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Abstract Human activities such as fragmentation and

selective logging of forests can threaten population via-

bility by modification of ecological and genetic processes.

Using six microsatellite markers, we examined the effects

of forest fragmentation and local disturbance on the genetic

diversity and structure of adult trees (N = 110) and seed-

lings (N = 110) of Prunus africana in Kakamega Forest,

western Kenya. Taking samples of adults and seedlings

allowed for study of changes in genetic diversity and

structure between generations. Thereby, adults reflect the

pattern before and seedlings after intensive human impact.

Overall, we found 105 different alleles in the six loci

examined, 97 in adults and 88 in seedlings. Allelic richness

and heterozygosity were significantly lower in seedlings

than in adults. Inbreeding increased from adult tree to

seedling populations. Genetic differentiation of adult trees

was low (overall FST = 0.032), reflecting large population

sizes and extensive gene flow in the past. Genetic differ-

entiation of seedlings was slightly higher (overall FST =

0.044) with all of the 28 pairwise FST-values being sig-

nificantly different from zero. These results suggest that

human disturbance in Kakamega Forest has significantly

reduced allelic richness and heterozygosity, increased

inbreeding and slightly reduced gene flow in P. africana in

the past 80–100 years.
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Introduction

Tropical ecosystems suffer profoundly as a result of human

over-exploitation (Chapin et al. 2000). Extensive defores-

tation, habitat fragmentation and local disturbance, for

example through selective logging, threaten the survival of

species (Aldrich and Hamrick 1998). Moreover, fragmen-

tation and local disturbance have been shown to modify

ecological and genetic processes (Young et al. 1996; Chapin

et al. 2000; Keller and Waller 2002; Luck et al. 2003).

Fragmentation and local disturbance, i.e. selective log-

ging, reduce the local population size of tree species and

therefore, their genetic diversity. If the populations become

subdivided and gene flow is restricted, genetic drift and

inbreeding may lead to genetic differentiation (Young et al.

1996; Keller and Waller 2002). Decreased genetic diversity

may imperil the adaptive potential of populations and, as a

consequence, their fitness (McLaughlin et al. 2002). To

understand the effects of human activity on genetic diver-

sity as well as to develop conservation strategies it is

crucial to analyse the levels and patterns of genetic struc-

ture in fragmented and locally disturbed populations

(Rossetto et al. 2004).

Studies on effects of fragmentation for the genetic

structure of trees often revealed decreasing allelic richness

and heterozygosity as well as increasing differentiation

among populations as a result of fragmentation or local

disturbance (reviewed in Lowe et al. 2005). Most of these

studies have been conducted across space comparing dif-

ferently fragmented populations of adult trees. For exam-

ple, Hall et al. (1994) found limited gene flow in the tree
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Pentaclethra macroloba among sites in a fragmented ter-

rain compared to sites within a continuous forest reserve.

Prober and Brown (1994) were able to link levels of ge-

netic variation to patch size in Eucalyptus albens.

Due to the longevity of trees, we can gain a better

understanding of patterns in gene flow by including not

only adults but also seedlings or saplings into the study. In

case fragmentation and local disturbance had taken place in

between the time periods when adult trees and seedlings

got established, patterns of genetic variation in adults

might reflect genetic diversity and gene flow before human

impact on the forest and in seedlings after human impact.

In this case allelic richness and gene flow in adult trees

might have been high, whereas genetic diversity and gene

flow in the seedling generation could already be reduced.

The studies investigating the genetic structure of tropical

tree populations from a multistage perspective including

adults and seedlings show ambiguous results. For example,

significant inbreeding and genetic differentiation among

patches were recorded for the tree Symphonia globulifera

only in the seedling stage and in fragmented forest patches

but not for adults and not in a continuous rain forest area in

Costa Rica (Aldrich et al. 1998). Also, a study on Carapa

guianensis revealed lower allelic richness and greater ge-

netic distances among the sapling cohort than the adult

population in an isolated managed forest (Dayanandan

et al. 1999). Particularly for juveniles, fragmented forests

tend to lose allelic richness and heterozygosity (Rossetto

et al. 2004; Fernandez-M and Sork 2007). In contrast to

these findings, high levels of allelic richness and hetero-

zygosity were observed in all stage classes and study sites

despite intensive logging in the past for Swietenia macro-

phylla (Cespedes et al. 2003). Also, Cloutier et al. (2007)

recorded similar levels of gene diversity and allelic rich-

ness before and after logging in both the adult and the seed

generations of C. guianensis.

