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East African montane forests have been subjected to heavy logging, particularly of Ocotea usambarensis
Engl., formerly one of the dominant tree species of moist mid-altitude forests. At Mt. Kenya, logging
was suspended in 2000 after a conspicuous decline in population size, but the success of this conserva-
tion measure has not yet been evaluated. Given that a management scheme of O. usambarensis forests
based on vegetative regeneration has been suggested, we hypothesized that natural regeneration mainly
by root suckers would be sufficient for a recovery of this species. Demography and regeneration (both
sexual and vegetative) of O. usambarensis were studied in 45 study plots between 1700 and 2500 m asl
along a gradient of historical logging intensity, while taking altitude and light incidence into account
as predictor variables. The diameter distribution showed a high percentage of old individuals and rather
low recruitment in O. usambarensis. In heavily logged areas (removed basal area >25 m2ha�1), smaller
trees (<50 cm DBH, >130 cm high) were completely absent. The number of seedlings was low and inde-
pendent of logging intensity. It increased with higher light incidence. The number of root suckers was
5.6-fold the number of seedlings, underscoring the importance of vegetative reproduction. However,
number of root suckers and logging intensity were negatively correlated. We conclude that regeneration
of O. usambarensis at Mt. Kenya is generally low and negatively influenced by historical logging. There-
fore, natural regeneration is inadequate for the recovery of this valuable timber species, and additional
conservation measures such as enrichment planting should be considered.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction in the natural regeneration cycle (e.g. Bussmann, 2001). However,
Despite improved conservation strategies for many tropical for-
est ecosystems in the last decades, post-logging recovery of tropi-
cal timber tree species remains a matter of concern. Regeneration
failure of commercial timber species has been reported from sev-
eral tropical forests (e.g. Hall et al., 2003; Makana and Thomas,
2005). Many tree species require high light incidence at the seed-
ling stage for survival and growth. However, canopy opening
through logging does not necessarily lead to increased recruitment
as local environmental conditions and population structure influ-
ence the number of safe sites for germination and establishment
(Bazzaz, 1991; Makana and Thomas, 2005; Ouedraogo et al.,
2011). Most tropical tree species are generally seed-limited as
seeds only rarely reach potential regeneration sites (Muller-
Landau, 2002). Vegetative regeneration by root suckers is an
additional strategy in some species (Putz and Brokaw, 1989).
Particularly in montane forests, logging may cause severe changes
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th).
the assessment of tree recruitment after logging in the tropics
mainly relies on short-term observation, and little is known about
long-term effects of logging (Struhsaker, 1997) and the require-
ments of individual species in all stages of their development
(Gómez-Pompa and Burley, 1991).

In Kenya, approximately 8% of the indigenous closed canopy
forest area was deforested between 1990 and 2010 (FAO, 2010).
According to Akotsi and Gachanja (2006), only 1.7% of the total
country area is covered by closed canopy forest. For many years,
exploitation of the forests and their wildlife was not regulated,
which led to degradation and destruction on a large scale (Beentje,
1990). The forests of Mt. Kenya still cover an estimated area of
180,000 ha and thus represent the largest continuous forest block
in Kenya (Beentje, 1991). The water catchment of Mt. Kenya forests
is estimated to provide more than 40% of the country’s water needs
(Akotsi and Gachanja, 2006).

The East African camphorwood (Ocotea usambarensis) used to
be the dominant canopy tree species of moist East African montane
forests below 2500 m (Lind and Morrison, 1974). Since the 1940s,
it has been extensively exploited for its valuable timber (Nsolomo
and Venn, 2000). Selective logging has impacted and destroyed an
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alarmingly high proportion of the O. usambarensis forest
(Bussmann, 1996; Gathaara, 1999). This occurred not only at
Mt. Kenya, but also at many other sites in Kenya (e.g. Aberdare
Mountains, Taita Hills; Lambrechts et al., 2003; Aerts et al., 2011)
and in Tanzania (e.g. Eastern Arc Mountains, Mt. Kilimanjaro;
Hemp, 2006; Persha and Blomley, 2009). Similar to other tropical
timber species, O. usambarensis is known to experience low sexual
regeneration through seedlings (Newmark, 2002). However, vege-
tative regeneration through root suckers is common (Dale and
Greenway, 1961), and in Tanzania this characteristic of O. usambar-
ensis has been used to devise a management scheme for timber
production (Willan, 1965). Bussmann (1994, 2001) and Bussmann
and Beck (1995) developed a scenario of the O. usambarensis regen-
eration cycle suggesting that, after heavy logging, the cycle is
interrupted by the establishment of a secondary forest community
dominated by the pioneer tree Macaranga kilimandscharica.
However, this scenario has not yet been confirmed as the safe sites
for germination and establishment of O. usambarensis have not
been identified and the relative importance of vegetative regener-
ation through root suckers has not been assessed.

