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A B S T R A C T

The conservation and sustainable management of biodiversity requires an understanding of the biotic and
abiotic factors that condition the presence and survival of organisms in natural habitats. The global distribution
and ecological hypersensitivity of pteridophytes have made them ideal candidates for studying the impact of
biotic and abiotic factors on levels of biodiversity.

This study aims to determine the effect of vegetation cover, human disturbance, and climatic factors on the
distribution and diversity of pteridophytes in Togo with a view to guide conservation efforts. Our data comprises
130 plots of 500m2 representing all ecological zones of the country, complemented by several opportunistic
collections. After determining the patterns of pteridophyte distribution, multivariate analysis of variance and the
calculation of diversity indicators made it possible to determine the influence of the factors studied.

We found that pteridophyte species diversity and distribution in Togo are strongly influenced by climatic
variables, with more than 90% of species diversity being concentrated in the submontane forest areas. Humidity
related variables, insolation, and human disturbances are the main drivers of their distribution. Species diversity
is positively associated with an increase in humidity, but decreases with increasing insolation and human dis-
turbance. Importantly, our results emphasize the association of specific species to particular conditions created
by climate, land cover, and human disturbances, highlighting the role of pteridophyte species as indicators of
environmental conditions or exposure to stress. Within humid forest areas, our analysis of the impact of dis-
turbance indicates that about a quarter of the pteridophyte flora of humid forests is sensitive to minor dis-
turbances, whereas almost all rainforest species decline in the face of high levels of disturbance. Agroforests are a
particular case of moderately disturbed rainforests, and have the potential to harbour at least 30.5% of Togolese
rainforest pteridophyte species diversity.

We conclude that the conservation of pteridophytes in Togo requires the protection of submontane rainforests
and the adoption of less destructive practices in terrestrial species habitats in coffee/cocoa-based agroforests.

1. Introduction

Current knowledge of vascular plant diversity suggests an unequal
distribution across the main biogeographic zones of the terrestrial globe
(Barthlott et al., 2007, 1996; Myers et al., 2000). About 44% of vascular
plants are concentrated on just 1.4% of the earth’s land surface (Myers
et al., 2000). In the case of pteridophytes, Europe is home to only 179
species in over 10 million km2, compared to 1120 species in less than a
quarter of that area in the Caribbean (Hassler and Schmitt, 2019).

Numerous studies highlight close links between the current distribution
of vascular flora and the biotic (viz. interactions with other living or-
ganisms) and abiotic (viz. climate, soil, topography) characteristics of
their habitat (Currie and Paquin, 1987; Bickford and Laffan, 2006; Kreft
and Jetz, 2007; Kreft et al., 2010). Generally, water and energy related
variables have been identified as the leading factors that constrain the
distribution of species at biogeographic scale while biotic factors define
their realized niche at the habitat scale.

Less studied than Spermatophytes (seed plants), pteridophytes
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(spore-bearing vascular plants), grouping two distinct evolutionary
lineages i.e. ferns and lycophytes (PPG I, 2016), are nevertheless major
constituents of the flora of tropical forests (Salazar et al., 2015; Watkins
et al., 2006), especially in the undergrowth and as low epiphytes
(Acebey et al., 2017; Krömer et al., 2007; Mehltreter et al., 2005).
Given their wide distribution, wide range of habitat preferences, hy-
persensitivity to micro-variations in their environment, and relative
independence from herbivores (Barrington, 1993), they are good in-
dicators of the state of habitats on a global scale, thus constituting ef-
fective monitoring subjects, especially in the current context of the
global biodiversity crisis related to habitat loss (Ceballos et al., 2010;
Teyssèdre, 2004).

With a pteridophyte diversity estimated at 765 species (Kornas,
1993), the flora of tropical Africa is less rich than those of other tropical
regions of the world such as South America or the Malesia region (re-
spectively 3628 and 2963 species; Tryon, 1989, 1986; Tryon and Tryon,
1982). Kornas (1993) attributes this relative poverty to local extinctions
as a result of shifting of vegetation zones due to continental drift and
climatic oscillations during the late Tertiary, which also confined the
flora to biodiversity refuges (Aldasoro et al., 2004). However, the ca-
pacity of the remaining species to recolonize the rest of the continent is
governed by current environmental constraints such as humidity and
elevation (Aldasoro et al., 2004). Later studies, mainly in the Neo-
tropics, confirmed the major role of habitat constraints (bioclimatic and
anthropogenic) in determining the distribution and richness of extant
pteridophyte species (Gasper et al., 2015; Karst et al., 2005; Kluge et al.,

2008; Kreft et al., 2010; Tuomisto et al., 2014). While a few studies
focused on the African continent (Hemp, 2002, 2001), providing in-
sights into the effect of elevation, vegetation and land use on the dis-
tribution of pteridophytes in montane zones, much remains to be done
to understand the distribution of pteridophytes at local scales, espe-
cially in the West African lowlands.

Partly located in the “Dahomey gap” which is an interruption of the
West African Guinean forests (White, 1983), Togo is home to a rich
vascular flora (4002 plant species and 4019 animal species; SCBD,
2018) including 122 species of native pteridophytes (Abotsi et al.,
2018). The country is part of the Gulf of Guinea area of endemism and
biodiversity hotspot (Mittermeier et al., 2000; Myers et al., 2000). The
alarming degradation and fragmentation of forest habitats underway in
Togo in recent decades poses a real threat to the survival of pter-
idophytes and biodiversity in general (MERF, 2014).

The main objective of this study is to contribute to our knowledge of
the diversity and ecology of pteridophytes in Togo with a view to guide
conservation efforts. To this end, we addressed the following questions:
How is this flora spread over the Togolese territory? What are the
ecological factors that best explain this distribution? We hypothesize
that favorable ecological conditions, such as humidity, cloudiness and
forest cover of the mountains of Togo could be the drivers of this dis-
tribution (Aldasoro et al., 2004; Anthelme et al., 2011; Moran, 1995;
Moran and Smith, 2001). Also, in the light of recent works which show
a close relationship between forest disturbance and degradation and the
loss of pteridophyte species diversity (Barthlott et al., 2001; Carvajal-

Fig. 1. Study area (A) relief map showing elevation range in the country, (B) annual rainfall map with inventoried sites (B). The delineation of the five ecological
zones of Ern (1979) is provided for each map. The insert in the upper right corner indicates the localization of Togo (in the red rectangle) in West Africa and within
West African Guinean forest area (green area). Relief derived from SRTM elevation data, and rainfall derived from WorldClim version 2.0 (current climate).
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Hernández et al., 2017; Paciencia and Prado, 2005), it is hypothesized
that human activities also impact this group in Togo. We therefore also
ask how does human disturbance impact the diversity and distribution
of pteridophytes in Togo?