Most of the studies that compared the genetic structure

of adults and seedlings were based on unequal number of

samples per stage class, i.e. several seedlings per adult tree.

It is therefore difficult to compare these stage classes as the

measure used to describe the genetic diversity and structure

of populations depends on the number and spatial pattern

of the sampled individuals (Lowe et al. 2005). Thus, taking

a larger number of seedlings than of adults and calculating

allelic richness is expected to yield higher values for

seedlings, because a larger number of sampled individuals

is expected to sample just by chance also more alleles.

To avoid an unequal number of samples per stage class,

we collected adult trees and seedlings in pairs to obtain a

spatially matched random sample of each generation. Our

study species was P. africana (Rosaceae), a widespread

commercially used tree species in the Afrotropics. Wild

populations of P. africana have been declining over much

of their geographical range due to over-exploitation of their

medicinally valuable bark (Cunningham and Mbenkum

1993). P. africana showed low levels of heterozygosity in

Kenya compared for instance to Ethiopia (HE = 0.067,

Dawson and Powell 1999). The only rainforest in Kenya

that still harbours high-population densities of P. africana

is Kakamega Forest, but in the recent past the species has

declined rapidly (Fashing 2004). Kakamega Forest consists

of a continuous forest block and several fragments and its

disturbance history is well documented (Mitchell 2004).

Therefore, Kakamega Forest is an ideal study area to

examine whether forest fragmentation and local distur-

bance through selective logging affect the genetic diversity

and gene flow of adult trees and seedlings of P. africana.

We assume that adults represent the historical genetic

structure in Kakamega Forest, possibly only slightly

influenced by starting forest fragmentation and local dis-

turbance, whereas the genetic structure of seedlings should

already be affected by human modification of the forest

(Mitchell 2004). We compared the genetic diversity and

structure of adult trees and seedlings using six microsat-

ellite markers.

Methods

Study species

Prunus africana Hook f. (Rosaceae) is an evergreen tree

species native to Africa and Madagascar typical of mature

climax forests (Kalkman 1965). The monoecious tree

grows up to 40 m in height producing small white flowers

in elongated clusters, which are basically insect pollinated

(Hall et al. 2000). It has purple fleshy one-seeded fruits

(seeds (mean ± SD): diameter: 6.6 ± 0.5 mm, mass:

0.15 ± 0.05 g, N = 30), which are dispersed by birds and

monkeys (Farwig et al. 2006). Prunus africana belongs to

the group of species which has been intensively logged in

all parts of Kakamega Forest (Mitchell 2004, see below).

Study site

The study was conducted in Kakamega Forest, western

Kenya (between latitudes 0�14¢ and 0�21¢N and longitudes

34�47¢ and 34�48¢E). Kakamega Forest is the eastern most

relict of the Guineo-Congolian rainforest belt and lies at an

altitude of 1,500–1,700 m asl (Kokwaro 1988). It is a

highly fragmented and locally disturbed montane tropical

rainforest (Tsingalia 1990; Mitchell 2004). Average

monthly temperature of the forest lies between 10.6 and

27.7�C (Tsingalia 1990). Annual precipitation averages

1,960 mm and is highly seasonal with a rainy season from

April to November and a short dry season from December
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to March (averaged from Forest Department records at

Isecheno Forest Station from 1982 to 2005).

The indigenous forest cover of Kakamega has been re-

duced from 23,785 ha in 1933 to 13,990 ha in about 1990

(Blackett 1994). Most clear-felling was conducted in the

southern part of the forest and along the western fringe close

to the city of Kakamega (Mitchell 2004). Clear-felling has

not only destroyed a quarter of the forest but also resulted in

fragmentation of the forest (Fig. 1). Presently, the forest

covers an area of 8,537 ha of a main forest block sur-

rounded by five forest fragments of various sizes (132–

1,370 ha). Malava and Kisere are the northern fragments

and Ikuywa, Yala and Kaimosi are the southern fragments

(Fig. 1). The fragments Malava and Kisere in the north have

most likely been connected by riparian forest corridors with

the other parts of the forest in historical times (Mitchell

2004, but see Brooks et al. 1999). In contrast, the fragment

Kaimosi in the south was separated from the main forest

between 1913 and 1959 and the fragments Yala and Ikuywa

have been separated since the early 1960s (Mitchell 2004).