In 2000, the Kenya Wildlife Service took over the management
responsibility of Mt. Kenya forest area as a whole. Since then, it has
been managed as a National Reserve, which resulted in a 96%
reduction in logging of O. usambarensis on Mt. Kenya due to im-
proved patrolling and control (Vanleeuwe et al., 2003). In this
study we examined the demography and current regeneration pat-
terns of the O. usambarensis population at Mt. Kenya 10 years after
logging suspension. In particular, we addressed the following ques-
tions: (1) Is the diameter distribution of O. usambarensis population
linked to past logging intensity? (2) Are there significant differ-
ences between the extent of sexual and vegetative recruitment?
(3) Are these regeneration strategies related to past logging rate
and to other environmental conditions such as light incidence or
altitude? This analysis allowed us to assess if the improved protec-
tion since 2000 alone has been sufficient for the recovery of O.
usambarensis in areas affected by logging or if further silvicultural
measures are necessary.

2. Materials and methods

2.1. Study area

The study was carried out at the eastern slope of Mt. Kenya
(Fig. 1) in the first quarter of 2010. Due to their biodiversity and
important status as a source for water, timber, firewood, and wild-
life, the Mt. Kenya forests have been declared a UNESCO World
Heritage site (UNEP, 2005). They belong to the catchment areas
of the two major rivers in the country, the Tana and the Ewaso
Ngiro, which are crucial for many livelihoods (Gichuki, 1999) and
for the production of hydroelectric power (Akotsi and Gachanja,
2004). The fertile and humid uplands on the southeastern slopes
of Mt. Kenya have a high population density of up to 800 people
per km2 (Imbernon, 1999). The study area comprised 6772 ha on
an altitudinal gradient between 1778 and 2416 m asl and covered
approximately 25% of the remaining O. usambarensis forest at Mt.
Kenya (Beentje, 1991). The area belongs to the Meru South district
in the Eastern Province of Kenya and is administered by Chogoria
Forest Station (0�140230 0 S, 37�350320 0 E). The climate of the area is
characterized by a mean annual precipitation of about 2200 mm,
with two rainy seasons, from March to June and from October to
November (Chogoria Forest Station, 1615 m asl, February 1973–
March 2010; Schöning et al., 2010). Temperatures are relatively
stable year round (mean annual temperature 18 �C at Meru Mete-
orological Station, about 33 km north of Chogoria Forest Station;
Bussmann, 1994) and decrease by about 0.56 �C per 100 m altitude
with frost being expected above 2500 m (Bussmann, 1994).
2.2. Study species

Ocotea usambarensis Engl. (Lauraceae) is an evergreen emergent
tree species in East African moist montane forests at altitudes be-
tween 1220 and 2440 m (Dale and Greenway, 1961) and precipita-
tion levels between 1600 and 2450 mm year�1 (Beentje, 1991). It
grows on deep, fertile soils with good drainage. Ocotea usambaren-
sis is considered shade-tolerant and late-successional (Bussmann,
2001; Babaasa et al., 2004). With heights up to 45 m and trunk
diameters up to 3 m, O. usambarensis is one of the largest trees in
Kenya. It is a highly valued hardwood for furniture and joinery
(Lind and Morrison, 1974). The tree is gynodioecious as both her-
maphrodite and female flowers occur (Verdcourt, 1996). Seeds
show a short-term viability that precludes the formation of a seed
bank (Bussmann, 1994; Baskin and Baskin, 2005). Sexual regener-
ation is considered to occur mainly in mast years, approximately
every 10 (Kigomo, 1987) or every 5–7 (Bussmann, 2001) years.
However, the categorization of O. usambarensis as a mast-fruiting
species needs to be confirmed by long-term data (see Kelly,
1994). Asexual regeneration through root suckers has been re-
ported both without disturbance (Dale and Greenway, 1961) and
as a response to felling (Willan, 1965; Lind and Morrison, 1974).

The area of Mt. Kenya that can support moist montane O. usam-
barensis forest is 51,000 ha (Kindt et al., 2005). However, the spe-
cies has been subjected to heavy logging in the past, which led to
a decrease to 27,500 ha of O. usambarensis forest (Beentje, 1991).
In an aerial survey, Gathaara (1999) counted about 6700 individu-
als of selectively logged trees with the heaviest impact being visi-
ble over an area of 5600 ha. This overexploitation led to a change in
the operating conservation authorities (Vanleeuwe et al., 2003).

Macaranga kilimandscharica Pax (Euphorbiaceae) is a short-lived
pioneer tree species that colonizes and often dominates logging
gaps in O. usambarensis forests (Bussmann, 1994, 2001; Bitariho
and McNeilage, 2008).