Specifically, this study aims (1) to characterize the pteridophyte
flora in the different ecological zones of Togo, (2) to determine the
influence of climate related variables on the distribution patterns of
pteridophyte species, (3) to determine the influence of land cover types
on pteridophyte species diversity and composition, and lastly, (4) to
analyze the impact of human disturbance on the species diversity and
composition in rainforests. The study is based on the analysis of data
gathered between 2013 and 2018 in Togo, including georeferenced
occurrences, physical data (elevation), ecological data (land cover
types), anthropogenic influences (degree of disturbance of habitat) and
climatic data (temperature range, precipitation, cloud cover, climatic
water deficit and aridity).

2. Material and methods

2.1. Study area

This study was conducted in Togo (Fig. 1), a country of 56600 km2

located in the Gulf of Guinea in West Africa. In terms of relief, Togo is
characterized by lowlands separated by the Togo Mountains which run
diagonally across the country from the south-west to the north-east
(highest peak 986m).

Based in its topography (Fig. 1A) and rainfall (Fig. 1B), Togo can be
subdivided into 5 ecological zones (Ern, 1979). Zone 1 is the northern
plains area with Sudanian savanna vegetation and patches of dry forest
along rivers, and zone 2 (northern part of Togo Mountains) is char-
acterized by submontane dry forests and woodland areas. These
northern zones come under the Sudanian climatic and floristic region
(Aubréville, 1950) whereas the zones in the south fall in the Guinean
climatic and floristic regions. Zone 3 is a Guinean-Sudanian transition
area and comprises the central plains with a mosaic of dry forests and
Guinean savanna. Zone 4 (southern part of Togo mountains) is mostly
covered by rainforests and Guinean savanna vegetation, and zone 5
includes the coastal plains covered by meadows, mangroves, and
rainforests. The southern plains areas (zones 3 and 5) are located in the
West African Guinean forest discontinuity (“Dahomey Gap”, Kokou,
1998; White, 1983). Annual rainfall ranges from 800mm in zones 1 and
5 to 1800mm in zone 4 (see Fig. 1B).

2.2. Data collection

The data supporting this study were collected between 2013 and
2018. In the initial stage, ecological data were collected at plot level in
order to characterize the flora. A total of 130 plots of 500m2

(50m×10m), randomly spread over the country and covering the 5
ecological zones were inventoried and characterized (Fig. 1B). The
following stage consisted of the recording of opportunistic species along
river banks and forest trails (at a distance of at least 2 km from each
plot), to complete species occurrence data for the country.

For each plot, the following information was recorded: land cover
type and level of disturbance, tree cover, elevation, longitude and la-
titude. In addition, we noted the scientific name, the habit (i.e. terres-
trial or epiphytic) and calculated the relative abundance-dominance of
each pteridophyte species occurring in the plot. The relative abun-
dance-dominance (A-D) of a species was assessed by the Braun-
Blanquet approach (Braun-Blanquet, 1932; Westhoff and Van Der
Maarel, 1978). It represents the importance (combination of abundance
and surface cover) of each species relative to all other pteridophyte
species occurring at the plot scale and is expressed on a scale of
0–100%.

For an ecological characterization of the plots, the maximum tem-
perature of the warmest month (BIO5), the minimum temperature of

the coldest month (BIO6) and the annual precipitation (BIO12) were
obtained for each plot from WorldClim version 2 (Fick and Hijmans,
2017) at a resolution of 30 arc-seconds. Cloud cover was obtained from
“Earth Env” (https://www.earthenv.org/cloud) at a resolution of 1 km
(Wilson and Jetz, 2016). The humidity index (Middleton and Thomas,
1992) and the climatic water deficit variable were acquired at a re-
solution of 3 arc-minutes from Deblauwe’s data portal (https://
vdeblauwe.wordpress.com). The humidity index is an average of the
yearly sum of precipitation divided by the annual Potential Evapo-
Transpiration (PET). Climatic water deficit is the difference between
rainfall and PET (only during dry months, i.e. months where PET ex-
ceeds rainfall). It represents the intensity of dry periods and is by de-
finition negative. All the climatic variables were extracted for each plot
and occurrence, using R packages “foreach”, “raster”, “rgdal” and “sp”
(R Core Team, 2013). All subsequent statistical analyzes were per-
formed using “vegan”, “labdsv” and “indicspecies” packages in R.

Land cover (vegetation and land use) was categorized into 8 classes,
namely: (1) Rainforest, (2) Dry forest, (3) Coffee/cocoa-based agro-
forest, (4) Savannah/Woodland, (5) Mangrove and affiliate ecosystems,
(6) Palm grove, (7) Meadow (aquatic) and (8) off-forest areas (farms,
dwellings, etc.). Habitat disturbance level was evaluated on a scale of 0
to 3 with 0 denoting an undisturbed forest state, 1 representing minor
disturbance (low impact on the floristic composition and physiognomy
of the habitat), 2 denoting average disturbance (affecting less than 25%
of large trees but not significantly affecting the appearance of the ha-
bitat) and 3 applied to disturbed states (more than 25% of large trees
and the physiognomy of the habitat affected). Tree cover refers to the
estimated percentage of area covered by tree canopy at the plot level. It
was expressed in 5 classes namely 0–20%, 20–40%, 40–60%, 60–80%
and 80–100%.

All the data supporting this study were deposited on Mendeley and
are accessible at doi:https://doi.org/10.17632/sgts85fjfb.1.