Selective logging of trees has taken place in all parts of the

forest, which has reduced the local population size of P.

africana (Fashing 2004; Mitchell 2004). The forest is sur-

rounded by a densely settled agricultural area (600 people/

km2; KIFCON 1994) which is composed of small patches of

fields planted with sugarcane, maize, beans or tea inter-

spersed by single large forest trees and small shrubs. Further

information on the fragmentation and disturbance history of

Kakamega Forest is given in Tsingalia (1990), Mitchell

(2004) and Bleher et al. (2006).

Plant material

In June 2002, we collected leaf material of adult trees and

seedlings of P. africana in eight different sites of Kaka-

mega Forest, four sites in the main forest block (two in the

north and two in the south) and four in fragments (Malava,

Kisere, Ikuywa and Kaimosi) (Fig. 1). In each site we

randomly sampled on average 14 pairs of adult trees (range

9–17; 80–100 years old) and seedlings (1–5 years old). For

KENYA

Fig. 1 Map of Kenya

indicating location of

Kakamega Forest. Dots in the

inset detailed map of Kakamega

Forest represent sampled main

forest and fragmented sites.

Dashed line represents former

forest boundary (1933), grey
shading represents actual forest

cover. Courtesy of G. Schaab
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each adult tree we collected one seedling within a radius of

10 m from the tree trunk. By sampling adults and seedlings

in pairs we obtained spatially matched, random samples of

each generation per site. In total, 110 adult and 110 seed-

ling individuals were sampled. Considering the age of the

adult trees, we assume that adult trees had been established

before the two southern fragments Ikuywa and Kaimosi

were separated among themselves and from the main for-

est. Note that the northern fragments, Malava and Kisere

and the main forest most likely have been connected via

riparian forest when the adult trees were established as

seedlings. In contrast, the seedlings became established

during the present distribution of forest (Fig. 1). Plant

material was silica-dried in the field. For statistical analy-

ses, each site was defined as a single population.

Molecular analysis

Leaves were ground to a fine powder in liquid nitrogen

using a mortar and pestle. DNA was extracted from the

powder of ~1.0 g leaf material of P. africana, following the

protocol described in DNEASY Plant Mini Kit (Qiagen,

Valencia, CA, USA). The standard protocol was slightly

modified by using 500 ll buffer AP1 and 160 ll buffer

AP2 which handled the amount of leaf material better.

DNA was stored at –20�C in AE elution buffer.

We studied the levels of genetic variation using six

microsatellite marker loci, four listed by Cipriani et al.

(1999) and two listed by Sosinski et al. (2000). The

forward and reverse primers for each microsatellite locus

are presented in Table 1. Instead of radioactive labelling

we used fluorescent 5¢end-labelled primers (6-FAM, NED,

HEX, Applied Biosystems, ABI, Foster City, CA, USA).

Polymerase chain reactions (PCR) were performed in a

volume of 25 ll containing 10 mM Tris–HCl (pH 9.0),

50 mM KCl, 1.5–2.5 mM MgCl2, 4 · 0.2 mM dNTP,

~1.5 U Taq polymerase (Ready-To-GoTM PCR-Beads,

Amersham Pharmacia Biotech Inc., Chalfont, UK), primer

ranging from 0.04 to 0.28 lM, respectively (Table 1), and

25 ng genomic DNA using the following temperature

profile: 95�C for 5 min, then 35 cycles of (94�C for 45 s,

60–62�C for 45 s and 72�C for 45 s), finishing with 72�C

for 8 min.

The labelled PCR products were separated on a 4.5%-

polyacrylamide gel on an ABI 377 automated sequencer,

and allele sizes were determined using GENESCAN 2.1. and

GENOTYPER 3.1 (ABI).

