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ABSTRACT

The level of genetic diversity in a population can affect ecological processes and plant responses to disturbance. In turn, disturbance can
alter population genetic diversity and structure. Populations in fragmented and logged habitats often show reduced genetic diversity and
increased inbreeding and differentiation. Long-term harvesting of wild plants (for foliage, bark, and roots), can affect population genetic
diversity by altering individual fitness and genetic contribution. Our understanding of these changes in genetic diversity due to the har-
vesting of plant organs is still limited. We used nine microsatellite markers to study the effect of long-term bark and foliage harvest by
Fulani people on the genetic diversity and structure of 12 populations of African mahogany (Khaya senegalensis) in Benin. We sampled 20
individuals in each population to test the effect of harvesting. For each population, we divided the samples equally between seedling and
adults to test if the effects are stronger in seedlings. We found moderate genetic diversity (He = 0.53 � 0.04) and weak but significant
differentiation among local populations (FST = 0.043, P < 0.001). There was no significant effect of harvest on genetic diversity or
structure, although previous work found significant negative effects of harvest on the reproduction of adults, offspring density, and pop-
ulation fitness. Our results suggest that demographic responses to disturbance precede a detectable genetic response. Future studies
should focus on using parentage analysis to test if genotypes of harvested parents are directly represented in the offspring populations.
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THERE IS A RECIPROCAL RELATIONSHIP BETWEEN THE GENETIC DIVER-

SITY OF POPULATIONS and their response to disturbance. The level
of genetic diversity has critical effects on ecological processes and
mitigates plant population responses to disturbance (Endels et al.
2007, Hughes et al. 2007, 2008). In turn, disturbance at the indi-
vidual and population levels can alter genetic diversity and struc-
ture (Young et al. 1996, Pither et al. 2003). Disturbance can alter
the proportion of polymorphic loci (Oostermeijer et al. 2003,
Lowe et al. 2005), inbreeding coefficient (Andre et al. 2008), allele
richness, and heterozygosity (Buchert et al. 1997). In a few cases,
genetic diversity positively correlates with population fitness (see
Oostermeijer et al. 2003, Reed & Frankham 2003, Finger et al.
2011) and community diversity (Booth & Grime 2003, Vellend
2006). Understanding if and how disturbance affects genetic
diversity within and among populations can provide insights on
adaptive capabilities within populations, potential for conserva-
tion, and risks of extinction.

Research in conservation genetics over the last two dec-
ades has focused on the genetic impacts of disturbance such
as forest fragmentation (Young et al. 1996, Born et al. 2008),
timber logging (Degen et al. 2006, Andre et al. 2008), and

domestication in traditional agroforestry parklands (Hollings-
worth et al. 2005, Kyndt et al. 2009). For most of these distur-
bances, individual plants are killed and their genetic profile is
removed from the population, as are their potential contribu-
tions to the gene pools. In contrast, disturbance such as har-
vesting of wild plants for non-timber forest product (e.g.,
foliage, bark, fruits, flowers) does not usually directly remove
individuals from the population, but rather alters their survival,
growth, and reproduction.

Collection of non-timber forest products (NTFPs) is wide-
spread and common across the tropics and is increasing in eco-
nomic and socio-cultural significance (Bawa et al. 2004). NTFP
harvesting often involves removal of reproductive structures such
as fruits or seeds and may directly reduce the size of reproducing
parent population or ‘effective population size’ (Namkoong et al.
1996). Overexploitation, even of non-reproductive parts can sig-
nificantly affect individual physiology (Snyder & Williams 2003,
Gaoue et al. 2011b), growth, survival, and population dynamics
(Ticktin 2004). A few studies have also reported that harvesting
can have a negative impact on the genetic diversity and structure
of harvested populations (Cruse-Sanders et al. 2005, Mooney
2007). An improved understanding of how NTFP harvesting
alters genetic diversity and structure can be used in conjunction
with demographic data to determine sustainable harvesting limits
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and to identify genetically unique populations worthy of greater
conservation attention.