2.3. Characterization of the pteridophyte flora of Togo’s ecological zones

For our first objective, we compared the species richness (gamma
diversity) of the five ecological zones and examined the association
between specific pteridophyte species and each of these zones. For each
ecological zone, we distinguished, by combining in-plot and out-plot
occurrences, the number of species exclusive to the zone and the
number of species shared with other zones. The match between a par-
ticular pteridophyte flora and a given ecological zone was determined
from the matrix of relative abundance-dominance of species in plots,
using two association indices: the indicator value and the phi coeffi-
cient of association, which is the Pearson correlation for binary vari-
ables (De Cáceres and Legendre, 2009). We used the indicator value to
identify specific or exclusive links of the species to an ecological zone. A
high indicator value is obtained by a combination of high specificity
(maximal when the species is present only in the targeted habitat) and
high fidelity (maximal when the species is present in all the plots of the
targeted habitat) of the species to a given zone (De Cáceres and
Legendre, 2009). In case of the absence of any exclusive links, we used
the phi coefficient of association to determine the degree of ecological
preference of a species for a specific zone compared to other zones
where it may occur.

2.4. Evaluation of the influence of climate on the distribution patterns of
pteridophyte species in Togo

In order to evaluate the hypothesis that ecological niches of species
shape their geographic distribution, we performed a Canonical
Correspondence Analysis (CCA) on the presence/absence table of the
species in the plots, constrained by climatic variables. We conducted
permutation tests to evaluate the significance of the effects of each
climatic variable. This allowed us to identify the main climatic drivers
of pteridophyte species distribution in Togo.
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2.5. Evaluation of the influence of land cover on the diversity and floristic
composition of pteridophytes at local scale

For our third objective, we analyzed the importance of land cover
by comparing pteridophyte species diversity and floristic composition
(species and habits) for each land cover type. We further identified
potential associations between species, land cover type and tree cover.

For diversity comparison, we estimated species diversity in four
different ways: Whittaker's alpha diversity (average number of species
per plot), gamma diversity (total number of species), Whittaker's spe-

cies turnover ( = −( )T 1gamma diversity
alpha diversity ), and Shannon diversity index

( = − ∑ ∗
=

H p pln( )i
R

i i
'

1 , where pi is the proportion of individuals be-
longing to the ith species, and R is the total number of species).

To compare the floristic composition of different land cover types,
we performed an ascending hierarchical classification (AHC), using
Bray-Curtis dissimilarity metric (Bray and Curtis, 1957), and Ward’s
minimum variance, which are clustering methods recommended for
vegetation cluster analysis (Borcard et al., 2018). The Bray-Curtis index
varies from 0 (same species composition and relative frequencies) to 1
(no shared species) for each pair of land cover type. We also compared
the proportion of epiphytes (relative number of epiphytic species per
plot) in each land cover type to study the potential impact of land cover
on the habit of species.

To evaluate the significance of the role of land cover type and tree
cover on species diversity, composition, and habit, we performed a
Permutational Multivariate Analysis of Variance (PMAV, McArdle and
Anderson, 2001), using distance matrices. Finally, we performed an
indicator value analysis to determine if land cover constraints can lead
to specific associations to some species.

2.6. Evaluation of the impact of human disturbance on the diversity and
floristic composition in rainforests

The impact of disturbance on species diversity (alpha diversity,
species turnover, and Shannon diversity index), and composition
(proportion of epiphytes) was analyzed on the rainforest plots, con-
sidering the three levels of disturbance. A total of 36 plots located in
rainforests (with 0 plots for perturbation level 0, 9 plots for level 1, 21
plots for level 2 and 6 plots for level 3) were analyzed. We performed a
PMAV to evaluate the significance of the impact of human disturbance
on species composition in rainforest plots. An indicator species analysis
was performed to identify potential links between species and each
disturbance level. The importance and the constancy of the species
were then calculated and compared at a minimum abundance/dom-
inance threshold of 25% in order to highlight structural changes. For a
set of plots, the importance of a species refers to the mean abundance of
the species in a targeted habitat compared to its mean abundance across
all the habitats, while the constancy is the proportion of plots where the
species is present in the targeted habitat. At the scale of the plot, we
considered species with less than 25% abundance-dominance as mar-
ginal and others as important species. Coffee/cocoa-based agroforests
were further compared with rainforests in order to determine the re-
lative impact of this particular type of forest disturbance on the native
flora.

3. Results

3.1. Distribution of pteridophyte species within ecological areas in Togo

Pteridophyte species richness is unequally distributed in Togo
(Table 1). The submontane area of Togo Mountains is richer (90.16% of
the total diversity) than the lowlands. A majority of species is limited to
ecological zone 4. This zone alone shelters 104 species of a total of 122
native recorded species growing in the country, that is 85.25% of the
flora of which 81 species are exclusive to it, while the northern

lowlands (zone 1) shelter only two species which are also represented in
zone 3.

Ecological zones 2, 3, and 5 are each characterized by at least one
indicator species, whereas zones 1 and 4 do not have any indicator
species (Table 2). The values of the Pearson association coefficient
however indicate a significant ecological preference of Pteris togoensis
Hieron. (φ=0.414, p-value=0.013), Pellaea doniana (J. Sm.) Hook.
(φ=0.365, p-value=0.025), Tectaria fernandensis (Baker) C. Chr.
(φ=0.365, p-value=0.037), Asplenium formosum Willd. (φ=0.363,
p-value=0.040) and Platycerium stemaria (P. Beauv.) Desv.
(φ=0.343, p-value=0.042) for ecological zone 4.

3.2. Influence of climate on the distribution patterns of pteridophyte species
in Togo

According to the CCA, the first two axes together explained about
48% of the overall variation in the species composition-climate re-
lationship. Permutation tests indicated that altitude (p-value=0.002),
BIO5 (p-value=0.004), annual precipitation (p-value= 0.002), cli-
matic water deficit (p-value= 0.004), and cloud cover rate (p-
value= 0.002) had significant effects (Fig. 2). Axis 1 of the CCA re-
presents variation in humidity, which corresponds to an increase in
precipitation coupled with an elevation related decrease in evapo-
transpiration and temperature. Axis 2 of the CCA reflects the im-
portance of the intensity of dry periods, shading, and temperature
maxima in the differentiation of species niches. Variation in annual
precipitation (axis 1) and climatic water deficit (axis 2) are the main
variables that contribute to differentiating the climatic niches of pter-
idophyte species in Togo (Table 3). Along CCA axis 1 we observed a
fairly clear discrimination between the flora of the lowlands (zones 1, 3,
and 5) vs. mountain areas (zones 2 and 4). CCA axis 2 contrasts the
Guinean and Guinean-Sudanian transition area (zone 4, 5 and 3) to the
Sudanian (zones 1 and 2) flora (Fig. 2).