Data analysis

The mean number of alleles per locus and site were esti-

mated from 9 to 17 individuals and therefore corrected for

variation in sample size by using the rarefaction methodT
a

b
le

1
P

ri
m

er
se

q
u

en
ce

s
an

d
re

p
ea

t
m

o
ti

v
es

(F
fo

rw
ar

d
,

R
re

v
er

se
)

li
st

ed
b

y
C

ip
ri

an
i

et
al

.
(1

9
9

9
)

an
d

S
o

si
n

sk
i

et
al

.
(2

0
0

0
)

L
o

cu
s

co
d

e
P

ri
m

er
se

q
u

en
ce

s
R

ep
ea

t
m

o
ti

f
L

en
g

th
(b

p
)

N
u

m
b

er
al

le
le

s
A

n
n

.
te

m
p

er
at

u
re

P
ri

m
er

[l
M

]
M

g
C

l 2
[m

M
]

U
1

(U
D

P
9

6
-0

0
1

)
F

:
A

G
T

T
T

G
A

T
T

T
T

C
T

G
A

T
G

C
A

T
C

C
(C

A
)1

7
8

6
–

1
4

6
1

4
6

0
�C

0
.2

0
1

.5

R
:

T
G

C
C

A
T

A
A

G
G

A
C

C
G

G
T

A
T

G
T

U
2

(U
D

P
9

8
-4

0
6

)
F

:
T

C
G

G
A

A
A

C
T

G
G

T
A

G
T

A
T

G
A

A
C

A
G

A
(A

G
)1

5
7

3
–

1
2

3
2

3
6

0
�C

0
.2

8
1

.5

R
:

A
T

G
G

G
T

C
G

T
A

T
G

C
A

C
A

G
T

C
A

U
3

(U
D

P
9

7
-4

0
3

)
F

:
C

T
G

G
C

T
T

A
C

A
A

C
T

C
G

C
A

A
G

C
(A

G
)2

2
1

1
9

–
1

5
5

1
0

6
0
�C

0
.0

4
1

.5

R
:

C
G

T
C

G
A

C
C

A
A

C
T

G
A

G
A

C
T

C
A

U
5

(U
D

P
9

6
-0

1
8

)
F

:
T

T
C

T
A

A
T

C
T

G
G

G
C

T
A

T
G

G
C

G
(A

C
)2

1
2

3
8

–
2

5
8

1
1

6
0
�C

0
.0

6
1

.5

R
:

G
A

A
G

T
T

C
A

C
A

T
T

T
A

C
G

A
C

A
G

G
G

P
1

(p
ch

cm
s5

)
F

:
C

G
C

C
C

A
T

G
A

C
A

A
A

C
T

T
A

(C
A

)9
(T

A
)8

2
4

1
–

1
9

3
2

1
6

2
�C

0
.1

2
2

.5

R
:

G
T

C
A

A
G

A
G

G
T

A
C

A
C

C
A

G

P
2

(P
S

1
2

A
0

2
)

F
:

G
C

C
A

C
C

A
A

T
G

G
T

T
C

T
T

C
C

(G
A

)2
1

1
3

3
–

1
9

5
2

6
6

2
�C

0
.1

2
2

.5

R
:

A
G

C
A

C
C

A
G

A
T

G
C

A
C

C
T

G
A

R
an

g
e

o
f

P
C

R
p

ro
d

u
ct

si
ze

s,
n

u
m

b
er

o
f

al
le

le
s,

an
n

ea
li

n
g

te
m

p
er

at
u

re
an

d
p

ri
m

er
an

d
M

g
C

l 2
co

n
ce

n
tr

at
io

n
o

f
th

e
si

x
m

ic
ro

sa
te

ll
it

es
u

se
d

in
th

is
st

u
d

y

320 Conserv Genet (2008) 9:317–326

123



implemented in HP-RARE (Kalinowski 2005). Allele fre-

quencies, the mean observed heterozygosity HO and the

mean expected heterozygosity HE (Nei 1978) over all loci in

both stage classes (adults, seedlings) were computed using

TFPGA (Tools for population genetic analysis, Miller 1997).

Inbreeding was estimated as f = 1—HO/HE per population.

Genotypic linkage disequilibria between pairs of loci and

departures from Hardy–Weinberg equilibrium at each locus

were tested using GENEPOP 3.4 software (Raymond and

Rousset 1995a). F-statistics for all loci was calculated using

ARLEQUIN Version 3.11 (Excoffier et al. 2005).