If harvesting can reduce the number of reproductive individ-
uals and the number and quality of propagules contributing to
future cohorts, it can act as a selective force and reduce popula-
tion genetic diversity, specifically in individuals that established
post-disturbance. It is expected that any effect of NTFP harvest
on population genetic diversity and differentiation is more likely
to be identified in the life stages (e.g., seedling and saplings) that
established after disturbance (Cloutier et al. 2007, Kettle et al.
2007). Differences in gene diversity between juveniles (e.g., seed-
ling and sapling) and adults can reveal potential temporal genetic
erosion in environments where the viability of adults is low; this
can be an early warning of chronic effect of disturbance on pop-
ulation genetic diversity (Kettle et al. 2007).

Khaya senegalensis (Desr.) A. Juss (Meliaceae) is an important
mahogany tree in Africa that has been heavily harvested by local
people for its bark, foliage, and timber over many decades. Khaya
senegalensis is also one of the best timber trees in Africa and has
been harvested for export since the 19th century (Normand &
Sallenave 1958); in many places the species has been locally extir-
pated due to logging. The leaves, fruits and bark of K. senegalensis
contain a wide range of biological compounds with anti-feedant,
repellent, anti-inflammatory, and anti-microbial properties (Naka-
tani et al. 2000) that give the species high-commercial value for
the agrochemical and pharmaceutical industries (Muellner et al.
2003). The stem bark is also used as traditional medicine for sev-
eral human and livestock diseases (Atawodi et al. 2002). Less than
25 percent of trunk is often debarked with no direct lethal effect
to the tree. However, there are rare cases of ring-barking which
lead to trees death (Gaoue & Ticktin 2007).

The foliage of K. senegalensis is also harvested by the Fulani
as dry season fodder for their livestock. Harvested trees often
lose more than 80 percent of their canopy (Gaoue & Ticktin
2007) and most of harvested populations have been pruned
since the drought of the 1970s. Cattle are a vital source of
income and an integral part of the Fulani’s culture. Bark and
foliage harvest has been practiced over many decades. As a con-
sequence, many individuals fail to reproduce (Gaoue & Ticktin
2008) and this could have reduced the contribution of non-
reproductive mature individuals to the genetic pool of harvested
populations, thereby reducing genetic diversity and altering popu-
lations genetic structure.

In this study, we tested the effect of bark and foliage harvest
on the genetic diversity and structure of K. senegalensis seedling
and adult populations. We investigated if harvesting reduced alle-
lic richness, genetic diversity, and increased population differentia-
tion and how these results vary between climatic regions (dry vs.
moist). Population harvesting intensities (high vs. low) were esti-
mated based on the percentage of foliage harvested and the per-
centage of trunk bark removed. Populations that were considered
as high harvested had more than half of their trees defoliated
and low-harvested populations were those with less than 10 per-
cent of trees defoliated. We hypothesized that harvesting effects
will be detected in juvenile rather than in adult populations given

that juveniles (less than 5-yr-old) have established recently (K. sen-
egalensis does not have persistent seed bank). We discuss the
implications of our results for conservation and for the genetic
response of plant populations to disturbance. Although timber
harvesting has a significantly more direct impact on population
density and potentially on the genetic diversity, we knowingly
chose to test the genetic impacts of non-timber forest product
harvest particularly because this is rarely tested.

METHODS

STUDY SYSTEM, SAMPLE COLLECTION, AND DNA EXTRACTION.—Khaya
senegalensis grows in the wild throughout a wide range of habitats
in tropical Africa, from 8° to 14°N (Normand & Sallenave 1958,
CTFT 1988). It is a semi-deciduous, shade-intolerant, and slow-
growing tree that may reach up to 30 m in height and 3 m in
girth, with a short bole, dense crown, and leaves composed of 3–
4 pairs of elliptic leaflets. Khaya senegalensis is monoecious, wind
dispersed, with flat winged seeds, and small white hermaphroditic
flowers that are insect pollinated (CTFT 1988). In our study
areas, K. senegalensis reaches a maximum diameter at breast height
(dbh) of 136.2 cm which would be the equivalent of 187 yr con-
sidering an average diameter increment of 0.73 cm/yr for most
tree species in the region (see Sokpon & Biaou 2002).