The ecological zone 4 is characterized by higher annual precipita-
tion, lower climatic water deficit and cloudiness (Fig. 2). The climatic
characteristics of this zone are favorable for the presence of species such
as Microgramma mauritiana (Willd.) Tardieu, Asplenium biafranum Al-
ston & F.Ballard ex Ballard Hook., Asplenium dregeanum Kunze, Hap-
lopteris guineensis (Desv.) E.H. Crane and Alsophila camerooniana (Hook.)
R.M. Tryon. In contrast, the presence of species such as Anemia sessilis,
Palhinhaea cernua (L.) Carv. Vasc. & Franco, Selaginella buchholzii
Hieron and Actiniopteris radiata (Koenig ex Sw.) Link. is observed in
Sudanian submontanous regions (zone 2) which are more deficient in
climatic water (positive CCA Axis 2).

Between these two climatic conditions, the Guinean-Sudanian
transition region (zone 3) is particularly favorable to Adiantum incisum,
Ophioglossum costatum R.Br., and Platycerium elephantotis. Adiantum so-
boliferum, Selaginella kalbreyeri Baker and Nephrolepis cordifolia are
found in both zone 2 and zone 3. Acrostichum aureum, Marsilea minuta,
and Cyclosorus striatus (Schum.) Ching. are related to the wetlands of
the ecological zone 5, which are characterized by lower annual rainfall,
higher temperatures during the warm months and lower elevations
(negative CCA Axis 1).

3.3. Influence of land cover on diversity and floristic composition

Pteridophytes are unevenly distributed in the different land cover
types in Togo. Indeed, 82 species (representing 67,21% of the local
flora) are exclusive to rainforests and only 5 species (Ophioglossum
spp.), that is 4.1% of the species, are restricted to the savanna zones.
Rainforests are clearly richer with 105 species overall and more than 5
species per 500m2 plot on average (Table 4), while mangroves shelter
only two species, including Acrostichum aureum, which is an indicator
species (Table 5). Although rainforests shelter a higher number of
epiphytic species overall, palm groves comprise only epiphytes (100%),
followed by off-forest areas, agroforests, etc. (see Table 4). Mangroves
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and meadows do not shelter epiphytic species.
Salvinia auriculata is an indicator of meadows while palm groves are

characterized by the presence of Nephrolepis bisserata (Sw.) Schott.,
Microsorum scolopendria (Burm.f.) Copel. and Nephrolepis undulata
(Afzel. ex Sw.) J. Sm. The open vegetations of savanna/woodland are
characterized by Nephrolepis cordifolia (L.) Presl. With significant in-
dicator values, Adiantum soboliferum is unequivocally the indicator
species of dry forests, Pteris togoensis of agroforests and Pellaea doniana
of rainforests. Only agroforests and dense humid forests are similar on
the basis of the constancy of Adiantum philippense L. and Pteris togoensis
within them. The most frequent species of each land cover type differs
from those of other land cover types.

The dendrogram obtained from the distance matrix of land cover
types indicates that there are affinities between the flora within each
group (Fig. 3). Indeed, 4 floristic groups are identified for pteridophytes

Table 1
Floristic structure of pteridophytes within Togo ecological zones. Zones 1 to 5 represent the 5 ecological zones defined by Ern (1979).

Ecological zone Species richness Exclusive species rate Species per genus Species per family Genera per family Epiphytic over terrestrial species

Zone 1 2 0 (0.00%) 2/2 (1,00) 2/2 (1,00) 2/2 (1,00) 0/2 (0.00)
Zone 2 22 4 (3.28%) 22/13 (1.69) 22/9 (2,44) 13/9 (1,44) 3/19 (0.16)
Zone 3 17 5 (4.10%) 17/9 (1.89) 17/7 (2,43) 9/7 (1,29) 6/11 (0.55)
Zone 4 104 81 (66.39%) 104/49 (2.12) 104/21 (4,95) 49/21 (2,33) 20/84 (0.24)
Zone 5 10 5 (4.10%) 10/9 (1.11) 10/7 (1.43) 9/7 (1,29) 2/8 (0.25)

Table 2
Indicator species of the ecological zones of Togo. Zone 1–5 are Togo ecological
areas.

Ecological zones Species Indicator value P-value

Zone 1 – – –
Zone 2 Anemia sessilis (Jeanp.) C.Chr. 0.369 0.037
Zone 3 Platycerium elephantotis Schweinf. 0.466 0.009
Zones 2 and 3 Adiantum soboliferum Wall. 0.749 0.001
Zone 4 – – –
Zone 5 Cyclosorus striatus (Schum.) Ching 0.555 0.002

Acrostichum aureum L. 0.480 0.014
Ceratopteris thalictroides (L.)
Brongn.

0.392 0.022

Marsilea minuta L. 0.392 0.014
Salvinia auriculata Aubl. 0.392 0.025
Salvinia nymphellula Desv. 0.392 0.027

Fig. 2. Canonical Correspondence Analysis (CCA) of pteridophyte species and climatic variables characterizing the plots in which they occur. The five ecological
zones of Togo are shown in colour; their position and extents were automatically generated at 95% confidence interval from the centroid of the factorial coordinates
of the plots that were inventoried within each zone. The climatic variables are: “BIO5” or the maximum temperature of the warmest month; “BIO6” or the minimum
temperature of the coldest month; “Cloud” is the index of nebulosity or cloudiness; “Water deficit” represents the reduction in climatic water deficit; “Humidity”
evaluates the annual rate of precipitation over PET.
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in Togo.
Group G1 corresponds to the flora of the open vegetation of coastal

wetlands. It can be distinguished by its heliophilic affinity, unlike
others which require shade provided by tree cover. The group G2 stands
out from the other two ombrophilous groups by its entirely anthro-
pogenic origin. This group, found in farms, inhabited areas and palm
groves, is characterized by a low diversity of ligneous species (generally
only one tree species), unlike the last two groups, which are almost
natural multi-species vegetation types with a dry variant (Group 3) and
a wet one (Group 4).