To examine the relative partitioning of genetic variation

within and among populations an analysis of molecular

variance (AMOVA) was calculated with ARLEQUIN Version

3.11 (Excoffier et al. 2005). For each pair of populations we

estimated pairwise FST-values for population differentiation

determined after 110 permutations (Raymond and Rousset

1995b). To test for isolation by distance (IBD) at the scale of

populations, we regressed FST/1-FST, based on pairwise

FST-values among all sampled populations, against the log-

transformed geographic distance separating the populations

(Slatkin 1993; Rousset 1997). Statistical significance was

evaluated with a Mantel-test using 110 permutations.

Percentage of rare alleles, observed heterozygosity HO,

expected heterozygosity HE and pairwise FST-values were

arcsine square root transformed prior to statistical analyses.

As locus P1 caused most population-locus Hardy–Weinberg

disequilibria we also performed all analyses without this

locus. Excluding locus P1 from the analyses led to similar

results. We therefore report only the results using all six loci.

Results

Descriptive population genetics of adults and seedlings

All of the 110 adult trees and 110 seedlings were unam-

biguously genotyped at the six microsatellites loci. The loci

were highly polymorphic with 105 alleles in the six loci, 97

of them in adults and 88 of them in seedlings (mean

number of alleles per locus over all populations 8.0 and

7.1, respectively). The number of alleles varied between

populations ranging from 40 to 56 over six loci in adults

and from 35 to 50 over six loci in seedlings. The mean

number of alleles per population was significantly higher

for adults than for seedlings (adults: 41.0, seedlings: 36.6,

Wilcoxon Signed-Rank: Z7 = 18, p = 0.008) (Table 2).

The frequencies for individual alleles per population ran-

ged from 0.029 to 0.640 in adults and from 0.029 to 0.750

in seedlings. Between 0 and 34% of the alleles per popu-

lation in adults and 0 and 31% of the alleles in seedlings

were rare alleles below the 5% threshold. The percentage

of rare alleles per population did not differ between the

stage classes (rare alleles: adults: mean 20%, seedlings:

mean 18%, paired t-test: t7 = 0.62, p = 0.55). Mean ob-

served heterozygosity HO and mean expected heterozy-

gosity HE per population were always higher in adults than

in seedlings (HO: adults: mean 0.69, range = 0.53–0.83,

seedlings: mean 0.54, range = 0.46–0.65, paired t-test:

t7 = 5.24, p = 0.0008; HE: adults: mean 0.80, range =

0.73–0.83, seedlings: mean 0.75, range = 0.71–0.80;

paired t-test: t7 = 6.11, p = 0.0003) (Table 2). Inbreeding

per population increased significantly from the adult to the

seedlings stage class (f: adults: mean 0.14, range = 0.01–

0.35, seedlings: mean 0.29, range = 0.14–0.42; paired t-

test: t7 = 4.91, p = 0.0017) (Table 2).

Linkage and Hardy–Weinberg equilibrium of adults

and seedlings

No linkage disequilibrium was detected between any pair

of loci (non-significant after sequential Bonferroni correc-

tion, Rice 1989). Significant deviations from Hardy–

Weinberg equilibrium were detected at the following

population locus combinations (significant after sequential

Bonferroni correction, Rice 1989): Adults: Malava-P1,

Table 2 Number of samples, mean number of alleles per population

(rarefaction included nine samples per population), mean observed

heterozygosity HO, Nei’s mean expected heterozygosity HE and

inbreeding coefficient for the six loci in eight populations for adults

and seedlings of P. africana, fr fragmented site, mf main forest site

Plot Number samples Mean number alleles HO HE f

Adults Seedlings Adults Seedlings Adults Seedlings Adults Seedlings Adults Seedlings

Malava (fr) 15 15 7.1 7.0 0.63 0.51 0.82 0.79 0.23 0.35

Kisere (fr) 14 14 7.3 6.6 0.53 0.46 0.81 0.79 0.35 0.42

Mukangu (mf) 10 10 6.5 5.6 0.68 0.50 0.78 0.73 0.13 0.32

Buyangu (mf) 17 17 7.0 6.8 0.75 0.52 0.83 0.80 0.10 0.35

Isecheno B (mf) 14 14 6.2 5.5 0.75 0.56 0.76 0.71 0.01 0.26

Isecheno A (mf) 16 16 6.4 5.6 0.63 0.56 0.80 0.72 0.21 0.23

Ikuywa (fr) 15 15 7.5 5.9 0.76 0.57 0.82 0.73 0.07 0.22

Kaimosi (fr) 9 9 6.7 6.0 0.76 0.65 0.79 0.76 0.04 0.14
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Kisere-U3, Kisere-P1, Mukangu-P1, IsechenoB-P1,