2.3. Sampling design

Sampling was carried out in a stratified, randomized design fol-
lowing Kindt and Coe (2005). We divided the altitudinal belt where
O. usambarensis occurs into three strata: (1) 1775–2000 m, (2)
2000–2200 m, and (3) 2200–2425 m. To include a wide range of
past logging intensities, we differentiated three classes of logging
intensity within each altitudinal stratum for a first orientation
using data from the aerial logging survey of Gathaara (1999) in a
geographical information system (ESRI ArcGIS, Redlands, CA) and
uploaded the results on a GPS (Garmin Etrex Legend Cx, Kansas
City, KS). This approach enabled us to find the scarce forest rem-
nants that had not experienced any logging impact. For final data
analysis, logging intensity was again measured on the plot level.

In each of the nine combinations of altitude and logging inten-
sity categories, we randomly selected five replicate study plots.
Each plot comprised a circular subplot of 20 m in diameter
(314 m2) with one living adult O. usambarensis tree (diameter at
breast height >25 cm) in the center and two transects (each 40 m
long and 10 m wide) extending along the contour line in both
directions from the circular subplot (Fig. 2). The prerequisite of
at least one living O. usambarensis tree per plot was necessary as
we aimed at analyzing the impact of stand disturbance through
logging on the regeneration pattern of the remaining trees. We as-
sessed the population structure and logging intensity considering
both living trees and remaining stumps of logged O. usambarensis
trees in the entire plot including the circular subplot and transects.
The data on regeneration parameters (seedling and root sucker
numbers) were collected exclusively in the central subplot adja-
cent to the living tree. Overall, this approach led to 45 study plots
with an area of 314 m2 + 2 � 400 m2 = 1114 m2 each (Fig. 1). To
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Fig. 1. Study area in Eastern Province, Kenya. Contour lines in 500 m increments in the overview map and 100 m increments in the detail map. Extent of the O. usambarensis
forest, the boundaries of protected areas, and the location of study plots. Visualization of logging intensities as indicated by basal area removed: no logging: 0 m2 ha�1;
intermediate logging: <25 m2 ha�1; heavy logging: >25 m2 ha�1.
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Fig. 2. Plot design: circular subplot of 20 m in diameter (314 m2) around one living
adult O. usambarensis tree (diameter at breast height >25 cm) in the center and two
transects (each 40 m long and 10 m wide), extending along the contour line in both
directions from the circular subplot.
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ensure independence, we kept a minimum distance of 300 m be-
tween the study plots.

2.4. Population structure and logging intensity

Within each plot (circular subplots and two transects), we mea-
sured diameter at breast height (DBH) of all O. usambarensis trees
>1.3 m in height. Furthermore, we counted all stems of M. kili-
mandscharica with DBH >15 cm. To exclude buttress roots, we
measured their average depth and subtracted it from the overall
diameter. We determined the diameter of stumps of logged O.
usambarensis trees as the average of two perpendicular measure-
ments on the saw plane, again excluding buttress roots (Rijks
et al., 1998). As the decay of stumps is slow in the area, we esti-
mate that their number indicates historical logging during approx-
imately the last 25–35 years, which coincides with the time of
heavy logging intensity in the area.

Past logging intensity was measured as the basal area of
logged O. usambarensis trees per hectare and cross-checked
with the number of logged stems of O. usambarensis per hect-
are. Based on the information that large-scale logging was
effectively prevented from the year 2000 onwards, we assumed
that all logging took place prior to this date. Wood decay of
stumps and moss cover confirmed this assumption. In the
whole area, we found only two trees that had obviously been
logged more recently, both of which were not included in the
data.
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To visualize the impact of logging on the DBH distribution, we
calculated the overall stem density and the density per size class
(using 25-cm-wide size classes) and compared three different log-
ging classes (no logging, <25 m2 ha�1 and >25 m2 ha�1 of basal area
removed).

2.5. Sexual and vegetative regeneration

Within each circular subplot, we counted all seedlings
(height <1.3 m) and root suckers (height <1.3 m) of O. usambaren-
sis. A pilot study had revealed that it was not necessary to com-
pletely uproot putative seedlings to distinguish them from root
suckers. A slight pull upward clearly showed whether the plant
was connected to an adult tree’s root system. Thus, destruction
of the rare seedlings could be avoided. In all doubtful cases during
subsequent data collection, we nevertheless excavated the roots
completely to guarantee unambiguous categorization. To exclude
any influence of the number of adult trees on O. usambarensis seed-
lings and root suckers, we used the numbers per adult O. usambar-
ensis stem (DBH >25 cm, which is the minimum size where we
found fruiting) in the central subplot as response variable for fur-
ther statistical modeling.

2.6. Environmental variables

As environmental variables, we included altitude asl and light
incidence. Altitude was measured in the central part of each circu-
lar subplot using a Garmin GPS Etrex Legend Cx. In addition, we
estimated total light incidence by subtracting the estimated leaf
cover from a 180� half globe around the center of the subplot
(modified from Renison et al., 2005) as not only vertical direct light
but also lateral direct and indirect light may be relevant for plant
growth in the steep and furrowed terrain of montane areas (Clark,
1990).