The results of the PMAV showed that land cover type (p-
value=0.0049) and tree cover (p-value=0.0199), taken separately,
have a significant impact on flora. However, significant differences are
not observed at different levels of tree cover (p-value=0.7861) within
the same land cover class.

3.4. Impacts of habitat disturbance in rainforests

The multivariate analysis of variance of the matrix of distance be-
tween rainforest plots and the values of species constancy and im-
portance, depending on the degree of disturbance, indicate that dis-
turbance has a significant impact on the pteridophyte flora.

Pteridophyte species diversity decreases continuously with in-
creasing disturbance; however, this is mainly due to the reduction in
terrestrial species as both the number and proportion of epiphytes are
highest at medium disturbance levels (Table 6). The average dis-
turbance level is where we observed the highest species turnover.

In terms of relative abundance-dominance (A-D) representing spe-
cies importance, Christella dentata (Forssk.) Brownsey & Jermy (A-
D=33%), Pellaea doniana (A-D= 44%) and Pteris linearis Poir. (A-
D=33%) were the most typical species of areas with minor dis-
turbance levels. Adiantum philippense L. and Asplenium formosum Willd.
have good constancy, almost as much at low disturbance levels (present
in 33% and 44% of plots, respectively) as at medium disturbance levels
(40% and 30% of plots, respectively). Only major disturbances of the
habitat lead to their being classified as marginal (A-D < 25%), even if
the importance of Adiantum philippense decreases considerably from
33.33% to 23.12% at the average level of disturbance. Pteris togoensis
(A-D= 45%), Tectaria fernandensis (Baker) C.Chr. (A-D=30%),
Nephrolepis bisserata (A-D=25%), and Doryopteris kirkii (Hook.) Alston
(A-D= 25%) characterize the average disturbance level with a con-
stancy of 25% of the plots. The maximum disturbance level is char-
acterized by the constancy of Blotiella currorii (Hook.) R.M.Tryon (40%
of plots) and Selaginella myosurus (Sw.) Alston (60% of plots). The latter
is the indicator species for highly disturbed rainforests in the country
(p-value=0.015).

Thus, about 22% of the most important species at the minor dis-
turbance level become marginal (A-D < 25%) at the average dis-
turbance levels, and 97% become marginal at maximum disturbance
levels. Only 3% of rainforest species are therefore less sensitive to the
disturbance of their environment.

In addition, when the disturbance of rainforests led to their trans-
formation, there were 73 species fewer in coffee/cocoa-based agro-
forest, representing a loss of 69.5% of the total pteridophyte species
richness of these forests. Changes in the structure of the residual flora
are also observed. Indeed, there is an increase in the proportion of
epiphytes from 16.19% in the rainforest to 21.88% in agroforests.
Adiantum philippense and Pteris togoensis, the only two species with good
constancy in these two land cover types, move from marginal species
status in terms of their relative abundance in rainforests to important
species status in agroforests.

4. Discussion

Our study contributes to a better understanding of climatic and
anthropogenic factors that influence the distribution of tropical pter-
idophytes, with a particular focus on the area of endemism of the Gulf
of Guinea. We found that pteridophyte species diversity and distribu-
tion in Togo is strongly influenced by climatic variables, with the
highest levels of diversity coinciding with areas of higher water avail-
ability. While the majority of Togo’s pteridophyte species are therefore
found in sub-montane humid forest areas, our results point to the pre-
sence and adaptation of certain species to other land cover types with
lower water availability. Importantly, our results demonstrate that
specific species can be associated with particular conditions created by
climate, land cover, and human disturbance, highlighting the role of
pteridophyte species as indicators of environmental conditions or the
exposure to stress. Within humid forest areas, our analysis of the impact
of disturbance indicates that about a quarter of the pteridophyte flora of
humid forests are sensitive to minor disturbances, whereas almost all
rainforest species decline in the face of high levels of disturbance.
Agroforests are a particular case of moderate disturbance and retain

Table 3
Correlation of climatic variables with the two constrained axes retained after
the permutation test on axes.

Tested variables CCA1 CCA2

Altitude 0.7235 −0.18797
Humidity 0.5707 −0.10529
BIO5 −0.3664 0.75717
BIO6 −0.7883 0.02492
Climatic water deficit −0.1965 0.83211
Cloud coverage 0.1148 −0.70985
Precipitation (annual) 0.8368 −0.38362

Values in bold indicate the axis to which the climatic variables contribute the
most in the model (the maximum contribution of Humidity index is for CCA6,
which is not retained by the permutation test); CCA1 and CCA2 are the main
constrained axis of the model; BIO5 is the maximum temperature of the
warmest month; BIO6 is the minimum temperature of the coldest month.

Table 4
Species diversity and floristic structure of land cover types in Togo.

Land cover Shannon
index

Alpha
diversity

Gamma
diversity

Terrestrial rate Epiphyte rate

Rainforest 1.6183 5.6111 105 83.81% 16.19%
Agroforest 1.3590 4.5714 32 78.13% 21.88%
Dry forest 0.8060 2.6250 20 90.00% 10.00%
Palm grove 0.7749 2.4285 10 0.00% 100.00%
Savanna/

Woodland
0.5291 1.8421 21 90.48% 9.52%

Meadow 0.2479 1.4285 9 100.00% 0.00%
Mangrove

(rear)
0.2310 1.3333 2 100.00% 0.00%

Off forest – – 12 41.67% 58.33%

Table 5
Indicator species of land cover types.

Land cover Indicator species Indicator value P-value

Rainforest Pellaea doniana (J. Sm.) Hook. 0.2500 0.047
Agroforest Pteris togoensis Hieron 0.3522 0.019
Dry forest Adiantum soboliferum Wall. 0.5028 0.006
Palm grove Nephrolepis bisserata (Sw.)

