forest trees, and
pines. Ecology. 94:424–434.
Walters M, Milton SJ. 2003. Production, Storage Viability
Seeds Acacia Karroo A Nilotica Grassy Savanna
KwaZulu-Natal, South Africa Afr J Ecol. 41:211–217.
Werner PA. 2012. Growth of juvenile and sapling trees
diﬀers with both ﬁre season and understorey type:
trade-oﬀs and transitions out of the ﬁre trap in an
Australian savanna. Austral Ecol. 37:644–657.
Wigley BJ, Cramer MD, Bond WJ. 2008. Sapling survival in
a frequently burnt savanna: mobilisation of carbon
reserves in Acacia karroo. Plant Ecol. 203:1–11.
Wildlife Department G 1994. Kogyae Strict Nature Reserve
Development and Management Plan.