2.7. Statistical analyses

We used multiple regression in generalized linear models
(GLMs) with logging intensity (expressed as both basal area and
stem number removed per hectare) as explanatory variable. For
sexual and vegetative regeneration counts, we additionally in-
cluded altitude asl and light incidence as covariables to obtain
additional insights into the regeneration ecology of O. usambaren-
sis. For measured data we assumed a Gaussian distribution, for
count data a Poisson distribution. In cases where we detected over-
dispersion (indicated by the ratio of the residual deviance and the
degrees of freedom being larger than 1) due to excess zero-counts,
we used hurdle regression models (Zeileis et al., 2008; Zuur et al.,
2009). The following response variables were tested in separate
models: stem number of adult O. usambarensis with DBH >25 cm,
stem number of young O. usambarensis with DBH <25 cm, stem
number of M. kilimandscharica per hectare based on the data from
the entire study plots; numbers of seedlings and root suckers per
adult tree based on the data of the central subplots.

To compare abundances of seedlings and root suckers with
each other, we used the Wilcoxon test. All statistical analysis was
done using R version 2.12 applying the packages ‘‘vegan’’, ‘‘stat,’’
and ‘‘pscl’’ (R Development Core Team, 2010).
DBH (m)

Fig. 3. Diameter distribution of logged and living O. usambarensis stems comparing
different historical logging intensities as indicated by basal area of O. usambarensis
removed: (a) no logging: 0 m2 ha�1, (b) intermediate logging: <25 m2 ha�1, (c)
heavy logging: >25 m2 ha�1.
3. Results

3.1. Population structure

Overall, the O. usambarensis population was characterized by a
high proportion of large trees with DBH >100 cm and few smaller
trees (>1.3 m in height and DBH <75 cm) irrespective of logging
(Fig. 3a–c). Trees of the diameter class <25 cm were found in only
4% of the plots.

Logging led to a mean removal of 16.76 m2 basal area and
12.37 stems ha�1 in all study plots. The mean diameter of logged
tree stumps was 127 cm. Consequently, the number of adult O.
usambarensis stems (DBH >25 cm) decreased marginally signifi-
cantly with basal area removed and significantly with stems re-
moved (Table 1). In contrast, we found no logged trees in
diameter classes below 75 cm (Fig. 3a–c).

In heavily logged areas (removed basal area of O. usambarensis
>25 m2 ha�1), diameter classes <50 cm were completely absent,
as were their stumps (Fig. 3c). In accordance, the hurdle regression
model revealed that the number of small trees (DBH <25 cm) de-
creased marginally significantly with the removed basal area and
significantly with the number of logged stems (Table 1 and
Fig. 4a). On the other hand, the stem number of M. kilimandscharica
was positively correlated with both measurements of logging
(Table 1 and Fig. 4b).

3.2. Sexual regeneration

Seedlings were present in approximately half of the study plots;
their mean density in all plots was 124 ha�1, and 253 ha�1 in plots



Table 1
Population structure and regeneration (number of seedlings and root suckers) of O. usambarensis in relation to past logging. Means with standard errors in parentheses, n = 45;
P-values <0.05 indicate significant correlations in regressions using GLM (assumed distributions for measured data: Gaussian, count data: Poisson, �overdispersed count data:
hurdle zero-inflated models).

Mean (SE) Historical logging intensity

Basal area removed m2 ha�1 Stems removed N ha�1

Coefficient P-value Coefficient P-value

Population parameters (measured in entire 1114 m2 plots)
Stem number of adult O. usambarensis (DBH >0.25 m) ha�1 28.72 (4.04) �2.001 0.052 �2.129 0.039
Stem number of small O. usambarensis (height >130 cm, DBH <0.25 m) ha�1� 6.98 (3.21) �1.705 0.088 �1.980 0.048
Stem number of Macaranga kilimandscharica (DBH >15 cm) ha�1 138.24 (25.6) 6.114 <0.001 7.575 <0.001

Regeneration (measured in circular 314 m2 subplot)
Seedlings (height <130 cm) per adult tree� 2.72 (0.97) 0.489 0.625 �0.063 0.950
Root suckers (height <130 cm) per adult tree� 12.99 (3.20) �2.168 0.03 �2.521 0.012
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with seedlings. In the hurdle regression model, neither logging
(Table 1 and Fig 4c) nor altitude was significant as a predictor
for seedling number, but total light incidence proved to correlate
positively (P <0.001). Light intensity correlated neither with basal
area removed (P = 0.83) nor with stem number removed
(P = 0.449).
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3.3. Asexual regeneration

Root suckers occurred in 78% of the study plots (mean of
691 ha�1), and total numbers were significantly (5.6 times) higher
than those of seedlings (W = 1447, P <0.001); density and occur-
rence of the two reproduction forms were not correlated with each
other. The hurdle regression model showed that root suckers sig-
nificantly decreased with both measurements of logging intensity
(Table 1 and Fig. 4d).