We collected leaves from 237 individuals in twelve different
populations of K. senegalensis selected randomly among 29 popula-
tions previously surveyed in Benin (6°–12°500N and 1°–3°400E).
Twenty individuals were randomly sampled from each population.
To test if the effect of harvest is stronger in the seedling popula-
tion, these 20 individuals were equally divided among adults
(dbh > 20 cm) and seedlings (diameter at base < 5 cm). The dis-
persal distance for the study species is about 100 m in open hab-
itats and may even be far less in closed habitats such as the
gallery forest where most of the populations were found. These
gallery forests have narrow width (5–15 m). We sampled seedling
within permanent plots (previously used for the demographic
study; see Gaoue & Ticktin 2007) that were often 0.5–1 km long
with a width that covers the entire gallery width. Seeds dispersed
from parent trees located in these plots are likely to fall within
the population. Therefore, we assume that seedlings within a
given population are more likely to have their maternal parent in
that population than outside of the populations. We sampled
seedlings far from the edges of these plots to avoid including the
seedlings from seeds dispersed from neighboring plants outside
of our plots. The geographic distance between populations was
15 km to 300 km. Six populations were selected within each geo-
graphical region: Sudano-Guinean (7°300–9°300N) versus Sudani-
an (9°300–12°N) (see Gaoue & Ticktin 2007 for detailed
description of these regions). Three of the six populations in each
region were harvested at a rate of more than 50 percent of trees
harvested for more than 50 percent of their crown and more
than 10 percent of their trunk. The three other populations in
each region were low or not harvested (hereafter non-harvested
populations). These populations are part of a long-term demo-
graphic and genetic study designed to investigate the impact of
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non-timber forest product harvest; and are described elsewhere
(Gaoue & Ticktin 2007, Gaoue et al. 2011a). Leaves were pre-
served in silica gel at �20°C until DNA extraction. Genomic
DNA was extracted from all leaves samples using the Qiagen
DNEasy Kit (Qiagen, Valencia, California, U.S.A.) following man-
ufacturer protocols. The genetic analysis was conducted at the
Genetic and Reproductive Biology laboratory of the ‘Instituto
Nacional de Pesquisas da Amazônia (INPA)’ in Manaus, Brazil.

MICROSATELLITES ANALYSIS.—We used nine microsatellite markers
developed for Swietenia macrophylla and successfully transferred in
K. senegalensis (Lemes et al. 2011) to analyze the genetic diversity
and structure in K. senegalensis. PCR amplification was carried out
in a final reaction volume of 13 ll containing 0.9 lM of each
primer, 1 unit Taq DNA polymerase, 200 lM of each dNTP, 1X
reaction buffer (10 mM Tris-HCl, pH 8.3, 50 mM NH4, 1.5 mM
MgCl2), BSA (Bovine Serum Albumin – 2.5 mg/mL), 7.5 ng of
template DNA, ultrapure water, and 1.25 lM each forward and
reverse primers. PCR amplifications were performed using the
following program: an initial denaturation at 94°C for 5 min fol-
lowed by 30 cycles of 94°C for 1 min, annealing temperature for
each locus (52°C for sm07, sm18, sm36; 56°C for sm01, sm08,
sm12, sm46; 60°C for sm05, and 62°C for sm22) for 1 min and
72°C for 1 min; and a final elongation step at 72°C for 7 min.
The PCR products were visualized in 2 percent agarose gels con-
taining 0.1 lg/mL of ethidium bromide in 1X TBE buffer
(89 mM Tris-borate, 2 mM EDTA pH 8.3) and sized with a
1Kb DNA ladder (Gibco, MD). Amplified products were
resolved in 5 percent PAGE in an ABI 377XL sequencer and we
estimated allele size for each sample and each locus using GEN-

SCAN and GENOTYPER.