IsechenoA-P1, Kaimosi-P1; Seedlings: Malava-P2, Ma-

lava-P1, Kisere-U5, Kisere-P1, Mukangu-P2, Mukangu-

P1, Buyangu-P2, Buyangu-U2, Buyangu-P1, IsechenoA-

P1, Kaimosi-P1 (all heterozygosity deficits). These het-

erozygosity deficits might be caused by inbreeding but

then a deficit would be expected for all loci which was

not the case in our species. Alternatively the deficit

could be explained by the lack of amplification of some

alleles (null alleles) particularly in locus P1. This locus

caused most population-locus Hardy–Weinberg disequi-

libria and showed the highest FIS-values (Table 3).

Nevertheless, excluding locus P1 from the analyses led

to similar results (see Methods).

Genetic structure of adults and seedlings

The results of the AMOVA revealed for adults as well as

for seedlings that most of the genetic variation was found

within populations (96.8 and 95.5%, respectively, Table 4).

Variation among populations was 3.2% for adults and 4.4%

for seedlings. The variance component among populations

in both stage classes was highly significant after the per-

mutation test (1,023 permutations) in the AMOVA.

In adults significant differentiation was found in 23 of

the 28 pairwise comparisons, and mainly between the

southern populations (Table 5). In seedlings, all of the 28

pairs of populations were significantly different from zero.

The frequency of significant pairwise FST-values was sig-

nificantly larger in seedlings than in adults (v2-test: v2-

value = 7.42, df = 1, p = 0.006, Table 5).

The pairwise genetic variance among populations in-

creased significantly from adults to seedlings (paired t-test:

t27 = -3.51, p = 0.0016) (Table 5, Fig. 2a, b). However, a

test for IBD resulted in no correlation between the geo-

graphic and the genetic distance neither for adults (Pearson

correlation: r = 0.13, Mantel p = 0.28, n = 8, Fig. 2a) nor

for seedlings (Pearson correlation: r = 0.23, Mantel

p = 0.12, n = 8, Fig. 2b).

Discussion

Genetic structure of adults

Our results showed high levels of allelic richness in pop-

ulations of P. africana adults combined with high levels of

heterozygosity indicating a predominantly outcrossing

Table 3 Summary of F-statistics (FIS, FIT, FST) for all six loci of adults and seedlings of P. africana

Locus FIS FIT FST

Adults Seedlings Adults Seedlings Adults Seedlings

All loci 0.159*** 0.323*** 0.181*** 0.345*** 0.026 ns 0.032**

U1 0.108* 0.346*** 0.135*** 0.370*** 0.030 ns 0.036 ns

U2 –0.053 ns 0.137*** -0.047 ns 0.156*** 0.005 ns 0.023 ns

U3 0.236*** 0.203*** 0.260*** 0.230*** 0.032 ns 0.000 ns

U5 –0.066 ns 0.189*** -0.042 ns 0.250*** 0.022 ns 0.076***

P1 0.669*** 0.654*** 0.683*** 0.673*** 0.043 ns 0.054*

P2 0.064* 0.360*** 0.087*** 0.362*** 0.024 ns 0.003ns

***p < 0.001

**0.05 < p < 0.1

*p < 0.05

ns not significant (p > 0.05)

Table 4 Analysis of molecular variance (AMOVA) for the eight adult

and seedling populations of P. africana

Source of

variation

df Sum of

squares

Variance

components

Percentage of

variation

Adults

Among

populations

7 32.04 0.08 3.16***

Within

populations

212 512.62 2.42 96.84

Total 219 544.66 2.50

Seedlings

Among

populations

7 36.47 0.11 4.43***

Within

populations

212 486.65 2.30 95.57

Total 219 523.11 2.40

***p < 0.001
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species. This corresponds to field observations demon-

strating that self-pollinated flowers did not develop fruits

(N. Farwig, own observations). The majority of tropical

trees investigated to date appeared to be outcrossers with

extensive gene flow (e.g. Doligez and Joly 1997; Cespedes

et al. 2003; Fernandez-M. and Sork 2007). Prunus africana

showed higher values of heterozygosity in the present study

(HE = 0.73–0.83) than in an African-wide P. africana

study (HE = 0.067 for Kenya; Dawson and Powell 1999).