4. Discussion

4.1. Population structure

The overall diameter class distribution with a high percentage
of larger trees along with few trees in lower diameter classes indi-
cates generally low recruitment despite the fact that the species is
considered shade-tolerant and may regenerate below canopy
(Bussmann, 2001; Babaasa et al., 2004). Similar findings on the size
distributions in populations of tropical tree species have been
attributed to the irregular distribution of suitable regeneration
sites in space and time (Poorter et al., 1996).

Ten years after the suspension of logging activities, the popula-
tion structure of O. usambarensis at Mt. Kenya still clearly shows
past disturbance. The overall decrease in the number of adult trees
with logging is obviously a direct consequence of stem removal by
selective logging. This is supported by the fact that the sum of liv-
ing and logged stems >75 cm in DBH is similar across all logging
classes. In contrast, we found no logged trees in diameter classes
<75 cm. However, in areas with logging rates of >25 m2 of logged
basal area, we observed the complete absence of trees that were
taller than 1.3 m and had diameters <50 cm. Accordingly, the num-
ber of small trees (<25 cm in DBH) was negatively correlated with
logging intensity. A high logging intensity (>25 m2 ha�1) seems to
have prevented seedlings and root suckers from establishing and
growing beyond 1.3 m in height.

These data provide evidence that heavy logging in the past has
led to much slower population recovery of O. usambarensis compared
to intermediate logging. Since most of the study area was logged
heavily (Gathaara, 1999; Vanleeuwe et al., 2003), our study species
seems to require additional conservation measures. Hall et al.
(2003) similarly found a general lack of seedling establishment for
commercially logged timber species, when no additional silvicultural
treatment was applied. Lind and Morrison (1974) hypothesized that
present day conditions are no longer favorable for O. usambarensis to
maintain itself by regeneration. However, at Bwindi (Uganda), where
logging of O. usambarensis had ended 14 years before data collection,
the diameter class distribution showed juvenile trees as most fre-
quent, while seedlings and adults were rare (Bitariho et al., 2006).
Here, the fast population recovery may be related to less severe log-
ging and a higher light availability due to the absence of the shade of
old growth trees (see Section 4.2).

The abundance of M. kilimandscharica trees showed a positive
correlation with logging intensity. This finding is generally in line
with the ‘‘arrested succession’’ hypothesis (Gómez-Pompa and
Burley, 1991; Paul et al., 2004), proposed for O. usambarensis by
Bussmann (2001). He suggested that this pioneer species directly
prevents regeneration of O. usambarensis after heavy logging. Here,
we only show that regeneration of the two species responds in
opposite ways (but possibly independently) to logging intensity.

4.2. Sexual and vegetative regeneration

The number of seedlings was independent of logging intensity.
However, we found a strong positive correlation between total
light incidence and seedling numbers—although O. usambarensis is
considered shade tolerant (Bussmann, 2001; Babaasa et al., 2004).
An initially increased light availability subsequent to logging usu-
ally enhances seedling establishment of both pioneers and late
successional species (Mwavu and Witkowski, 2009). Consequently,
late successional species like O. usambarensis may profit from high
light availability (Makana and Thomas, 2005) as long as the com-
petition with faster growing pioneers for light and other factors
does not counteract the effect. Seedlings of late successional spe-
cies establish more frequently in small gaps, while pioneer species
usually dominate in large gaps that result from logging (Chapman
and Chapman, 1997). This theory is supported by Babaasa et al.
(2004), who only found saplings of O. usambarensis in natural gaps
within undisturbed forests and not in formerly logged areas. Ten
years after logging cessation, gaps are dominated by pioneers
and light incidence is not correlated with logging intensity any-
more. According to Lind and Morrison (1974), O. usambarensis
grows most on the top and sides of narrow ridges, where light inci-
dence is naturally higher. Altogether, it seems to be the high light
demand, among other as yet unknown factors, that hampers seed-
ling establishment of O. usambarensis both after logging and below
canopy in undisturbed stands. Now further research is needed to
identify the safe sites for germination and establishment.

Vegetative regeneration through root suckers was more impor-
tant than sexual regeneration. But in contrast to our initial hypoth-
esis, we found a negative correlation between logging impact and
root sucker number. Vegetative regeneration, especially through
root suckers, is a widespread trait in tropical tree species. It is con-
sidered to be an adaptation to the low radiation environment in
the understory of mature forests, where the established root sys-
tem provides sufficient assimilates for the successful growth of res-
prouts (Kammesheidt, 1999). Root suckers found in undisturbed
sites may serve as a ‘‘ramet bank.’’ Such vegetative sprouts can per-
sist many years in the understory with reduced growth rates and
may later have an advantage in stand regeneration once an open-
ing appears in the tree canopy (Kowarik, 1995). Vegetative regen-
eration is also a common response to anthropogenic disturbance
(Rijks et al., 1998; Del Tredici, 2001).