DATA ANALYSIS.—For each locus, each population, group of popu-
lations (harvested vs. non-harvested populations or moist vs. dry
regions), and life stage (adults vs. seedlings), we estimated and
compared the mean number of alleles per locus, A, allelic rich-
ness, Rs, a measure of the number of alleles independent of sam-
ple size (Petit et al. 1998), the expected He and observed Ho

heterozygosity, Weir and Cockerham (1984)and population differ-
entiation statistics (FIS, FIT and FST) in FSTAT 2.9.3.2 (Goudet
1995). For each of these parameters, we tested for significant
deviance from zero using 1000 permutations. For FST, we used
log-likelihood G-statistic (Goudet et al. 1996). We tested for sig-
nificant differences in FIS, FIT, and FST between seedling and
adult populations by comparing their 95 percent bootstrap confi-
dence intervals. We tested each locus for deviations from Hardy–
Weinberg expectations in each population using Wright’s fixation
index (FIS) and tested for linkage disequilibrium in ARLEQUIN

3.11.
We tested for the effect of NTFP harvest on the genetic

diversity in two separate ways. We first compared mean values of
A, Rs, Ho, and He between groups (harvested vs. non-harvested
regardless of climatic region, and harvested vs. non-harvested in
each climatic region) without separating populations according to
life stages (N = 20 per population) using 1000 permutations to

determine the P-values in FSTAT 2.9.3.2. Second, to test if there
was a stronger effect of harvest at the seedling level, we repeated
the same tests, separating each population by life stages. This
reduced our unit sample size to ten and may have limited the
power to detect significant effect of harvest for this part of the
analysis in spite of the resampling-based inference used by FSTAT

2.9.3.2. To rule out the hypothesis of isolation by geographic dis-
tance, we performed a Mantel test in ARLEQUIN 3.11 (Excoffier
et al. 2005, updated from version 3.0). between log-transformed
pairwise geographical distance between populations and their
pairwise FST/(1�FST) (Rousset & Raymond 1997). Statistical sig-
nificance for the correlation coefficient was determined using
1000 permutations. We performed an analysis of molecular vari-
ance (AMOVA) in ARLEQUIN 3.11 to test if there is a partitioning
of genetic variance along the gradient of region by NTFP har-
vesting intensity. To test if NTFP harvest led to recent reduction
in population effective size, we tested for significant excess in
expected heterozygosity under the assumption that all loci fit the
Infinite Allele Model (IAM) and in mutation-drift equilibrium,
using a Wilcoxon sign-rank test with 1000 runs in BOTTLENECK

1.2.02 (Cornuet & Luikart 1996).

RESULTS

GENETIC DIVERSITY AND POPULATION DIFFERENTIATION.—The mean
number of alleles per locus A across populations was 4.83
(SD = 0.32) and the allelic richness RS was 3.82 (SD = 0.21)
(Table S1). The observed heterozygosity Ho was 0.54 � 0.06 and
expected heterozygosity He across population was 0.53 � 0.04.
There was no significant difference in allelic richness (P = 0.613),
observed (P = 0.308), and expected heterozygosities (P = 0.583)
between adults and seedlings. This suggests no clear evidence of
future genetic erosion.

Over all the nine loci, the inbreeding coefficients within indi-
viduals (FIT = 0.030; 95% CI = [�0.18; 0.20]) and among indi-
viduals within each population (FIS = �0.01; 95% CI = [�0.22;
0.16]) did not differ significantly from zero (Table 1). However,
there was a weak but significant differentiation between popula-
tions (FST = 0.043; 95% CI = [0.031; 0.059]). Fifty-five percent
of the pairwise population differentiation coefficients were signifi-
cantly different from zero (Table S2). Sinisson and Okpara popu-
lations, both located in the Sudano-Guinean region, were the
most differentiated from the other populations. The highest pair-
wise FST values (=0.109, P < 0.001) were found between Dogue
and Gbeba populations (Table S2). Both populations were heavily
harvested and located in different regions. However, the Mantel
test did not support the hypothesis of isolation by geographic
distance (r = �0.148, P = 0.865).

