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Background and aims — The Lopé National Park in Gabon, recently added to the UNESCO world heritage
list, presents a mosaic of forest and savanna that dynamically changes. Conserving this landscape requires
an understanding of the forest dynamics. This study aims at defining a forest typology at Lopé in relation
with its dynamics.

Methods — Floristic and structural characteristics for 265 tree species belonging to 55 families were
measured in 258 sampling plots in the Lopé National Park. Multivariate analysis of these data was used to
partition the sampling plots into groups on the basis of their floristic or structural characteristics.

Key results — Five structural forest types and six floristic forest types were identified. This typology
showed that the forests in the forest-savanna mosaic of Lopé organize themselves along a gradient of forest
recovery, from young forests to mature forests. Typical pioneer species are associated with the youngest
forest stages. The gradient on the species also corresponds to a geographical gradient on the sampling plots,
associated with features like altitude, rocks, or hydrography.

Conclusions — Five forest types were defined on the basis of species abundances. The snapshot of forest
types characterizes a dynamic process of forest regeneration.

Key words — abundance, canopy height, floristic groups, forest type, forest-savana mosaic, predominance,
structural groups.

INTRODUCTION sizes. The consideration of the autoecology of individual tree
species necessitates a reinterpretation of the much-discussed
concept of stratification in the canopy (Whitmore 1975). The
amount of new plant is low in the gap phase, increases to a
maximum in the building phase, and declines during the ma-
ture phase. Patches of various sizes are the various phases of

the forest growth cycle. The use of the stratification concept

Many tropical forests have once been disturbed by human
activities, but after a long time following this disturbance,
only a detailed examination of the structure and floristic com-
position of the vegetation can reveal a difference with pristine
forests. The effect of selective logging on native tree diversity
in tropical forests is a subject of speculation and of great cur-

rent concern, but very limited data are available to assess its
impact (Brown & Gurevitch 2004). Although certain genera
of high commercial interest have been selectively logged, the
structure of the forest is not easy to predict without analys-
ing the forest as a dynamic system. Rain forest is a complex
community whose framework is provided by trees of many

allows one discriminating species at different heights.

The dynamic nature of tropical forest can be illustrated
by several changes (e.g. floristic composition), which means
that different approaches are possible to analyse its structure
after disturbance. One way is to analyze the size distribution
of trees, or their stratification (Hallé et al. 1978). The forest
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is made up of a vast number of units interacting with each
other. Despite that temperate forests are usually taken as ex-
amples to understand results in rain forests, basic concepts
like tree height-diameter relationships (Schulz 1960) can be
useful to understand the contrast of trees in closed and open
environment, in relation with the vertical forest structure. To
assess the role of a floristic community as a building element
of the forest, the growth potential of tree species can be ana-
lysed (Hallé et al. 1978). Architecture indicates the popula-
tion characteristics of forests and the change from one phase
to another.

The tropical rain forest is no longer considered as a homo-
geneous entity, but rather as an heterogeneous ensemble of
units with different ages, compositions, structures, and sizes
(Aubréville 1938, Riéra et al. 1998). The silvatic mosaic and
the stratification concept (Oldeman 1990) provide architec-
tural criteria to analyse the organization of a forest system.
When studying the vertical structure of forests, height classes
can be defined together with groups of species with differ-
ent height growth potential (Schulz 1960). Quoting Hall¢ et
al. (1978), “in the vertically successive structural ensembles
there is a mosaic of crowns shadowed by those above them.
This systematic segregation may be taken as an indication
that different species can achieve maximum photosynthetic
activity under different light regimes”. The characterization
of vegetation groups relies on the most significant variables
such as the number of individuals, their size, and their spa-
tial distribution (Schulz 1960). Disturbances are phenomena
that contribute to the structuring of the ecosystems. The in-
termediate disturbance hypothesis (Connell 1978) predicts
a maximum species richness for intermediate disturbance
frequencies and intensities. Two conceptual models explain
the renewal of vegetation types: species replacements along
the phases of succession, or species outbreaks in varying pro-
portions depending on the time of forest reconstitution (Cle-
ments 1916, Lepart & Escarré 1983).

In this study, available data from sampling plots surveyed
in different vegetation formations in the Lopé National Park
in Gabon, taking account of the history of selective logging
(White 1996), was used to identify the characteristics of veg-
etation formations following disturbance. Multivariate analy-
ses (PCA, CA, CCA) were used to test the hypothesis that hu-
man induced disturbances influence the floristic composition
and the structure of vegetation formations. These results on
the vegetation types in relation to disturbance are essential to
implement conservation strategies in the National Park. This
study thus addresses the two following questions: (i) What
are the relevant structural and floristic variables to identify
vegetation types in the Lopé National Park? (ii) Is the current
forest pattern at Lopé an outcome of the interplay between
the forest-savanna mosaic and recent disturbances? The rela-
tionship between forest structure and its floristic composition
was analysed on the basis of species abundances in sampling
plots.