Vegetative regeneration through root suckers is generally such
a typical trait for O. usambarensis that it has been suggested as a
way of managing timber plantations (Willan, 1965). Yet in heavily
logged areas, the number of root suckers was reduced and small
trees (DBH <0.5 m) were missing. This may be explained by two ef-
fects of former logging. (i) Soil compaction after mechanized log-
ging with heavy machines has been hypothesized to hamper
vegetative regeneration of tree species in logged neotropical forest
stands (Kammesheidt, 1999). At Mt. Kenya logging spread to more
remote areas during the 1990s, after new roads and tracks were
established (Bussmann, 1996). Consequently, improved access for
more people and heavier equipment may have similarly impacted
soil and root sucker growth in O. usambarensis. (ii) Moreover, direct
destruction of roots and root suckers before and during logging is
likely to have played a role. Although a presidential ban on har-
vesting of live indigenous trees was enacted in 1986, dead wood
was still allowed to be removed. Bussmann (1996) described a tim-
ber harvesting method that involved killing trees by digging up the
roots, then leaving the tree for some time, and returning to collect
the ‘‘naturally fallen’’ material later. This method apparently de-
stroys root suckers (Bussmann, 1994). Moreover, root suckers that
were still alive at the time of timber removal were probably prone
to destruction by trampling during sawing and timber transport.
These particular circumstances at Mt. Kenya may thus have pre-
vented the otherwise typical vegetative regeneration by root
suckers.
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5. Conclusions

Overall, our results show that natural recovery of the O. usam-
barensis population at Mt. Kenya is slow in heavily logged areas
and these areas represent by far the largest part of the remaining
forest. Even 10 years after logging suspension, neither seedlings
nor root suckers have grown to bigger size classes in these areas.
Sexual regeneration appears to require particular site conditions
that are generally not readily met in this forest. As already ob-
served by Bussmann (1994, 2001), there still seems to be a nega-
tive legacy effect of logging on the number of root suckers.
Consequently, the better forest protection enacted in 2000 is not
sufficient. Instead the O. usambarensis population requires adapted
restoration schemes.

Other authors have assumed that it will presumably be difficult
to restore pristine O. usambarensis forest quickly (Aerts et al.,
2011). The alteration of the forest structure through logging by
removing the best adult stems may have weakened the population
and accelerated an already ongoing decline caused by other un-
known factors. Therefore, enrichment planting should be consid-
ered in heavily degraded areas. Ocotea usambarensis was
successfully planted for traditional forestry with rotations of
75 years (Kigomo, 1987), but management experience from the
few remaining plantations in Kenya does not give a clear picture
of successful management options (B.N. Kigomo, personal commu-
nication). In the remaining forest areas, enrichment planting may
be necessary to increase population size (Montagnini et al.,
1997). As an additional measure, Bussmann (1994) proposed
encouraging the local communities to establish tree nurseries
and tree planting schemes in areas below the forest. These mea-
sures may contribute to counteracting the severe lack of regenera-
tion in the remaining forest. However, future research is needed to
assess the long-term development of the whole forest ecosystem.
Acknowledgments

Field research in Kenya was funded by Deutscher Akademischer
Austauschdienst (DAAD) and Freunde der Technischen Universität
Berlin. We thank Washington N. Njagi for his excellent assistance
during field work. The National Council for Science and Technology
and the Kenya Wildlife Service facilitated the study by granting re-
search permission. We are grateful to Christian Lambrechts (United
Nations Environmental Programme) for providing some crucial GIS
data. Kelaine Vargas kindly checked our English. We thank an
anonymous reviewer for helpful suggestions to an earlier version
of the manuscript.
References

Aerts, R., Thijs, K., Lehouck, V., Beentje, H., Bytebier, B., Matthysen, E., Gulick, H.,
Lens, L., Muys, B., 2011. Woody plant communities of isolated Afromontane
cloud forests in Taita Hills. Kenya. Plant Ecol. 212, 639–649.

Akotsi, E.N., Gachanja, M., 2004. Changes in forest cover in Kenya’s five ‘‘water
towers’’ 2000–2003, Kenya Forests Working Group, Nairobi.

Akotsi, E.N., Gachanja, M., 2006. Changes in forest cover in Kenya’s five ‘‘water
towers’’ 2003–2005, Kenya Forests Working Group, Nairobi.

Babaasa, D., Eilu, G., Kasangaki, A., Bitariho, R., McNeilage, A., 2004. Gap
characteristics and regeneration in Bwindi Impenetrable National Park.
Uganda. Afr. J. Ecol. 42, 217–224.

Baskin, C.C., Baskin, J.M., 2005. Seed dormancy in trees of tropical climax vegetation
types. J. Trop. Ecol. 46, 17–28.

Bazzaz, F.A., 1991. Regeneration of tropical forests: physiological responses of
pioneer and secondary species. In: Gómez-Pompa, A., Whitmore, T.C., Hadley,
M. (Eds.), Rain forest regeneration and management. Unesco, Paris, pp. 91–118.

