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Abstract
Natural regeneration of timber species is critical to the
sustainable management of tropical forests. To understand
what determines regeneration success of timber species in
the Congo Basin, we evaluated whether seedling recruitment rates differed between forest logged 30 years
previously and unlogged forest and determined the environmental factors that influence seedling density, growth
and survival. We monitored the fate of 2186 seedlings of
seven timber species within 462, 25-m2 plots located along
21 transects. We characterized seedling plots by light
availability, soil nutrient availability and pH, and abundance of mammalian herbivores and then used linear and
generalized linear mixed models to evaluate the variables
that influenced seedling density, growth and survival.
Light availability and canopy openness were 18% and 81%
higher in logged than unlogged forest, and concentration
of soil nutrients varied between sites. Seedling density was
32% higher in unlogged than logged forest. Taking all
species together, seedling survival was positively correlated
with calcium and negatively with magnesium and available phosphorus. Rates of seedling growth increased with
available light. Taken separately, seedlings of the selected
timber species responded differently to abiotic and biotic
factors, demonstrating species-specific regeneration
requirements.
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tropicales. Pour bien comprendre ce qui determine la
reussite de la regeneration des especes d’arbres du bassin
du Congo, nous avons evalue si le taux de recrutement des
jeunes plants etait different selon qu’il s’agissait d’une for^et
exploitee 30 ans auparavant ou d’une for^et non exploitee
et nous avons determine les facteurs environnementaux
qui influencent la densite de jeunes plants, leur croissance
et leur survie. Nous avons suivi l’evolution de 2186 jeunes
plants de sept especes d’arbres exploites repartis dans 462
parcelles de 25m² situees le long de 21 transects. Nous
avons caracterise ces parcelles en fonction de la disponibilite de la lumiere, des nutriments du sol et du pH, ainsi que
de l’abondance de mammiferes herbivores, et nous avons
ensuite utilise des modeles lineaires et des modeles lineaires
generalises mixtes pour evaluer les variables qui influencent la densite des plants, leur croissance et leur survie. La
disponibilite de la lumiere et le caractere ouvert de la
canopee etaient respectivement 18% et 81% plus eleves
dans la for^et exploitee que dans celle qui ne l’etait pas, et la
concentration de nutriments dans le sol variait selon les
sites. La densite des jeunes plants etait 32% plus elevee
dans la for^et non exploitee que dans l’autre. Toutes especes
confondues, la survie des jeunes plants etait positivement
liee au calcium et negativement liee au magnesium et au
phosphore disponible. Le taux de croissance des plants
augmentait avec la lumiere disponible. Pris separement, les
jeunes plants des especes selectionnees repondaient
differemment aux facteurs abiotiques et biotiques, montrant ainsi que les exigences des differentes especes pour
leur regeneration leur sont specifiques.

Resume
La regeneration naturelle des differentes especes de bois
exploites est critique pour la gestion durable des for^ets

Introduction
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Understanding the factors that determine the natural
regeneration of tropical timber species is a central
challenge for the sustainable management of forests
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(Hall et al., 2003a; Makana & Thomas, 2005). In the
Congo Basin, timber extraction constitutes a major source
of revenue that is of substantial long-term socio-economic
importance (Karsenty, 2008; De Wasseige et al., 2009;
Nasi, Billand & Vanvliet, 2012). Logging, however,
degrades production forests and compromises their abilities
to contribute to development and conservation (White,
1994; Malcolm & Ray, 2000; Hall et al., 2003a; Poulsen
et al., 2009; Gibson et al., 2011; Medjibe et al., 2011;
Medjibe, 2012). Without regeneration of the most valuable
tree species (Mostacedo & Fredericksen, 1999), an important source of timber and revenue will be lost as companies
necessarily turn towards less valuable species.
Regardless of the harvest technique, logging creates
canopy gaps and compacts soils, which could hamper
regeneration (Mostacedo & Fredericksen, 1999; Fredericksen & Mostacedo, 2000). On the other hand, increased
canopy disturbance and light availability can accelerate
stand recovery and improve recruitment of some highvalue timber species (Jennings, Brown & Sheil, 1999; Hall
et al., 2003b; Wright et al., 2003). Gap creation combined
with microsite changes can have positive or negative
effects on tree regeneration depending on the biological
characteristics of individual plant species (Hall et al.,
2003a; Park, Justiniano & Fredericksen, 2005; Lobo et al.,
2007).
In Central Africa, Entandrophragma cylindricum and
E. angolense recruited best under the light environment
in small forest gaps with nutrient-rich soils (Hall et al.,
2003a; Makana & Thomas, 2005). In addition, Hall et al.
(2003b) reported lower densities of Entandrophragma
seedlings 18 years after logging compared with unlogged
forests. In southern Central America, however, Lobo et al.
(2007) reported differences in seedling densities of multiple
tree species between logged and unlogged forests; but no
such differences were found for timber species in Bolivian
tropical forests when comparing recently logged forest and
forest logged at least 15 years prior to the study (Park,
Justiniano & Fredericksen, 2005). With these contradictory results, it is difficult to prescribe suitable silviculture
techniques (Mostacedo & Fredericksen, 1999; Fredericksen
& Putz, 2003; Pe~
na-Claros et al., 2008; Putz et al., 2012).
This study investigates the growth and survival of
seedlings of seven timber species in logged and unlogged
forests with a focus on the influences of light availability,
soil nutrients and herbivory. Specifically, our objectives
include (i) to test whether seedling growth and survival
differ between logged and unlogged forests; (ii) to