IMPACT OF HARVEST ON GENETIC DIVERSITY AND STRUCTURE.—There
was no significant difference in the allelic richness (P = 0.589),
observed (P = 0.161) and expected heterozygosities (P = 0.434)
between harvested and non-harvested populations within each
climatic region. We also did not find significant differences in
allelic richness (P = 0.317), observed (P = 0.443), and expected
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heterozygosities (P = 0.112) between harvested and non-har-
vested populations regardless of region. These results indicate a
lack of clear effect of NTFP harvest on K. senegalensis genetic
diversity at the whole population level. Similarly, there was no sig-
nificant effect of harvest on these genetic parameters for seed-
lings or adults when we analyzed the data separately.

We found a weak but marginally significant genetic structure
related to climatic region and harvesting intensity (0.80 percent of
variation; FCT = 0.008, P = 0.042). The analysis of molecular
variance for seedlings did not reveal any population structuring
related to region or harvesting intensity. Genetic variation in seed-
lings was mainly due to strong differences among individuals (89
percent of variation; FIT = 0.111, P < 0.0001). There was less
genetic variation among individuals nested in populations (6 per-
cent of variation; FIS = 0.064, P < 0.011) and among populations
within each combination of region by harvest intensity (5 percent;
FSC = 0.050, P < 0.0001). Nine percent of loci pairs were linked.

Under the infinite allele model (IAM), nearly 83 percent of
the populations we surveyed experienced a recent significant or
marginally significant bottleneck (Wilcoxon Sign test; 1000 runs
in BOTTLENECK 1.2.02; P < 0.05; Table 2). Four out of six popu-
lations that revealed significant recent bottlenecks under different
models (IAM, TPM, and SMM) were harvested. Dogue (high-
harvested population in the Sudano-Guinean region) and Bara-
bon (non-harvested population in the Sudanian region) revealed
marginally significant bottleneck under IAM but no significant
reduction in their effective population size under SMM or TPM
models. Populations that did not show consistent significant evi-
dence of recent reduction in their effective population size (Pene-
lan, Nipuni, Barabon) were non-harvested for NTFP and for
timber over the past years. However, two low-harvest populations
showed significant recent bottleneck (Fetekou: P = 0.004; Sinis-
son: P < 0.010) and this may suggest a compounding effect of
past logging.

DISCUSSION

Our study showed that Khaya senegalensis populations have moder-
ate genetic diversity (He = 0.53 � 0.04) and weak but significant
population differentiation (FST = 0.043, P < 0.001). The genetic
diversity in our study is lower than reported for other mahogany
species (e.g., Lemes et al. 2003, Cloutier et al. 2007, Ismail et al.
2012). In contrast to previously reported effects of disturbance
such as forest fragmentation on genetic diversity (Leimu et al.

TABLE 1. Inbreeding and genetic differentiation estimates (mean � 1 SE) for each of nine loci, the overall mean over the nine locia, and for each life stage (seedlings and adults)b.

FIS: within population inbreeding coefficient; FIT: overall inbreeding coefficient; FST: estimates of Wright’s fixation index FST (Weir & Cockerham 1984). P-value

significance were determined from 1000 randomization log-likelihood G (Goudet et al. 1996). The confidence interval (CI) limits were obtained from 1000 bootstraps runsc.