MATERIAL AND METHODS

Study site and sampling design

Research was carried out in the Lopé National Park, central
Gabon (0°4’S 11°44°E). Our study site concerned the 300
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km? of savanna and forest-savanna mosaic along the northern
and eastern limits of the park. Lopé has the lowest rainfall in
Gabon (M.E.N. 1983). The mean annual rainfall taken at the
SEGC research station in the centre of the study site is 1474
mm (SE + 44.8, from 1984 to 2004). There is a marked sea-
sonality in the distribution of rainfall, with a long dry season
between mid-June and mid-September whose severity and
duration varies between years. A shorter and more variable
dry season also occurs around January and February. Lopé’s
comparatively low rainfall is due to a rain shadow effect
from the Massif du Chaillu mountains southwest of Lopé NP,
and a low band of rainfall associated with the Ogooué river
(White 2007). Temperature varies little throughout the year,
although it is slightly cooler in the long dry season due to an
almost constant cloud cover. A temperature logger placed in
the open savanna at the SEGC research station recorded an
overall mean daily temperature of 25.9°C (SE + 0.06 from
January 2003 to December 2004), with temperatures ranging
from 17.5°-38.8°C throughout this period.

The relief consists to the South of a chain of convex hills
dominated by the Okanda chain (450-850 m in height). This
chain continues to the South where it reaches its highest point
of about 900 m. The North part is a former lake basin that
was opened when the Ogooué river went through the Okan-
da chain. Erosion is strong on the slopes (UNESCO 2006).
Vegetation in Lopé is a complex mosaic of plants association
(White 1992). Three main forest types can be distinguished:
gallery forests and bosques within the forest-savanna mosaic;
young forests; and mature forests.

Available data collected at Lopé for different purposes
were used in this study. Although the resulting sampling de-
sign was not optimal for our study, we ensured that this did
not result in biased estimate of vegetation characteristics. The
sampling design consisted of two types of sampling units:
plots and transects. Plots were 800 m? in area (20 m x 40 m).
All the trees with a diameter at breast height (dbh) greater
than 10 cm were inventoried in the plots. Their diameter and
height were measured, and their species was identified. In to-
tal, 103 plots (totalling 8.24 ha) containing 3630 trees with
dbh > 10 cm and 195 distinct species were inventoried be-
tween 1983 and 2008. Each plot was inventoried once (no
longitudinal monitoring). Transects were 5 km long and their
width depended on the dbh of the trees: trees with 10 < dbh <
70 cm were inventoried as far as 2.5 m from the transect line
(thus a width of 5 m), whereas trees with dbh > 70 cm were
inventoried as far as 25 m from the transect line (thus a width
of 50 m). Like for the plots, diameter and height of every
inventoried tree were measured, and their species was identi-
fied. The location of each tree along the transect (distance
since the origin of the transect) was also measured. In total,
5 transects (totalling 12.5 ha for dbh <70 cm and 62.5 ha for
dbh > 70 cm) containing 5175 trees and 182 distinct species
were inventoried between 1989 and 2008.

A visual inspection of satellite images enabled us to clas-
sify the sampling units according to the main forest types.
Young forests and mature forests could not be visually dis-
criminated on satellite images, and were thus jointly classi-
fied as continuous forest. Plots were distributed as 28% in
continuous forest, 27% in gallery forest, and 45% in bosques
and savannas. Transects were all located in continuous forest.



Four transects were located in formerly logged forest, while
one transect (n°5) was located in unlogged forest.

Floristic and structural data

To jointly analyse plot and transect data, we first converted
transects into plots by truncating each 5 km long transect into
31 sections, each 160 x 5 m. Thus, plots and transect sec-
tions had the same area (800 m?), but not the same shape. As
plot shape impacts the precision of estimation of the sam-
pled quantities but not their expectation (e.g. Bormann 1953),
differences in plot shapes have little influence in this study.
Weighted means were used to correct for the variable width
of the transects, as specified below. Two data sets were built
from individual tree measurements in plots and transects:
the floristic and the structural data set. Each data set had 258
rows that corresponded to the 258 sampling units (103 plots
+ 155 transect sections).

The floristic data set gave the abundance of each species
in each sampling unit. For transect sections, the abundance
N, of a focal species s in 800 m* was computed as: N = N,
+N_,,/10, where N_, is the abundance of trees with dbh <
70 cm of species s in the 160 X 5 m transect section, whereas
N_,,, is the abundance of trees with dbh > 70 cm of species
s in the 160 x 50 m transect section. The total number of
distinct species found in plots and transects was 265, thus

resulting in 265 columns for the floristic data set.