determine the factors (light availability, nutrient availability, herbivory) that influence timber seedling density,
growth, and survival; and (iii) to evaluate whether
seedlings of the focal timber species differ in their light
and soil resource requirements for survival and growth.

Material and methods
Study site and sampling design
The study was conducted in mixed tropical rainforest in
the northern Republic of Congo (2°160 N; 16°500 E). The
research site is located in the Nouabale-Ndoki National
Park (426,800 ha; i.e. unlogged forest) and in the Kabo
concession (267,048 ha; i.e. logged forest). At the time of
this research, the concession was being selectively harvested by the Congolaise Industrielle de Bois logging
company (CIB; Fig. 1). Logging history in the concession
extends back nearly 30 years with unplanned operations,
but the logging intensity and impact are unknown. In
2006, the company started a second logging rotation
based on a 30-year cycle at an intensity of about 2.5
trees ha1 (CIB, 2006).
The vegetation is characterized by a dense mixed humid
evergreen rainforest (Brncic et al., 2006; Harris & Wortley,
2008). The predominant vegetation is mixed species terra
firma forest. The soils are mostly nutrient-poor Oxisols. The
area is rich in fauna and flora, including several endangered species (Clark et al., 2009; Poulsen, Clark & Bolker,
2011). The annual rainfall is 1500–1700 mm, and the
average monthly temperature is 24–29°C (data from the
Bomassa Research Station).
Thirty sampling sites (i.e. wildlife transects) were randomly positioned in mixed lowland forest: ten sites in
unlogged forest, ten sites in logged forest and ten sites in
logged and heavily hunted forest. Each sampling site was
composed of a 2.5-km wildlife transect, with a 1-ha tree
plot (100 9 100 m) positioned at the mid-point
(1.25 km) of each wildlife transect. To avoid disturbing
the transects, we offset the plots (randomly selecting the
right or left side of the transect) so that the side of plot
closest to the transect was 50 m from the transect and the
plot mid-point was 100 m from the transect. For this
study, we randomly selected 21 of the wildlife transects
(seven within each of the three logging/hunting strata).
Along each of the transects, we established 22 25-m2
seedling plots (5 9 5 m). The seedling plots were located
as pairs every 250 m, with one seedling plot at 10 m to
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Fig 1 Map of study area in northern
Republic of Congo, Africa. The inset maps
show the area within Africa (upper left
panel) and within the region (lower left
panel). The study area is located in a
larger landscape that includes multiple
logging concessions and protected areas,
including the Lobeke National Park in
Cameroon, the Ndoki National Park in
Central African Republic, and the
Nouabale-Ndoki National Park in the
Republic of Congo. Twenty-one transects
(2.5 km), indicated by black squares, were
positioned in a stratified random manner
in the Kabo concession and NouabaleNdoki National Park (NNNP)

the right and the second at 10 m to the left of the transect.
In total, we sampled 462 seedling plots. We compared
seedling regeneration between logged and unlogged forest,
treating both logged and logged heavily hunted forests as a
single category of logged forest.

Data collection on seedling plots

Seedling density, growth and survival. Within each of
the 462 plots, we identified, tagged and measured the
root collar diameter and the height of all seedlings of
seven timber species (Table 1). These species were
chosen because they are among the main harvested
timber species in the region. We defined seedlings as
woody individuals of ≤1.0 cm diameter and ≤50.0 cm in
height (following Mwavu & Witkowski, 2009a; Comita
et al., 2010; Metz, Sousa & Valenci, 2010). We set-up
the plots and collected data on seedlings in March–April
2007. After 6 months, in November 2007, we returned
to the plots to remeasure tagged seedlings and assess
survival.

© 2014 John Wiley & Sons Ltd, Afr. J. Ecol.