The lower value for Kenya could be explained by the fact

that Dawson and Powell (1999) studied isolated, remnant

trees in farmland around Mt. Kenya, which might have lost

genetic diversity. Our results, therefore, suggest that P.

africana populations in Kakamega Forest comprise a high

amount of genetic diversity given its severe fragmentation

and disturbance history.

Prunus africana exhibited weak genetic structure in

adults (FST = 0.032). Also other studies on tropical trees

revealed rather low FST-values ranging between 0.003 and

0.063 (e.g. Pacheco and Simonetti 2000; Cespedes et al.

2003). Low FST-values are found for most tree species

(Hamrick and Godt 1997). This can be explained by a

combination of the life history traits (long-lived, woody

plants) and breeding system (outcrossing insect-pollinated

flowers, animal-dispersed seeds) of most studied trees

(Hamrick and Godt 1997; Jordano and Godoy 2000). Trees

Table 5 a: Pairwise FST-values and their significant difference from zero (lower left site of diagonal) and geographic distances in m (upper right

site of diagonal) among the eight populations for adults of P. africana

Population Malava Kisere Mukangu Buyangu Isecheno B Isecheno A Ikuywa Kaimosi

a

Malava 8,647.5 10,813.0 11,647.1 22,543.3 23,645.0 27,721.9 35,644.3

Kisere 0.020* 5,153.7 5,456.1 15,239.3 16,372.6 20,076.0 28,625.7

Mukangu 0.016 ns 0.023* 901.0 11,744.2 12,838.3 16,967.3 24,859.7

Buyangu 0.011 ns 0.029* 0.010 ns 10,896.7 11,998.3 16,100.8 24,068.5

Isecheno B 0.049* 0.053* 0.041* 0.039* 1,133.4 5,297.7 13,386.8

Isecheno A 0.017* 0.043* 0.043* 0.009 ns 0.062* 4,323.4 12,253.6

Ikuywa 0.011 ns 0.015* 0.024* 0.011* 0.038* 0.020* 9,088.2

Kaimosi 0.049* 0.063* 0.064* 0.038* 0.060* 0.062* 0.034*

b

Malava 8,647.5 10,813.0 11,647.1 22,543.3 23,645.0 27,721.9 35,644.3

Kisere 0.021* 5,153.7 5,456.1 15,239.3 16,372.6 20,076.0 28,625.7

Mukangu 0.042* 0.042* 901.0 11,744.2 12,838.3 16,967.3 24,859.7

Buyangu 0.052* 0.023* 0.029* 10,896.7 11,998.3 16,100.8 24,068.5

Isecheno B 0.061* 0.037* 0.092* 0.052* 1,133.4 5,297.7 13,386.8

Isecheno A 0.025* 0.028* 0.054* 0.055* 0.052* 4,323.4 12,253.6

Ikuywa 0.039* 0.020* 0.059* 0.031* 0.049* 0.020* 9,088.2

Kaimosi 0.091* 0.050* 0.084* 0.027* 0.038* 0.076* 0.064*

b: Pairwise FST-values and their significance from zero (lower left site of diagonal) and geographic distances in m (upper right site of diagonal)

among the eight populations for seedlings of P. africana

*p < 0.05

ns not significant (p > 0.05)

Log distance (m)Log distance (m)
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a) Adults b) Seedlings

Fig. 2 Genetic distance FST/1-

FST against log geographic

distance (m) among eight

populations for a adults,

and b seedlings

Conserv Genet (2008) 9:317–326 323

123



have long generation cycles and overlapping generations

fostering little or no genetic structure among populations

(Knowles 1991; Xie and Knowles 1991). The majority of

tropical rainforest tree species that are outcrossers showed

extensive gene flow in terms of pollen and seed movement

(Doligez and Joly 1997; Nason and Hamrick 1997).