The structural data set reported on 12 structural variables
for each sampling unit: (1) total tree abundance N, that is the
number of trees in 800 m?; (2) total basal area B in 800 m?,
computed as:

B=(x/4)y\.D}

where D, is the diameter of the ith tree of the sampling unit;
(3)-(8) tree abundances N, in 6 diameter classes, where N,
(i=1,...,5) is the number of trees with 5 + (i — 1) x 10 cm <
dbh <5 +ix 10 cm, and N, is the number of trees with dbh >
55 c¢cm (hence Z:‘:l N, = N); (9) mean height H within the
800 m* sampling unit; (10) standard deviation o, of height
within the 800 m* sampling unit; (11) maximal height H_ ;
(12) identity of the species that has the maximal height within
the 800 m? sampling unit.

As transects had variable width, estimates derived from
transect data had to be adjusted using varying size sampling
estimators. The adjustment was not the same for cumulative
estimates (such as tree density or basal area), for estimated
means (such as mean height), and for estimated standard de-
viations. Hence three types of estimators were used. The es-
timator of a cumulative quantity X in a transect section was:

X=X_+X_/10 (1)

<70 >70

where X =N, N, or B, X_, was the value of X when restricting
to trees with dbh < 70 ¢cm in the 160 x 5 m transect section,
and X_,, was the value of X when restricting to trees with dbh
> 70 cm in the 160 x 50 m transect section. Mean values in
transect sections were estimated as:

¥ 1

X - N<70 + NZ70 /10

(N<70Y<70 + Nz7oYz7o /10) (2)
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Figure 1 — Correlation circle of the principal component analysis of
the structural variables for 258 sample plots at Lopé, Gabon. N, is
the number of trees in the ith diameter class, N is the total number of
trees, B is basal area, H is mean height, H _is maximal height, and
G, is the standard deviation of height.

where X was height H (so that X = H was mean height) or
square height A2 (so that X = H* was mean square height),
X_,, was the mean of X when restricting to trees with dbh
<70 cm in the 160 x 5 m transect section, and X, was the
mean of X when restricting to trees with dbh >70 cm in the
160 x 50 m transect section. The standard deviation of height
for transect sections was estimated as:

-0 ()

where mean height H and mean square height H* were com-
puted using (2). We checked that estimators (1)—(3) when ap-
plied to transect data did not bring any noticeable bias by
comparing the distribution of each structural variable in plots
and in transect sections. Similar distributions were indeed ob-
tained. The structural data set thus had 12 columns.

On =

Multivariate analyses

Analyses of structural data — Structural variables were ana-
lyzed using a principal component analysis (PCA) of the 258
x 11 matrix giving the eleven quantitative structural variables
for each sampling unit (Hérdle & Simar 2003, chapter 9). The
PCA was complemented with a hierarchical cluster analysis
to partition the 258 sampling plots into groups (Hérdle & Si-
mar 2003, chapter 11). This cluster analysis used the Eucli-
dean metric to measure differences between plots and Ward’s
method to cluster groups (Ward 1963). As these groups of
plots were based on structural variables, we hereafter call
them the ‘structural groups’. Mean values of the structural
variables for each structural group were computed.
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Table 1 — Mean values of the structural variables for each group of plots.

The groups were defined from structural variables. N, is the number of trees in the ith diameter class, N is the total number of trees, B is basal
area, H is mean height, //__is maximal height, c,, is the standard deviation of height, CI is Clapham index.

structural unit structural group

variable 1 2 3 4 5

N, ha™! 108.7 117.3 152.9 142.1 415.6
N, ha™! 96.0 83.2 101.9 151.0 241.7
N, ha! 45.0 40.7 51.9 69.2 1333
N, ha™! 27.5 31.6 38.5 33.8 75.0
N ha™! 11.2 18.6 8.2 30.1 37.5
N, ha™! 18.9 50.8 27.4 23.0 55.2
N ha™! 307.2 342.1 380.8 449.1 958.3
B m? ha! 20.3 38.8 28.8 29.2 57.6
H m 15.6 20.5 11.4 15.6 13.3
H_ m 37.8 41.5 19.7 32.9 30.5
G, m 7.8 10.2 4.7 7.7 6.1
CI 2.1 33 3.7 2.3 2.7

The description of structural groups was complemented
with two additional descriptors, not included in the PCA.
First, the distribution of the species with the maximal height
within each plot was computed for each group. These are the
species that form the canopy. Second, Clapham index was
computed for each structural group from the counts of trees
in each plot (Pielou 1969). If n_is the number of plots in
group k, and N, (j = 1,..., n)) is the number of trees in the jth
plot of group &, Clapham index (CI) for group & is defined as
the empirical variance of Ny, ..., Nuk divided by its mean.
If N, is distributed as a Poisson variable, then CI equals one.
Clapham index thus is a rough index to characterize the spa-
tial pattern of trees, where over-dispersion with respect to the
Poisson distribution (CI > 1) means that trees have a clustered
spatial pattern, whereas under-dispersion with respect to the
Poisson distribution (CI < 1) means that trees have a regular
spatial pattern. Departure from the null hypothesis of random
spatial pattern (CI = 1) was tested using a Monte Carlo test
with CI as the test statistic.