Schott.
0.5102 0.007

Microsorum scolopendria
(Burm.f.) Copel.

0.2857 0.050

Nephrolepis undulata (Afzel. ex
Sw.) J. Sm.

0.2481 0.040

Savanna/Woodland Nephrolepis cordifolia (L.) Presl. 0.3254 0.024
Meadow Salvinia auriculata Aubl. 0.2857 0.049
Mangrove (rear) Acrostichum aureum L. 1.0000 0.001
Off forest – – –
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about a third of the species of humid forests that are able to occupy
spaces left by less-tolerant species.

4.1. Water availability as the main driver of pteridophyte diversity and
distribution

Our results point to the strong influence of humidity related vari-
ables and insolation (cloudiness and tree shading) on the floristic
composition of plots. In particular, the CCA shows that niche pre-
ferences of pteridophyte species in Togo are constrained largely by
water availability. As pointed out by Kreft et al. (2010), unlike seed
plants, pteridophytes have two independent free-living life stages, one
of which are fertilized by motile spermatozoids that need a water film
for movement. Given their functional biology therefore, this explains
the pronounced relation of pteridophyte presence to water availability
(Kreft et al., 2010).

Humidity is generally identified as the main climatic driver of
species richness in pteridophytes (Aldasoro et al., 2004; Bystriakova
et al., 2015; Kessler et al., 2014; Kreft et al., 2010; Kreft and Jetz, 2007;
Tuomisto et al., 2014). In Togo, annual precipitation increases with
elevation and the highest diversity of pteridophytes was found in the
submontane forest areas of Togo (ecological zones 4 and 2) compared to
the low diversity of lowland zones, which predominantly comprise sa-
vanna ecosystems (zones 1, 3 and 5). The higher species diversity of
pteridophytes in mountainous areas was previously attributed both to
the effect of elevation (providing wetter and cooler climatic conditions)
and high habitat diversity, which offers a wider range of niches avail-
able for the species (Kessler et al., 2001; Salazar et al., 2015). In the
submontane zones, despite almost similar annual rainfall levels in zones
4 and 2, the relatively low diversity of zone 2 (Table 1) can be linked to
a higher exposure to the Harmattan, a warm and dry continental trade
wind, which creates a seasonal gradient of increasing evapotranspira-
tion and temperature from the SW to the NE (Brunel et al., 1984).
Within the lowlands, the observed diversity increases from lower

rainfall areas of zone 1 to zone 5 to relatively higher rainfall areas in the
transition zone 3. Further, the decrease in climatic water deficit could
be associated with an increase in cloudiness and a decrease in the
maximum temperature of the warmest month, which are also factors
that contribute to higher pteridophyte diversity in our study. However,
while much of Togo’s pteridophyte flora is concentrated in humid high
elevations, certain species are adapted to conditions of the lower ele-
vation coastal wetlands of zone 5 and others to the drier conditions of
the northern Sudanian climatic zones.

In zone 2, despite sufficient annual rainfall (1200–1600mm), the
water deficit created by high exposure to the Harmattan and the
4–5month long dry season (Brunel et al., 1984) are major constraints to
the presence of pteridophytes. Being exclusively saxicolous (Porembski
and Barthlott, 2000), species that are associated with this zone (Anemia
sessilis, Palhinhaea cernua, Selaginella buchholzii and Actiniopteris radiata)
are characterized by a high tolerance to desiccation (poikilohydry
strategy, Proctor and Tuba, 2002). Desiccation tolerant species have the
ability to lose as much as 95% of the water content of their leaves
without dying (Porembski and Barthlott, 2000). This tolerance is gen-
erally inferred at the morphological level by a high density of piliform
scales protecting the rhizome and apex in Anemia sessilis, an absence of
foliose lamina in Palhinhaea cernua, a very short reproductive cycle in
Selaginella buchholzii, or the texture and longitudinal curling of the la-
mina in Actiniopteris radiata. The occurrence of the latter species has
even been reported in the desert regions of the Sahara (Anthelme et al.,
2011). The species associated with semi-arid plains in zones 3 and 5
have for their part adopted a desiccation-avoidance strategy, thanks to
(i) their presence in aquatic or semi-aquatic environments such as
mangroves (Acrostichum aureum), swampy areas (Cyclosorus striatus,
Ceratopteris thalictroides and Marsilea minuta) and water bodies (Salvinia
auriculata and S. nymphellula) or (ii) the establishment of a water-filled
tuberous rhizome (Ophioglossum spp.). These strategies have been
widely documented for pteridophytes in the tropics (Aldasoro et al.,
2004; Hemp, 2001; Kornaś, 1977; Proctor and Tuba, 2002).

Fig. 3. Floristic affinities of land cover types in Togo
based on pteridophyte species composition. The
dendrogram is based on floristic dissimilarities be-
tween plot data. Y axis shows the Bray-Curtis dis-
tance between land cover types. G1 to G4 are the
identified floristic groups within the local flora; G1:
coastal wetlands heliophilic flora; G2: anthropogenic
ombrophilous flora; G3: natural dry vegetations om-
brophilous flora; G4: wet vegetations ombrophilous
flora.

Table 6
Effect of disturbance on pteridophytes diversity in rain forests.

Disturbance Alpha diversity Epiphyte rate Turnover Shannon index

All species Terrestrial Epiphyte

Level 1 6.5555 5.7966 0.7589 11.58% 4.7966 1.8045
Level 2 5.7500 4.4210 1.3289 23.11% 7.0000 1.6589
Level 3 4.8000 3.8571 0.9428 19.64% 3.3750 1.4544
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These results underline the major contribution of climate related
variables to the geographic distribution of pteridophyte species across
the country.

4.2. Pteridophytes as indicators of habitat conditions

Since pteridophytes are not dependent on pollen and seed vectors,
their habitat preferences and hence distribution tend to closely reflect
climatic and other environmental factors such as land cover type and
anthropogenic disturbances (Barrington, 1993). Indeed, the direct re-
lationship between the environment and the distribution of pter-
idophyte species is highlighted by our finding of associations between
species and particular ecological conditions such as climate, land cover,
and human disturbance.