Extensive gene flow via seeds has, for instance, been

demonstrated in Syzygium nervosum (Shapcott 1999) and

P. mahaleb (Godoy and Jordano 2001).

The lack of genetic differentiation among populations in

adults is congruent with the fragmentation and disturbance

history of Kakamega Forest, which started about 100 years

ago (Mitchell 2004). We assume that the establishment of

adults took place when the forest was still contiguous,

population size of P. africana was higher than today and

extensive gene exchange could take place. Historic data

suggest that the area to the north of Kakamega main forest

was only thinly populated by humans about 100 years ago

(Mitchell 2004). Furthermore, in these times, the northern

parts of the main forest and the fragments Malava and

Kisere were probably connected via riparian forest corri-

dors and a multitude of trees (Mitchell 2004) that might

have been stepping stones especially for birds acting as

seed dispersers. In contrast, populations of the southern

fragments are very different from the main forest, in par-

ticular the most southern population of Kaimosi, which

differs from all other populations. This could be due to

rigorous selective logging of P. africana trees in Kaimosi,

which has removed the commercially most valuable indi-

viduals from the population (Fashing 2004; Mitchell 2004).

This is supported by a low-mean number of alleles in the

sampled adult trees (Table 2).

Comparison between adults and seedlings

Comparing genetic diversity between adults and seedlings

showed that mean allelic richness, mean observed hetero-

zygosity HO and mean expected heterozygosity HE de-

creased significantly from adults to seedlings. Moreover,

inbreeding increased from the adult to the seedling stage

class. These results could be caused by modifications in

population sizes and genetic exchange between the two

stage classes. Prunus africana has been heavily logged in

the past 70 years (Mitchell 2004) and populations have

further declined in the recent past (Fashing 2004). Loss of

individual reproductive trees and subdivision of adult tree

populations might have reduced genetic diversity in the

seedling stage class through random genetic drift and

inbreeding within subpopulations. Genetic drift and

inbreeding can result in genetic differentiation among

subpopulations if gene flow between these populations is

restricted. Reduced gene flow between our studied popu-

lations may have increased the effects of genetic drift and

therefore, the loss of genetic diversity in the seedling stage

class.

High densities of conspecifics in the past might have

promoted extensive gene flow since distances between tree

individuals were smaller and might have been easily cov-

ered by pollinators and seed dispersers (Murawski and

Hamrick 1992; Young et al. 1996 but see White et al.

2002). Reduced population densities due to human influ-

ence might have led to limited pollen and seed flow within

populations of P. africana and therefore contributed to loss

of genetic diversity. Moreover, distances of 4.5–10 km

between the fragments in our study area might have re-

duced gene flow among populations and slightly increased

the genetic differentiation in the seedling stage class. A

relationship between limited seed dispersal and increased

population genetic structure has been shown in a number of

studies (Perry and Knowles 1991; Pacheco and Simonetti

2000; Ueno et al. 2000). For example, a comparative study

on the tropical tree Inga ingoides revealed more differen-

tiation among subpopulations where the spider monkey as

seed disperser was absent than where it was present

(Pacheco and Simonetti 2000).

The comparison between adults and seedlings revealed

slightly higher genetic differentiation among populations in

seedlings than in adults (FST = 0.044 versus 0.032). Such a

pattern has also been recorded for other tree species

(Hamrick et al. 1993; Alvarez-Buylla et al. 1996). Genetic

structure is likely to persist through the adult stage if

mortality with age is random (Pacheco and Simonetti

2000). However it may become less evident if balancing

selection favouring heterozygote survival takes place

(Hamrick et al. 1993; Alvarez-Buylla et al. 1996). As we

collected adults and seedlings in pairs and not a larger

number of seedlings per adult we obtained a spatially

matched random sample of each generation per site. Thus,

with our sampling design it is rather likely that the higher

genetic structure of seedlings will persist through the adult

stage if mortality with age is random. If selection favouring

heterozygote survival takes place the populations might

become even more structured as thinning will most likely

further reduce genetic diversity per site. We found neither

for adult nor for seedling populations a significant corre-

lation between the geographic and the genetic distance.

However, pairwise genetic variance among populations

increased significantly from adults to seedlings.

Our results showed that P. africana populations in

Kakamega Forest still contain high levels of genetic

diversity but recent forest fragmentation and selective

logging led to reduction of allelic richness and heterozy-

gosity in seedlings. This loss of genetic diversity within

the younger generation could be caused by a combination

of reduced population density of adult P. africana trees

and restricted gene flow. Further studies measuring gene
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flow within and among populations directly will improve

our understanding of the extent of gene flow in P. afri-

cana. This knowledge is essential for developing sound

conservation and management strategies for tree popula-

tions at the landscape scale.
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