The relationship between the structural groups and the

type of sampling unit (either a plot or a part of the Ist, 2nd,
..., Sth transect) was tested using a ¥ test. The relationship
between the structural groups and the main forest types
(bosque, gallery forest, continuous forest) was also tested us-
ing a y test.
Analyses of floristic data — Floristic data were analyzed us-
ing a correspondence analysis (CA) of the 258 x 265 table
giving the abundance of each species in each sampling unit
(Hérdle & Simar 2003, chapter 13). The same analysis was
repeated after collapsing the species abundances into family
abundances. As the 265 species belonged to 55 distinct fami-
lies, a 258 x 55 table of family abundances in each sampling
unit was analyzed.

The CA was complemented with a hierarchical cluster
analysis to partition the 258 sampling plots into groups. This
cluster analysis used the Euclidean distance between plots in

258

the plane formed by the first two axes of the CA, and Ward’s
method to cluster groups. As these groups of plots were based
on floristic variables, we hereafter call them the ‘floristic
groups’.

The relationship between the floristic groups and the type
of sampling unit (either a plot or a part of the 1st, 2nd, ..., S5th
transect) was tested using a 7y test. The relationship between
the floristic groups and the main forest types (bosque, gallery
forest, continuous forest) was also tested using a y? test.

Relationship between structural and floristic data — The
relationship between structural and floristic data was first in-
vestigated using a canonical correspondence analysis (CCA)
of the pair of tables, one giving the abundance of each spe-
cies, and the other giving the structural variables in each sam-
pling unit. CCA consists in replacing the observed abundance
A, of species s in a given plot by its abundance predicted by
the multiple regression on structural variables: 4 = a_+ g,
where ¢ _is the residual error, ’ '

a, = BOS + Z?:l Bi:]vi + B7sN + BxAvB + B%’ﬁ + BIOSHmax + Bm On

and the B, (i = 1, ..., 11) are the estimated regression coef-
ficients. Then a correspondence analysis on the table of pre-
dicted abundances a_is performed (Couteron et al. 2003). The
inertia of the table of predicted abundances a_ can be com-
pared to the inertia of the table of observed abundances 4 .
Moreover, we can test if the former is significantly different
from zero using a Monte Carlo test based on random permu-
tations of the table rows (Couteron et al. 2003).

Second, a y? test was performed on the contingency table
that cross-tabulates the 258 sampling units between struc-
tural groups and floristic groups, to test for the relationship
between these two groupings. Analyses of variance of the
structural variables with respect to the floristic groups were
conducted to test for differences in structural variables be-
tween floristic groups. Conversely, analyses of variance of
the species abundances with respect to the structural groups
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Figure 2 — Dendrogram of the hierarchical cluster analysis of the 258 sample plots at Lopé, Gabon on the basis of their structural variables.
The dotted line shows where the dendrogram was cut to define the structural groups.

were conducted to test for differences in species abundances
between structural groups.

Additional multivariate analyses of floristic and structur-
al data were performed but are not reported here since they
brought little additional information. They can be found as
supplementary data.

RESULTS

Structural characteristics

Two groups of positively correlated variables were shown up
by the PCA of structural variables (fig. 1). The first group
gathers N and N -N, and explains the first axis of the PCA.
It thus corresponds to tree density, with the strongest contri-
bution to the total density of the smallest diameter classes.
The second group gathers the variables related to height ( H,
H__,andc,) and explains the second axis of the PCA. It thus
corresponds to the height of the canopy. Variables B and N,,
that are positively correlated, stand in between: large basal
areas are found when the plots contain many large trees, and
many large trees also means a high canopy. The dendrogram
of the hierarchical cluster analysis on structural variables
(fig. 2) suggested to partition the 258 sampling units into five
groups. Whatever the group, Clapham index was significantly
greater than one (table 1), with p-values always less than 1%.

Hence, the spatial pattern of trees was always significantly
clustered at the scale of 800 m”. Using the mean values of the
structural variables (table 1), the structural groups could be
interpreted as follows:

Group 1 — It gathers 75 sampling units, and is characterized
by the lowest density (whether one considers the total density
or the density per class) and the lowest basal area. Canopy
height is medium, and spatial clustering is the weakest. The
plots of this group thus are low-density plots. The species that
form the canopy are varied (23 distinct species), with a domi-
nance of Aucoumea klaineana Pierre (18.8% of the plots),
Dacryodes buettneri (Engl.) H.J.Lam (16.7%), and Lophira
alata Banks ex Gaertn. (10.4%).