The various land cover types, climatic zones and degrees of habitat
disturbance are ecologically contrasted enough in Togo to impact their
constituent flora. The floristic groups resulting from the hierarchical
clustering analysis reflect the combined influence of land cover char-
acteristics (particularly tree cover in insolation control), climatic factors
(humidity related variables), and anthropogenic disturbances. The flora
can be broadly grouped into coastal wetland heliophilic flora, which
includes those of the mangroves and meadows of zone 5; anthropogenic
ombrophilous flora of inhabited areas and palm groves; and the om-
brophilous wet- and dry-adapted flora of Guinean humid forests
(mainly in zone 4) and Sudanian dry forests (zones 2 and 3).

Almost all the ecological zones and land cover types can be char-
acterized by a single or numerous indicator species. Anemia sessilis
persists under conditions of relatively higher climatic water deficit
(positive CCA Axis 2) and is an indicator species of the Sudanian sub-
montanous zone 2. Adiantum soboliferum is an indicator species of both
zone 2 and the Guinean-Sudanian transition zone 3 as it is indicative of
the dry forest land cover type that is found in both these zones.
Ecological zone 5 presents numerous indicator species, possibly in-
dicative of the various unique coastal land cover types it includes. Of
these, Acrostichum aureum is an indicator of mangrove land cover types,
and Salvinia spp. of aquatic meadows. The absence of indicator species
for ecological zone 4 can be explained by the high habitat heterogeneity
of the humid southern Togo mountains. Indeed, given the high speci-
ficity (76.92% of observed species are restricted to the zone 4), it is the
weak fidelity in species occurrences that leads to low indicator values
(species are not present in the majority of plots of the zone). However, a
number of species like Pellaea doniana, an indicator species of rainforest
land cover types, present a significant ecological preference for condi-
tions in zone 4 where most rainforests are found.

Importantly, we found that within rainforests, pteridophyte species
are potential indicators of the exposure of the biological components of
rainforests to stress caused by disturbance. We identified species that
are relatively abundant under minor (e.g. Pellaea doniana), moderate
(e.g. Pteris togoensis) or maximum (e.g. Selaginella myosurus) disturbance
levels. While P. doniana is an indicator of rainforest land cover type, P.
togoensis is the indicator species of agroforests. Previous works have
also demonstrated the role of ferns as indicators of forest integrity
(Bergeron and Pellerin, 2014; Page, 1997), soil characteristics (Zuquim
et al., 2014), or land cover (Hemp, 2001). Indeed, Carvajal-Hernández
et al. (2017) also identified indicator species in natural, disturbed and
secondary forests in Mexico. They demonstrate the suitability of using
pteridophytes as indicators of the state of conservation of forest habi-
tats, especially in humid areas. In drier areas, pteridophytes are thought
to be less sensitive to minor changes in their habitat (Carvajal-
Hernández et al., 2017; Werner et al., 2011). This could explain the
absence of indicator species at low and medium disturbance levels in
Togolese forests which are a drier variants of West African Guinean
forests (IUCN, 2015). Since the species still have significantly different
relative abundance/relative dominance between the various levels of
disturbance, we suggest the use of this parameter in the monitoring of
forest disturbance in dry regions.

4.3. Sensitivity of rainforest flora to disturbance linked to angiosperm
presence

In Togo, rainforest disturbance usually consists of selective felling
for timber or energy production, bush fires, deforestation and conver-
sion into agroforests (MERF, 2014; Nadjombe, 1992). The Togo
Mountains being almost entirely a chain of low elevation plateaus
(usually 600–800m, Fig. 1A), their upper flanks and summits are in-
habited and generally intensely impacted by human activities, while
the lower and mid-elevation flanks are generally less so. These dis-
turbed forests also have the lowest levels of alpha diversity within
rainforests. Previous studies have associated forest disturbance with the
preponderance of lianas (Kokou et al., 2002; Laurance et al., 2001), as
well as with the loss of diversity in both pteridophytes (Barthlott et al.,
2001; Kessler, 2001a, 2001b; Paciencia and Prado, 2005) and angios-
perms (de la Rosa-Manzano et al., 2014; Hundera et al., 2013; Tabarelli
et al., 1999). Indeed, Selaginella myosurus, the indicator species of
highly disturbed rainforests, is a lianascent species. These two sys-
tematic groups interact closely. Studies on the history of Chlorophyllian
lineage indicate that, although the lineage of ferns appeared before that
of angiosperms, most of the current species diversified following the
rise of angiosperms, by occupying the niches created on the forest floor,
tree trunks, and canopies of angiosperm-dominated ecosystems
(Schneider et al., 2004; Schuettpelz and Pryer, 2009; Testo and Sundue,
2016). As a result, these plants decline and disappear as soon as the
support (for epiphytes only), and the protection provided by angios-
perms against insolation and evapotranspiration (for both habits) is
impacted by human activities (Barthlott et al., 2001; Carvajal-
Hernández et al., 2017; Kreft et al., 2010).