Beentje, H., 1990. The forests of Kenya. Mitt. Inst. Allg. Bot. Hamburg 23a, 265–286.
Beentje, H., 1991. Forests of Mount Kenya—vegetation and human uses. In: Ojany,

F.F., Lusigi, W., Rheker, J.R., Taiti, S.W., Wiesmann, U., Winiger, M., (Eds.),
Proceedings of the International Workshop on Ecology and Socio-Economy of
Mount Kenya Area, Nanyuki, University of Bern, March 1989, pp. 47–57.
Bitariho, R., McNeilage, A., Babaasa, D., Barigyira, R., 2006. Plant harvest impacts and
sustainability in Bwindi Impenetrable National Park, SW Uganda. Afr. J. Ecol. 44,
14–21.

Bitariho, R., McNeilage, A., 2008. Population structure of montane bamboo and
causes of its decline in Echuya Central Forest Reserve, South West Uganda. Afr. J.
Ecol. 46, 325–332.

Bussmann, R., 1994. The forests of Mount Kenya (Kenya): vegetation, ecology,
destruction and management of a tropical mountain forest ecosystem. PhD
Dissertation Universität Bayreuth.

Bussmann, R.W., Beck, E., 1995. Regeneration and cyclic processes in the Ocotea-
forests (Ocotea usambarensis Engl.) of Mount Kenya. Verhandlungen der
Gesellschaft für Ökologie 24, 35–38.

Bussmann, R., 1996. Destruction and management of Mount Kenya’s forests. Ambio
25, 314–317.

Bussmann, R., 2001. Succession and regeneration patterns of East African mountain
forests. Rev. Syst. Geogr. Plants 71, 959–974.

Chapman, C.A., Chapman, L.J., 1997. Forest regeneration in logged and unlogged
forests of Kibale National Park, Uganda. Biotropica 29, 396–412.

Clark, D.B., 1990. The role of disturbance in the regeneration of neotropical moist
forest. In: Bawa, K.S., Hadley, M. (Eds.), Reproductive ecology of tropical forest
plants. Unesco, Paris, pp. 291–315.

Dale, I.R., Greenway, P.J., 1961. Kenya trees and shrubs. Buchanan’s Kenya Estates
Limited, Nairobi.

Del Tredici, P., 2001. Sprouting in temperate trees: a morphological and ecological
review. Bot. Rev. 67, 121–140.

FAO, 2010. Global forest resources assessment 2010. Country report Kenya. Forestry
Department Food and Agriculture Organization, Rome.

Gathaara, G.N., 1999. Aerial survey of the destruction of Mt. Kenya, Imenti and
Ngare Ndare Forest Reserves. Kenya Wildlife Service, Nairobi.

Gichuki, F.N., 1999. Threats and opportunities for mountain area development in
Kenya. Ambio 28, 430–435.

Gómez-Pompa, A., Burley, F.W., 1991. The management of natural tropical forests.
In: Gómez-Pompa, A., Whitmore, T.C., Hadley, M. (Eds.), Rain forest
regeneration and management. Unesco, Paris, pp. 3–18.

Hall, J., Harris, D., Medjibe, V., Ashton, P., 2003. The effects of selective logging on forest
structure and tree species composition in a Central African forest: implications for
management of conservation areas. For. Ecol. Man. 183, 249–264.

Hemp, A., 2006. Vegetation of Kilimanjaro: hidden endemics and missing bamboo.
Afr. J. Ecol. 44, 305–328.

Imbernon, J., 1999. Pattern and development of land-use changes in the Kenyan
highlands since the 1950s. Agric. Ecosyst. Environ. 76, 67–73.

Kammesheidt, L., 1999. Forest recovery by root suckers and above-ground sprouts
after slash-and-burn agriculture, fire and logging in Paraguay and Venezuela. J.
Trop. Ecol. 15, 143–157.

Kelly, D., 1994. The evolutionary ecology of mast seeding. Trends Ecol. Evol. 9, 465–
470.

Kigomo, B.N., 1987. The growth of camphor (Ocotea usambarensis Engl.) in plantation
in the Eastern Aberdare Range, Kenya. E. Afr. Agric. For. J. 52, 141–147.

Kindt, R., Coe, R., 2005. Tree diversity analysis: a manual and software for common
statistical methods for ecological and biodiversity studies. World Agroforestry
Centre (ICRAF), Nairobi.

Kindt, R., Lilleso, J.-P., vanBreugel, P., Nyabenge, M., 2005. Potential natural
vegetation of central Kenya for selection of indigenous tree species. World
Agroforestry Center (ICRAF), Nairobi.

Kowarik, I., 1995. Clonal growth in Ailanthus altissima on a natural site in West
Virginia. J. Veg. Sci. 6, 853–856.

Lambrechts, C., Woodley, B., Church, C., Gachanja, M., 2003. Aerial Survey of the
Destruction of the Aberdare Range Forest. UNEP, Nairobi.