Group 2 — It gathers 55 sampling units, and is characterized
by the highest canopy height (whether one considers mean
height, maximum height, or height standard deviation). It has
few trees in the lowest diameter classes (V,-,), but many
trees in the largest diameter class (N,), and a quite elevated
basal area, thus resulting in the highest ratio of basal area
over tree density. The plots of this group thus are low-density
plots but with the presence of large trees with a high canopy.
The canopy species do not vary much (thirteen species), with
an overwhelming dominance of Aucoumea klaineana Pierre
(48.9% of the plots; the second commonest species being
Pterocarpus soyauxii Taub. with 13.3%).
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Table 2 — Analysis of variance of the structural variables with respect to the floristic groups at Lopé, Gabon.
Letters indicate the different levels according to Tukey’s multiple paired comparison test. N, is the number of trees in the ith diameter class,
N is the total number of trees, B is basal area, H is mean height, /__is maximal height, and o, is the standard deviation of height.

structural unit mean value within floristic group
variable 1 2 3 4 5 6 F p-value
N, ha! 157.9° 135.8% 156.8% 111.5° 148.8* 250® 2.73 0.02
N, ha! 110.9 100.6* 121.6* 122.9% 154.1% 258.3¢ 7.27 <0.001
N, ha™! 54.1° 48.32 80.7° 58.1° 64.1° 1500 6.19 <0.001
N, ha! 355 32.5 34.1 333 30.6 75 1.76 0.123
N, ha! 18.4 21.1 17 20.8 20.3 50 1.74 0.125
N, ha™! 31.9° 36.6* 42w 24.5% 17.1° 41.7% 4.17 0.001
N ha! 408.7° 3750 452.3¢ 371.2¢ 434.9° 825° 4.92 <0.001
B m? ha™! 33.1%® 31 34.1%® 26.2° 24.92 54.2° 4.34 0.001
H m 14.6° 18.7¢ 11.6* 15.5° 15.1° 12.8® 11.71 <0.001
H m 27.9¢ 38.8° 24 5% 37.9 36.3® 2]abe 11.28 <0.001
o m 6.5¢ 9.4° 5.6% 8° 7.7% 4.3 12.08 <0.001

~

Group 3 — It gathers 26 sampling units, and is characterized
by the lowest canopy height (whether one considers mean
height, maximum height, or height standard deviation). Its
tree density is medium (whether one considers the total den-
sity or the density per class), and its basal area is medium as
well. Spatial clustering is the strongest. The canopy species
are dominated by Lophira alata Banks ex Gaertn. (16.0% of
the plots) and Craibia laurentii De Wild. (12.0%), for a total
of eighteen distinct species.

Group 4 — It is the largest group with ninety sampling units,
but is also the group without any specific feature: all struc-
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Figure 3 — Projection of species (dots) and of floristic groups
(ellipses) on the first two axes of the correspondence analysis of the
species abundances at Lopé, Gabon. The size of dots is proportional
to the square root of species abundances.
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tural variables take medium values. The canopy species are
varied (28 distinct species), with a dominance of Aucoumea
klaineana Pierre (23.6% of the plots), Dacryodes buettneri
(Engl.) H.J.Lam (7.3%), and Lophira alata Banks ex Gaertn.
(7.3%), which are the same species than in group 1.

Group 5 — It gathers twelve plots, and is characterized by the
highest density (whether one considers the total density or the
density per class) and the highest basal area. Canopy height is
medium. The plots of this group thus are high-density plots.
The species that form the canopy are limited to seven species,
with a dominance of Hylodendron gabunense Taub. (30% of
the plots) and Aucoumea klaineana Pierre (20% of the plots).
The structural groups turned out to be significantly related
to the type of sampling unit (2= 225.0, p-value < 0.001):
structural group 2 was strongly associated with transect 2,
group 3 was associated with plots, and group 4 was weakly
associated with transect 4. The structural groups were also
significantly related to the main forest types (y>= 111.9, p-
value < 0.001): structural groups 3 and 5 were jointly associ-
ated with bosques and gallery forests, but continuous forest
did not show any specific relation to any structural group.

Floristic characteristics

The CA of species abundances presented a Guttman effect
(fig. 3) that denoted a gradient along the first axis of the CA.
The most abundant species (Cola lizae N.Hallé, Santiria tri-
mera (Oliv.) Aubrév., Aucoumea klaineana Pierre, Lophira
alata Banks ex Gaertn.) were found at the centre of this gradi-
ent, the extremities of the gradient being occupied by species
that were globally rare but locally abundant in some sampling
units.

The dendrogram of the hierarchical cluster analysis on
species abundances (fig. 4) suggested to divide the 258 sam-
pling units into six floristic groups. These floristic groups
ordered along the gradient corresponding to the first axis of
the CA (fig. 3). The floristic groups were significantly related
to the type of sampling unit (y>= 343.4, p-value < 0.001).
Plots were associated with floristic groups 1, 3 and 6, which



corresponded to the left-hand side of the gradient. Transects
1 and 2 were almost exclusively found in floristic group 2
(at the centre of the gradient), whereas transects 3—5 were
almost exclusively found in floristic groups 4 and 5 (to the
right-hand side of the gradient). The gradient of the CA thus
corresponded to a geographical gradient of forest types, from
plots to transects 3—5 through transects 1 and 2 (fig. 5).