In Singapore, epiphytic pteridophyte species appeared particularly
prone to extinction (62% loss) due to deforestation (Turner et al.,
1994). However, in general, the pteridophyte flora suffered moderate
extinction, losing 49 out of 174 species (28%), of which 23 were epi-
phytes. Unlike the findings in Singapore, terrestrial species are more
affected by forest disturbances than epiphytic species in Togo. While
Testo and Sundue (2016) concluded that there has been no real dif-
ference in diversification rates between epiphytic and terrestrial species
since the rise of angiosperms, the current study shows that damage to
angiosperm trees do not impact species of the two habits in the same
way. Krömer et al. (2013) also observed differential effects of en-
vironmental factors on both habits in Mexico for a large spectrum of
plant groups, including ferns. Terrestrial species are potentially affected
by increasing insolation whereas in the case of epiphytes, it is the im-
poverishment of the habitat in phorophytes that is fatal. Indeed, close
links have been established between availability (Johansson, 1974) and
characteristics (de la Rosa-Manzano et al., 2014; Einzmann and Zotz,
2016; Wang et al., 2017) of phorophytes on the one hand and the di-
versity of vascular epiphyte species on the other hand. In Ecuador,
Haro-Carrión et al. (2009) observed significant differences in the ver-
tical distribution and the diversity of epiphytic pteridophytes in both
cocoa agroforest and natural forests that they attributed to differences
in phorophyte availability, diameter and height. According to Carvajal-
Hernández et al. (2017), hygrophilous epiphytic ferns are most affected
by disturbances in humid montane forests, whereas fern species of drier
habitats are already adapted to low air humidity and high insolation,
and thus are less affected by forest disturbance. Thus, as in Bolivian
forests (Kessler, 2001a), only major disturbances of the Togolese forests
lead to diversity loss in epiphytes. Insofar as the disturbance leads to
landscapes where old trees persist at low to moderate densities, epi-
phyte species are not as vulnerable as terrestrial species (Einzmann and
Zotz, 2016), which are directly impacted by agricultural activities,
bushfires, roads, houses, etc. The trees that remain standing (mainly
non-timber and sacred tree species) continue to host a high number of
strict and occasional epiphytic species (a commonly terrestrial species
that can also grow as epiphytic in some particular cases) in degraded
forests, agroforests, and inhabited areas, as has previously been shown
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in the Neotropics (Einzmann and Zotz, 2016). The presence of these
occasional epiphytic species could explain the high alpha diversity of
epiphytes in disturbed forests and agroforests, considering that there is
no weeding of epiphytic species in Togolese agroforests and most shade
trees are remnant trees from the initial natural forests. In shaded coffee
systems in Mexico, the deliberate removal of epiphytes from the shade
trees is a common management practice. Elsewhere in Mexico, epiphyte
weeding is frequently performed in order to increase light availability
for the coffee plants and also because producers generally consider
epiphytes to be parasites (Toledo-Aceves et al., 2012).

4.4. Agroforests as a particular case of rainforest disturbance

Considering that agroforests were often preceded by rainforests
(Adjossou, 2009), and their species therefore share similar climatic and
edaphic conditions, the low pteridophyte diversity in agroforests com-
pared to rainforests could be attributed to agricultural practices, such as
weeding and the use of harmful chemicals. In Mexico, Mehltreter
(2008) also attributed this lower diversity to intensified management in
coffee agroforestry and especially with the use of agrochemicals that
can affect up to 88.89% of the original forest diversity. These practices
may have a greater destructive impact on terrestrial flora than on epi-
phyte flora since they primarily involve terrestrial habitats. It results in
the loss of most of the rainforest species, which display sensitivities
ranging from 22% to 97% of species from low to high levels of habitat
disturbance, respectively. However, the transformation of rainforests
into agroforests is ecologically comparable to an average level of dis-
turbance. All pteridophyte species in Togolese agroforest plots (about
30.50% of the initial diversity in rainforests) were also recorded in
rainforest plots. Our results which show the persistence of forest species
in agroforests are consistent with those obtained in Central America.
Forest habitats shared about 51.95% of epiphytic species with cocoa
agroforests in Ecuador (Haro-Carrión et al., 2009), and 24.60% to
41.50% of their species with coffee agroforests in Mexico (Carvajal-
Hernández et al., 2014; Mehltreter, 2008). For example, Pteris togoensis,
an indicator species of Togolese agroforests, is found fairly consistently
in rainforest plots (31%), but less than in agroforests (57%). In rain-
forests, this species displays a marginal relative abundance (less than
5%), but in agroforests it acquires a major position (32.5%) by occu-
pying the niches left available by the disappearance of the most sensi-
tive species. Moreover, P. togoensis is reported as a frequent species
(almost half of the sites) only in moderately disturbed rainforests. In
addition, the three remaining frequent species in moderately disturbed
rainforests (Tectaria fernandensis, Nephrolepis bisserata and Doryopteris
kirkii) are also present in agroforests, highlighting the high similarity of
both floras (Faria et al., 2007).

These similarities were highlighted in the land cover cluster analysis
(Fig. 3), which grouped agroforests and rainforests together, as “wet
vegetation ombrophilous flora” in G4. Our results show that all the
groups which resulted from the AHC in Fig. 3 reflect the combined
effects of land cover characteristics (particularly tree cover which
controls insolation), climatic factors (humidity related variables), and
anthropogenic drivers of species assembly. The distribution of pter-
idophyte species in the country cannot therefore be explained by any
single studied factor. However, tree cover may be the most important
constraint, followed by human disturbances, and humidity.

5. Conclusion

The main issues raised by this study revolve around the determi-
nants of the current distribution of pteridophytes in Togo and their
ecological implications.

Most pteridophyte species in Togo occur in submontane humid
forest areas. These submontane areas are part of the West African
Guinean forest biodiversity hotspot and have played the role of biodi-
versity refuges for pteridophytes, from which species could spread to

the surrounding lowlands. The species are generally constrained in their
distribution by the combined effect of humidity, insolation, and human
activities. This humidity gradient, which can be linked to precipitation
and elevation, is also influenced by the Harmattan, a warm and dry
continental trade wind, which increases the climatic water deficit and
the temperature of the warmest periods. Human disturbance is a serious
threat to Togo’s pteridophyte flora, leading to significant changes in
their habitats, ranging from increased insolation on the ground and
competition with agricultural crops, to the loss of support for epiphytes
provided by large trees. Importantly, our results emphasize the asso-
ciation of specific species to particular conditions created by climate,
land cover, and human disturbance, highlighting the role of pter-
idophyte species as indicators of environmental conditions or the ex-
posure to stress. For better management decision making, it is necessary
to characterize the ecology of species by combining all the main eco-
logical factors that could constrain the realized niche of species at the
scale of the habitat. This will also help to better identify suitable areas
for the sustainable conservation of species.

The transformation of rainforests, the preferred habitat of more than
86% of pteridophyte species, into coffee/cocoa-based agroforests, has
consequences for pteridophyte richness, reducing it to less than a third
of rainforest species diversity. The impact on pteridophyte diversity in
agroforests could be mitigated by maintaining more native tree species,
reducing chemical inputs, and prohibiting herbicides and pesticides in
local agricultural practices. Together with improved rainforest con-
servation, it is therefore essential to promote sustainable and environ-
ment-friendly practices of agroforestry in order to minimize the de-
vastating effects of the agricultural sector on biodiversity.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ecolind.2019.105741.
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