Locus FIS FIT FST

sm01 0.203 � 0.058 0.241 � 0.052 0.047 � 0.018

sm46 0.040 � 0.059 0.167 � 0.06 0.132 � 0.030

sm05 0.104 � 0.057 0.141 � 0.055 0.041 � 0.015

sm07 �0.755 � 0.037 �0.752 � 0.037 0.002 � 0.003

sm22 0.255 � 0.075 0.278 � 0.068 0.031 � 0.024

sm12 0.324 � 0.089 0.366 � 0.079 0.063 � 0.030

sm18 0.081 � 0.054 0.114 � 0.055 0.036 � 0.019

sm08 �0.017 � 0.036 0.025 � 0.032 0.041 � 0.017

sm36 �0.145 � 0.081 �0.084 � 0.072 0.053 � 0.014

Overall meana [95% CIc] �0.014ns [�0.224; 0.155] 0.030ns [�0.184; 0.198] 0.043** [0.031; 0.059]

Seedlingsb [95% CI] �0.009ns [�0.227; 0.170] 0.038ns [�0.181; 0.216] 0.046** [0.030; 0.070]

Adultsb [95% CI] �0.031ns [�0.237; 0.135] 0.022ns [�0.189; 0.186] 0.052** [0.034; 0.072]

**P < 0.01; *P < 0.05; ns, non significant.

TABLE 2. Probability of excess of heterozygotes for 12 populations of Khaya

senegalensis under three models of mutation: infinite allele model (IAM),

two-phase model TPM (with variance = 30 and probability = 70 percent),

and stepwise mutation model (SMM). P-values are for one-sided Wilcoxon

tests after 1000 replicates to detect significant recent bottlenecks for each

population (Cornuet & Luikart 1996).

Ecological region and

Harvest intensity Population IAM TPM SMM

Sudano-Guinean Low

harvest

Boukoussera 0.042* 0.312ns 0.312ns

Sinisson 0.010** 0.019* 0.019*

Penelan 0.080ns 0.215ns 0.215ns

Sudano-Guinean High

harvest

Dogue 0.052* 0.161ns 0.216ns

Okpara 0.004** 0.010** 0.014*

Sakarou 0.014* 0.125ns 0.150ns

Sudanian Low harvest Nipuni 0.082ns 0.179ns 0.212ns

Barabon 0.053ns 0.116ns 0.116ns

Fetekou 0.004** 0.010** 0.014*

Sudanian High harvest Gbeba 0.002** 0.002** 0.002**

Nigoussourou 0.007** 0.012* 0.065ns

Soassararou 0.004** 0.006** 0.010**

**P < 0.01; *P < 0.05; ns, non significant.
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2006, Honnay & Jacquemyn 2007, Aguilar et al. 2008), there was
no negative effect of harvest on K. senegalensis genetic diversity
regardless of life stage, even though previous work found signifi-
cant negative effects of harvest on the reproductive contribution
of adults (Gaoue & Ticktin 2008: Fig. 2), seedling recruitment
(Gaoue & Ticktin 2007) and on populations fitness (Gaoue et al.
2011a).

We also found that populations with higher levels of NTFP
harvesting produced significantly less fruits and seeds per tree
with a significantly lower proportion of fruiting trees than low-
harvest populations (Gaoue & Ticktin 2008). This has translated
into significantly lower seedlings density in harvested populations
(Gaoue & Ticktin 2007). Similarly, several other studies on tropi-
cal trees also report that disturbance such as logging (see Cloutier
et al. 2007, Kettle et al. 2007, Silva et al. 2008) or NTFP harvest-
ing in China (Wang et al. 2013, Xu et al. 2013) may not always
lead to a detectable reduction in genetic diversity. However, our
finding does not support those of Cruse-Sanders et al. (2005) and
Mooney (2007), who documented reduced genetic diversity in
root-harvested populations of American ginseng.