The floristic groups were also significantly related to
the main forest types (y3*>= 198.0, p-value < 0.001): floris-
tic group 1 was strongly associated with bosques, floristic
groups 3 and 6 were strongly associated with gallery forests,
while continuous forest did not show any specific relation to
any floristic group.

When analyzing family abundances rather than species
abundances, a strong opposition was found between the Hu-
miriaceae on the one hand, and all other families on the other
hand. At Lopé, the Humiriaceae were represented by a sin-
gle species, Sacoglottis gabonensis (Baill.) Urb. This species
was located in the middle of the gradient of the CA (fig. 3). It
was globally rare (it was found in fifteen sampling units out
of 258) but, when it was found, it was abundant.

Relationship between structural and floristic
characteristics

Palla et al., Typology of the Lopé forests, Gabon

When performing the CCA, the total inertia of the table of
predicted abundances was 1.44, to be compared to 21.3 for
the table of observed abundances. Yet this value was signifi-
cantly different than zero (p-value < 0.001), thus indicating
a significant relationship between the structural variables and
the floristic characteristics. The correlation circle of the CCA
was similar, up to a rotation, to the correlation circle of the
PCA (fig. 6). The first axis of the CCA was positively correlat-
ed with density and negatively correlated with canopy height.
Its second axis discriminated dense plots with a high canopy
from low-density plots with a low canopy. The projection of
species on the first two axes of the CCA was very different
from their projection on the first two axes of the CA, thus in-
dicating that the gradient along the first axis of the CA could
not be explained by structural variables (fig. 7). The most
abundant species (Cola lizae N.Hallé, Santiria trimera (Oliv.)
Aubrév., Aucoumea klaineana Pierre, Lophira alata Banks ex
Gaertn.) were found in the left part of figure 7. They were thus
predominantly found in low-density plots with a high canopy,
which corresponds to the description of structural group 2.

Structural groups and floristic groups were significantly
related (x*= 148.5, p-value < 0.001). A correspondence was
found between structural groups 5, 2, 3 and floristic groups 6,
2, 1, respectively. A weaker correspondence was also found
between structural groups 1, 3, 4 and floristic groups 4, 3, 5

100 150
| |

Ward’s variance criterion
50

]|

Sampling plot

Figure 4 — Dendrogram of the hierarchical cluster analysis of the 258 sample plots at Lopé, Gabon on the basis of their species abundances.
The dotted line shows where the dendrogram was cut to define the floristic groups.
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Figure 5 — Location of the sampling plots in the Lopé National Park, Gabon, together with the six floristic groups to which they belong. In
grey: Lopé National Park border; in black: savanna border; arrows indicates the three transects.

respectively. These correspondences were consistent with the
associations previously identified between either structural or
floristic groups and the type of sampling unit. For instance,
structural group 2 was associated with transect 2, and cor-
responded to floristic group 2 that was also associated with
transect 2.

With the exception of N, and N, all structural variables
were significantly different between floristic groups (table 2).
As the correspondence between structural groups and floristic
groups was not perfect, the structural characteristics of the
floristic groups were not as contrasted as those of the struc-
tural groups. Yet some agreement was found between the
structural characteristics of the two groupings. For instance,
floristic group 2 was characterized by a low density and a
large canopy height (table 2), in the same way as structural
group 2 (table 1) to which it was associated. Another example
is floristic group 6 that was characterized by a high density
and a large basal area (table 2), in the same way as structural
group 5 (table 1) to which it was associated.

Among the 265 species found at Lopé, 82 had significant-
ly different abundances between the five structural groups at
5% level. This enabled us identifying the species specific to
each structural group. Thus, the description of the structural
groups given before could be complemented with the follow-
ing floristic information:

e Group 1 had Desbordesia glaucescens (Engl.) Tiegh.,
Dialium guineense Willd., Carapa procera DC., Grewia
coriacea Mast., and Scyphocephalium mannii (Benth.)
Warb. as characteristic species.
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Group 2 had Cola lizae N.Hall¢, Aucoumea klaineana
Pierre, Lophira alata Banks ex Gaertn., Diospyros poly-
stemon Glrke, Xylopia hypolampra Mildbr., Hypodaph-
nis zenkeri (Engl.) Stapf, and Berlinia bracteosa Benth.
as characteristic species. This result had already been par-
tially given by the CCA.

Group 3 had Uapaca guineensis Miill.Arg, Craibia lau-
rentii De Wild., Paropsia grewioides Welw. ex Mast.,
Pseudospondias microcarpa (A.Rich.) Engl. var, Milicia
excelsa (Welw.) C.C.Berg, Aidia ochroleuca (K.Schum.)
E.M.A.Petit, Detarium macrocarpum Harms, and
Chytranthus talbotii (Baker f.) Keay as characteristic spe-
cies.

Group 4 had Santiria trimera (Oliv.) Aubrév., Centropla-
cus glaucinus Pierre, Strombosiopsis tetrandra Engl.,
Dacryodes klaineana (Pierre) H.J.Lam, and Coula edulis
Baill. as characteristic species.