Lind, E., Morrison, M., 1974. East African vegetation. Longman, London.
Makana, J.R., Thomas, S.C., 2005. Effects of light gaps and litter removal on the

seedling performance of six African timber species. Biotropica 37, 227–237.
Montagnini, F., Eibl, B., Grance, L., Maiocco, D., Nozzi, D., 1997. Enrichment planting

in overexploited subtropical forests of the Paranaense region of Misiones,
Argentina. For. Ecol. Manag. 99, 237–246.

Muller-Landau, H.C., 2002. Assessing recruitment limitation: concepts, methods
and case-studies from a tropical forest. In: Levey, D., Silva, W., Galetti, M. (Eds.),
Seed dispersal and frugivory: Ecology, evolution, and conservation. CABI pub,
Oxon, pp. 35–53.

Mwavu, E.N., Witkowski, E.T., 2009. Seedling regeneration, environment and
management in a semi-deciduous African tropical rain forest. J. Veg. Sci. 20,
791–804.

Newmark, W., 2002. Conserving biodiversity in East African forests: a study of the
Eastern Arc Mountains. Ecological Studies, vol. 155. Springer, New York.

Nsolomo, V.R., Venn, K., 2000. Capacity of fungi to colonise wood of the East African
camphor tree, Ocotea usambarensis. Mycol. Res. 104, 1468–1472.

Ouédraogo, D.-Y., Beina, D., Picard, N., Mortier, F., Baya, F., Gourlet-Fleury, S., 2011.
Thinning after selective logging facilitates floristic composition recovery in a
tropical rain forest of Central Africa. For. Ecol. Man. 262, 2176–2186.

Paul, J.R., Randle, A.M., Chapman, C.A., Chapman, L.J., 2004. Arrested succession in
logging gaps: is tree seedling growth and survival limiting? Afr. J. Ecol. 42, 245–
251.

Persha, L., Blomley, T., 2009. Management decentralization and montane forest
conditions in Tanzania. Conserv. Biol. 23, 1485–1496.

Poorter, L., Bongers, F., vanRompaey, R., deKlerk, M., 1996. Regeneration of canopy
tree species at five sites in West African moist forest. For. Ecol. Manag. 84, 61–
69.



F. Kleinschroth et al. / Forest Ecology and Management 291 (2013) 396–403 403
Putz, F.E., Brokaw, N.V., 1989. Sprouting of broken trees on Barro-Colorado-Island,
Panama. Ecology 70, 508–512.

R Development Core Team, 2010. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Renison, D., Cingolani, A.M., Suarez, R., Menoyo, E., Coutsiers, C., Sobral, A., Hensen,
I., 2005. The restoration of degraded mountain woodlands: Effects of seed
provenance and microsite characteristics on Polylepis australis seedling survival
and growth in central Argentina. Restor. Ecol. 13, 129–137.

Rijks, M.H., Malta, E.J., Zagt, R.J., 1998. Regeneration through sprout formation in
Chlorocardium rodiei (Lauraceae) in Guyana. J. Trop. Ecol. 14, 463–475.

Schöning, C., Csuzdi, C., Kinuthia, W., Ogutu, J., 2010. Influence of driver ant swarm
raids on earthworm prey densities in the Mount Kenya forest: implications for
prey population dynamics and colony migrations. Insectes Soc. 57, 73–82.

Struhsaker, T.T., 1997. Ecology of an African rain forest: Logging in Kibale and the
conflict between conservation and exploitation. University Press of Florida,
Gainesville, Florida.
UNEP, 2005. World Heritage Sites. Mount Kenya National Park/Natural Forest
Kenya. United Nations Environmental Programme/World Conservation
Monitoring Centre, Cambridge.

Vanleeuwe, H., Woodley, B., Lambrechts, C., Gachanja, M., 2003. Change in the state
of conservation of Mt. Kenya forests: 1999–2002. DICE, KWS, UNEP, KFWG,
Nairobi.

Verdcourt, B., 1996. Ocotea usambarensis. In: Polhill, R.M. (Ed.), Flora of tropical East
Africa – Lauraceae. Balkema, Rotterdam.

Willan, R.L., 1965. Natural regeneration of high forest in Tanganyika. E. Afr. Agric.
For. J. 31, 43–53.

Zeileis, A., Kleiber, C., Jackman, S., 2008. Regression models for count data in R. J.
Stat. Softw. 27, 1–25.

Zuur, A., Ieno, E., Walker, N., Saveliev, A., Smith, G., 2009. Mixed effects models and
extensions in ecology with R. Springer, New York.


	Regeneration of the East African timber tree Ocotea usambarensis in relation to  historical logging
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Study species
	2.3 Sampling design
	2.4 Population structure and logging intensity
	2.5 Sexual and vegetative regeneration
	2.6 Environmental variables
	2.7 Statistical analyses

	3 Results
	3.1 Population structure
	3.2 Sexual regeneration
	3.3 Asexual regeneration

	4 Discussion
	4.1 Population structure
	4.2 Sexual and vegetative regeneration

	5 Conclusions
	Acknowledgments
	References


