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ABSTRACT
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 over-
storey 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 recruit-
ment 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

turnover (i.e. replacement of forest species by
savanna species and vice-versa) and structural
turnover (i.e. shift from ‘closed-canopy’ to ‘open-
grassy 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 struc-
ture 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 establish-
ment (JE; i.e. the successful establishment of seed-
lings) 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 indivi-
duals in the overstorey (e.g. replacement of sparse
savanna canopy trees by dense forest canopy spe-
cies), 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 pat-
terns 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, bar-
riers 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 pri-
mary 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 carbohy-
drate reserves in below-ground parts and are elimi-
nated 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 vegeta-
tion type (Hoffmann et al. 2012).

There is dearth of information on whether spe-
cies 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 shade-
and drought-tolerant forest species together with
savanna species in the understorey of forest vegeta-
tion. 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 resprout-
ing 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 tempora-
rily 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 over-
storey and understorey species composition in
savanna. However, in both forest and savanna
vegetation, soil fertility was hypothesised to miti-
gate 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 under-
storey 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 compo-
sition would be decoupled across the overstorey
and understorey, (3) a combination of barriers to
JE and SR drove these disparities in species com-
position 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 bimod-
ality with peaks in June and September. Mean annual

rainfall (based on monthly means) at KSNR is
1269 mm with minimum and maximum tempera-
tures of 18.2 and 33.0°C, respectively. The topogra-
phy 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 (Torello-
Raventos 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 transi-
tional 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 distribu-
ted 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 den-
sity (SD), basal area (BA), crown index (CRI:
sum of crown area for all overstorey individuals
divided by plot area), GC and species propor-
tions 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 identi-
fied 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 composi-
tion that are known to have height at maturity
<1.5 m (mostly small trees and shrubs) and
excluded them from our analysis. From the lit-
erature, 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 over-
and 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 spe-
cies (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 unbuf-
fered with 0.01 M BaCl2 and their concentra-
tions 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 vegeta-
tion types based on vegetation structure was
congruent with plot classification using the spe-
cies composition of the overstorey (using abun-
dance data from 24 plots with overstorey
individuals) by carrying out a hierarchical clus-
ter 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 over-
storey vs. forest understorey, savanna overstorey
vs. savanna understorey) using permutation analy-
sis of variance (PERMANOVA) (Anderson 2001)

based on Chao’s abundance-based dissimilarity
index (Chao et al. 2005). Subsequently, we sum-
marised 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 composi-
tional 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 co-
occurring in both overstorey and understorey (i.e.
species presumably facing no bottlenecks), (2) with
individuals occurring only in the overstorey (i.e. spe-
cies that did not recruit their juveniles in the under-
storey – 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 under-
storey (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 under-
storey 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 over-
storey individuals, was congruent with our initial vege-
tation classification and produced two distinct clusters
(Figure S1), representing the forest and savanna vege-
tation. 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 spe-
cies 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) spe-
cies (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 tenui-
folia (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 con-
tributed ca. 50% of the individuals to the over-
storey 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 spe-
cies 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 signifi-
cantly 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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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 (compris-
ing 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. traga-
cantha in forest and K. senegalensis in savanna),
was not maintained across the overstorey and

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.

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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understorey strata in both vegetation types
(Figure 4). Out of the 10 most dominant over-
storey species (forest and savanna combined), 4
achieved appreciable dominance in the under-
storey. We found no significant difference
between the proportion of species restricted to
the understorey and those confined to the over-
storey (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 bar-
riers 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 unders-
tories of their respective environments. Overstorey
and understorey species composition was, how-
ever, 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–

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).
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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 differen-
tiation 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

for being part of the overstorey). We hypothesised
that such decoupling could be driven by a combi-
nation 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 estab-
lished under different set of conditions than cur-
rently prevailing (see below).

Our work indicated that species dominance was
not linked across the two strata. Some studies have
reported similar observations where species domi-
nance was reversed across the overstorey and under-
storey 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 mobili-
sation and storage of carbohydrate in under-ground
parts during the first growing season (Bond and
Midgley 2001). In contrast, escape from the fire-
trap may depend more on changes in fire and her-
bivory regime. For instance, rare, episodic tree
recruitment events that allow saplings to grow to
become part of the canopy strata may occur in excep-
tionally 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 unequi-
vocal evidence that these factors limit seedling estab-
lishment 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 establish-
ment and growth of woody individuals. On the con-
trary, Gignoux et al. (2009: working in LamtoNatural
Reserve, Ivory Coast) and Cardozo et al. (2016: work-
ing 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 evapotran-
spiration) 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 under-
storey compositional patterns is essential for under-
standing 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 simi-
larity. However, we found little support for the
effect of soil fertility on overstorey and under-
storey 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 composi-
tional patterns indicate a potential for vegetation
transitions in this ZOT. There is a dearth of infor-
mation 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 domi-
nant 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 dis-
cussed 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 sup-
press 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 vege-
tation 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.
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