Group 5 had Diospyros dendo Welw. ex Hiern, Penta-
clethra eetveldeana De Wild. & T.Durand, Diospyros
zenkeri (Giirke) F.White, Diospyros iturensis (Giirke)
Letouzey & F.White, Xylopia aethiopica (Dunal) A.Rich,
Guibourtia demeusei (Harms) J.Léonard, Cynometra
schlechteri Harms, Dialium lopense Breteler, Antidesma
vogelianum Miill.Arg, Pachystela brevipes (Baker) Baill.
ex Engl., Aphanocalyx djumaensis (De Wild.) J.Léonard,
Irvingia gabonensis (Aubry-Lecomte ex O’Rorke) Baill.,
Buaikiaea robynsii Ghesq. ex Laing, Ongokea gore (Hua)
Pierre, Elaeis guineensis Jacq., Cathormion altissimum
(Hook.f.) Hutch. & Dandy, Dialium eurysepalum Harms,



Eigenvalues (%)

0 -1

Figure 6 — Correlations between the structural variables and the
first two axes of the canonical correspondence analysis of the
species abundances at Lopé, Gabon. N, is the number of trees in
the ith diameter class, NV is the total number of trees, B is basal area,
H is mean height, H_  is maximal height, and o,, is the standard
deviation of height.

Psychotria venosa (Hiern) E.M.A Petit, Vitex doniana
Sweet, Pycnanthus angolensis (Welw.) Warb., Conna-
rus griffonianus Baill., Ficus subsagittifolia Mildbr. ex
C.C.Berg, Holarrhena floribunda (G.Don) Dur. & Schinz,
Millettia  griffoniana Baill., Monanthotaxis klainei
(Pierre ex Engl. & Diels) Verdc., Oxyanthus unilocularis
Hiern, Rothmannia whitfieldii (Lindl.) Dandy, and Ua-
paca heudelotii Baill. as characteristic species.

DISCUSSION

Vegetation at Lopé could be classified into five or six types
depending on whether these types were defined from structur-
al or floristic characteristics. Although structural and floristic
groups were significantly related, they reflected different in-
formation. In particular, floristic groups were ordered along
a gradient that could not be explained by structural variables.
When using a classification method based on floristic data
with a weight for each species proportional to its abundance,
this gradient vanishes and floristic groups become more simi-
lar to structural groups.

Structural characteristics

In terms of tree density, a strong opposition was found be-
tween the many individuals in the young stages and those of
the highest diameter classes. The significant relationship be-
tween the number of trees in diameter class NV, and basal area
suggests that the corresponding species are commercial spe-
cies that were not removed following selective logging. The
species that reach a large diameter identify with those that
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are dominant in the canopy, in terms of basal area, height, or
abundance. As these species are also the ones that are found
in the plots with the highest basal areas, we can conclude that
both basal and density are indicators of the structure of the
vegetation groups in our study. These results contrast with
those of Schulz (1960) regarding the weight of basal area: “I
am not sure that its classificatory value is really greater than
that of the number of individuals” wrote Schulz when he de-
scribed the floristic composition of Mapane forest.

In terms of height, an opposition was found between the
plots with a high density and a high canopy, and the plots
with a low density and a low canopy. The observed architec-
ture was heterogeneous, which is surprising since, in general,
a high density corresponds to small diameters and low height.
The identification of the species with the maximum height
(six species) suggests that their ability to quickly cover the
canopy would be bound to their temperament. These species
have developed specific strategies with respect to light, to
grow as fast as possible in reference to the concept of eco-
tope (Oldeman 1974). This mainly concerns Aucoumea klai-
neana Pierre, which was found as a dominant canopy species
in four of the five structural groups, and also Lophira alata
Banks ex Gaertn. and Dacryodes buettneri (Engl.) H.J.Lam.
When considering the maximum height and the mean height,
two structural sets in the sense of Oldeman (1990) can be
clearly distinguished: two arborescent layers including the
trees of the higher layer on the one hand, and emergent trees
on the other hand. Similar results were found in Ivory Coast
(Devineau 1975, 1984, 1991).

In terms of basal area, if we consider the total basal area
as a proxy for the degree of cover, the result show a gradi-
ent (20-58 m? ha™!) from recently disturbed plots (right hand

g
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Figure 7 — Projection of species on the first two axes of the
canonical correspondence analysis of the species abundances at
Lopé, Gabon. The size of dots is proportional to the square root of
species abundances.
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side of the gradient) to undisturbed plots (left hand side).
These values are found in secondary forest, thus indicating
that the five structural group are consistent with secondary
forests (Bongers & Blokland 2004, Nyare 2004). In com-
parison with the results found in the Itchédé forest in Benin
(Awokou et al. 2009) and in the Una forest in north-eastern
Brazil (Faria et al. 2009), the peaks of basal area were ob-
tained for diameters between 35 and 55 cm. We can deduce
from this that the structural groups also correspond to an evo-
lution from young secondary forests to old secondary forests
(Gazel 1983). In the Dja reserve, Sonké (2004) found values
between 26 and 39 m? ha™' for the facies of typical heteroge-
neous forest, whereas in the Maya Biosphere Reserve, ba-
sal area varied between 40 and 66 m? ha™! depending on the
level of disturbance of the plots (Nesheim et al. 2010). In this
study, the value of 58 m? ha™ in basal area corresponded to
floristic group 6 and structural group 5. This value was found
for the so-called Maranthaceae forests in the Lopé National
Park (White et al. 1995, Nasi 1997).