The lack of significant effect of NTFP harvesting on the
genetic diversity is likely due to several factors related to the nat-
ure of the NTFP harvest, the biology of the study species, the
nature of the markers used, the compounding effect of logging
in some of our populations, and the low sample sizes used in this
study. While root harvest (e.g., American ginseng) often kills indi-
viduals, harvesting foliage and bark may reduce reproductive out-
puts and decrease the representation of various genotypes in the
progeny but is not strong enough to keep some genotypes out of
the gene pool. We did not find any genetic effect of harvesting,
even in the seedlings that were established after the heavy foliage
harvesting that has taken place since the 1970s. This suggests no
clear future genetic erosion as a consequence of bark and foliage
harvesting. That is, the nearly 40 yr during which harvest inten-
sity has increased significantly was not sufficient to yield detect-
able genetic erosion in the seedling populations. The mechanisms
by which disturbance could alter genetic diversity include a reduc-
tion in the fitness of disturbed individuals and populations, an
increase in the distance between individuals and limited gene flow
due to low pollen exchange or seed dispersal. The lack of reduc-
tion in diversity in the seedling populations could be related to
the arrival of seeds dispersed from neighboring populations with
similar genetic profiles. This is consistent with the low genetic
differentiation we found. Khaya senegalensis is wind dispersed and
in other mahogany such as Swietenia humilis, long-distance pollen
and seed dispersal has been reported (White et al. 2002). There-
fore, dispersal may compensate for the reduction in genetic diver-
sity caused by disturbance such as fragmentation or heavy
harvesting (e.g., Born et al. 2008).

In spite of the widespread use of microsatellites in conserva-
tion genetics, as neutral markers they may underestimate total
genetic diversity (V€ali et al. 2008). The neutral genetic diversity
reveal by these markers are a poor surrogate of the adaptive genetic
diversity (Holderegger et al. 2006) that are more sensitive to
environmental changes such as the one exert by harvesting. This

lack of perfect correlation between neutral and adaptive genetic
diversity (Reed & Frankham 2003) may also explain the lack of
correlation between K. senegalensis genetic diversity, fruits and seeds
production, density and population fitness.

Genetic diversity in Khaya senegalensis populations was similar
to that of other wild tree species in Africa (Ouinsavi et al. 2006,
Born et al. 2008). However, even K. senegalensis populations that
were harvested had higher genetic diversity than reported for
agroforestry trees (Adansonia digitata and Vitellaria paradoxa) that
have been heavily harvested for fruits and seeds over decades
(Allaye Kelly et al. 2004, Sanou et al. 2005, Assogbadjo et al.
2006, Kyndt et al. 2009). One of the main differences between K.
senegalensis and these agroforestry species is the type of organ they
are harvested for. The relatively higher genetic diversity in our
study suggests that the genetic impact of NTFP harvesting
depends upon the type of organs harvested. Although harvesting
fruits may directly affect the genetic diversity of progeny, this is
not necessarily the case for the harvest of foliage and bark.
Another explanation for the relatively low genetic diversity in
agroforestry species may be the low density of trees in these
populations (e.g., five stems/ha for A. digitata; Kyndt et al. 2009;
8–20 stems/ha for V. paradoxa; Djossa et al. 2008) compared to
K. senegalensis which density was 43.16 � 7.23 stems/ha
(38.16 � 8 trees/ha in harvested populations) in our study areas
(Gaoue & Ticktin 2007). There is a global positive relationship
between population size and genetic diversity and fitness (Young
et al. 1996, Aguilar et al. 2008). The low density of trees in
agroforestry species may reduce the probability of outcrossing.

Our study is one of very few to investigate the genetic
impacts of NTFP harvest (see Cruse-Sanders & Hamrick 2004,
Mooney 2007) and the genetic diversity and structure of trees in
tropical Africa (Allaye Kelly et al. 2004, Dick et al. 2007, Kyndt
et al. 2009). Although we did not detect a significant effect of
harvest on the genetic diversity, our study provides a useful con-
tribution to our understanding of the genetic consequences of
NTFP harvesting. Nevertheless, we found recent bottlenecks in
many harvested populations. This may be due to concurrent tim-
ber harvest that had taken place in these populations. Except for
a few cases in the National Park of ‘W’ (Barabon and Nipuni
populations), populations in our study system have been logged
at least once in their lifetime. Current rate of NTFP harvest from
K. senegalensis may not affect its genetic diversity but it does
reduce population fitness (Gaoue et al. 2011a) and may lead to
gradual species decline before the negative effects of harvest on
genetic diversity and structure could be detected. Future studies
on the genetic impact of NTFP harvest should focus on using
parentage analysis to test if genotypes of harvested parents are
represented in the offspring populations.
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