Floristic characteristics

A patchy distribution was observed for many species, which
also appeared from the comparison of structural group for
density, height and basal area. Plots and transects crossed dif-
ferent forest types as described by White (1996) regarding to
abiotic factors such as water, rocks, altitude (White 2007). A
gradient of forest types was observed (fig. 3): at one end were
the floristic groups associated to the river Ogooué; the centre
of the gradient corresponded to the colonizing forests and to
the forests associated to rocks; and the right hand side of the
gradient corresponded to the altitude forests as described by
White (1996). This type of gradient was observed in the for-
ests of the plains of South East Liberia and South West Ivory
Coast by Van Rompaey & Oldeman (1996). On the basis of a
CA, these authors also evidenced an ordination of the species
and plots along a principal gradient.

Similarly to what was observed in Ghana (Hawthorne
1996), the gradient observed on the first axis of the CA (fig. 3)
can be interpreted as a ‘forest type gradient’. Sometimes this
pattern means that the species that compose the forest have
a large distribution, which could be investigated by studying
their phytogeography. The observed forest recovery also ex-
pressed in the structural groups, from the groups with a high
species richness in the canopy, a low density but many small
individuals (groups 1 and 4), to the dense groups with many
large individuals that corresponded to a floristic stability
(groups 2 and 5). Between-transect as well as within-transect
floristic differences were observed (fig. 5). Nearby plots of-
ten had opposite variations. The floristic variations that were
evidenced were related to the variations of the forest structure
(case of transects 2 and 4). Other studies have also indicated
that the species composition may be a better indicator of the
forest structure than just diversity (Onaindia et al. 2004 and
references therein). This type of results was also obtained in
West Indies (Rousteau 1996) when dealing with the varia-
tions of species composition and of the forest structure along
an altitudinal gradient.
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Relationship between structural and floristic
characteristics

Although the observed gradient cannot be explained by struc-
tural variables alone, there was a significant relationship be-
tween floristic groups and structural groups. This relationship
enabled us to distinguish structural groups on the basis of
species abundances, with density (with the highest contribu-
tion from the small classes N, and N,) and height being the
best discriminating variables. The variations of canopy spe-
cies diversity and of floristic composition in our study are
similar to those obtained by Schulz (1960). Species are lo-
cally abundant and globally rare.

Our results suggest that the future development of the
forest canopy would involve a slow invasion of the upper
canopy by emergent species. Studies on the dynamics of
forest formations in the Lopé National Park (White 1996)
showed that there was a tendency to monodominant forest
types, which is consistent with the typology of secondary for-
ests in Gabon, in particular secondary forests with okoumes
(Nyare 2004). The two most exploited tree species in Gabon,
Aucoumea klaineana Pierre (okoume) and Dacryodes buet-
tneri (Engl.) H.J.Lam (o0zigo), were those with the greatest
height in the identified structural groups. This confirms their
light-demanding and secondary temperament, and also the
strong expansion of okoume as already notified by White et
al. (2000) and Born (2007). The characterization of the veg-
etation groups in the Lopé National Park confirmed that it
was composed of secondary forest, and showed that recent
disturbances were expressed by floristic associations of spe-
cies with broad distributions (Hawthorne 1996). Hence, the
forest under study at Lopé is a forest mosaic in progression.
These results are in agreement with the concept of the silvatic
mosaic by Oldeman (1990). Similar results were found in Po-
land (Bobiec et al. 2000).

The predominance of okoume in the five identified struc-
tural groups suggests a tendency to a monodominant climax,
in agreement with the forest type described in the Lopé Na-
tional Park by White (1996). The observed floristic gradient
and species abundances can be explained by a local over-
abundance of light-demanding species. Light is the resource
that explains the vertical structure of the forest, the species
diversity within the canopy, and the variations of floristic
composition across structural groups. Our results evidenced
that the forest at Lopé was a dynamic system where forest
was recovering, and that the current forest structure was the
outcome of the interplay between the forest savanna mosaic
on the one hand, and recent and current disturbances on the
other hand. In a future work, species traits will be studied in
relation with floristic groups at the Lopé National Park, and
the evolution of the mosaic will be predicted under a con-
servatory management plan where fire is used as a tool to
maintain the neighbouring savanna.
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