Light availability. To evaluate the relationship between
seedling density, survival and growth, we quantified
available light with hemispherical canopy photography.
Photographs were taken using a Nikon Coolpix 5400
digital camera (Niko, Chiyoda-ku, Japan) mounted with a
Nikon FC-E8 fisheye lens and levelled on a tripod. We took
photographs at 30 cm above the ground at the centre of
each seedling plot when the sky was overcast or in early
morning and late afternoon. We used the software Gap
Light Analyzer (GLA version 2.0; Simon Fraser University,
Burnaby, BC, Canada) to estimate available light from the
462 hemispherical photographs. We calculated the global
site factor, which is the percentage of total light reaching
the ground relative to the total light above the canopy
(Frazer, Canham & Lertzman, 1999). Leaf area index (LAI)
was estimated from the photographs (see Welles &
Norman, 1991).
Soil characteristics and nutrient availability. To evaluate the
effect of mineral nutrient availability on seedling density,
survival and growth, we collected soil samples from the
upper 15 cm of mineral soil using a 3-cm-diameter soil

ST = shade tolerant, NLPD = non-pioneer light demander. ST species regenerate and spend their lives in shaded environments; NPLD species can regenerate in the shade, but
require light for growth and survival at certain stages of their life cycle (Hawthorne, 1995; Hawthorne et al., 2012).
b
A = animal, W = wind.
a

0.44
0.23
0.08
1.28
0.07
1.77
0.23
–
–
6.5
21.1
1.1
1.4
2.9
3.1
1.2
21.3
48.2
3.5
10.4
0.4
0.7
1.7
4.3
1.7
20.0
55.1
2.5
8
0.3
0.6
1.5
1.7
1.4
68.1
319.4
4.5
15.6
1.1
1.3
2.6
2.0
0.8
45.2
316.2
A
A
A
W
W
W
A,W
–
–
ST
ST
ST
NLPD
NLPD
NLPD
NLPD
–
–
CEAD
CEMI
CHPE
ENAN
ENCA
ENCY
GUCE
–
–
Celtis adolfi-friderici
Celtis mildbraedii
Chrysophyllum perpulchrum
Entandrophragma angolense
Entandrophragma candollei
Entandrophragma cylindricum
Guarea cedrata
Timber tree
All trees

Cannabaceae
Cannabaceae
Sapotaceae
Meliaceae
Meliaceae
Meliaceae
Meliaceae
–
–

Dispersal
modeb
Species
code
Species

Family

Guilda

0.03
0.14
0.02
2.56
0.08
2.86
0.32
–
–

Unlogged
forest
Logged
forest
Unlogged
forest
Logged
forest
Unlogged
forest

Logged
forest

Seedling density
(seedlings 25 m2)
Density tree ≥40 cm
DBH
(stems ha1)
Density tree
10–40 cm DBH
(stems ha1)

Table 1 Characteristics of the focal seedling species, including their regeneration guild, dispersal mode, densities of trees >10 cm dbh in unlogged and logged forest, and seedling
densities in 25 m2 plots in logged and unlogged forest
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probe. Soil subsamples were taken at four corners of each
seedling plot and combined to represent a single sample per
plot. Subsamples for each plot were stored in plastic bags
before being air-dried and shipped to the soil testing
laboratory. Soil analysis included nutrient availability
analysis (P, K, Ca, Mg) and pH. Soil pH was measured in
an Adams-Evans buffer solution made up of one volume of
soil diluted in two volumes of water. Available cations and
P were extracted using the Mehlich-III extractant solution
(Tran & Simard, 1993). All analyses were conducted by
the IFAS Extension Soil Testing Laboratory, University of
Florida, U.S.A.
Animal abundance. To determine whether differences in
duiker (Cephalophus spp.) abundance affect seedling density, survival and growth, we used data on duiker relative
abundance collected concurrently for a companion study
along the same transects (Poulsen, Clark & Bolker, 2011).
Duikers browse on seedlings and are among the dominant
terrestrial herbivores in these tropical forests (Wright,
2003; Dunham, 2008).
Adult tree density. In each of the 1-ha tree plots, we
measured and tagged all trees ≥10 cm diameter-at-breast
height (dbh). We tested whether the density of adult
reproductive trees (defined as trees ≥40 cm dbh) of our
focal species was correlated with conspecific seedling
density.

Data analysis
The goal of our analysis was to evaluate whether the
environmental factors (light, nutrients and herbivory)
influence the density, survival and growth of seedlings. We
determined the factors that drive species presence and the
factors that contribute to species density conditional upon
the species being present. For seedling survival, we used
the proportion of seedlings that survived the 6 months
between censuses. Similarly, seedling growth was evaluated as the change in height and root collar diameter of
each seedling.
We employed mixed models, treating environmental
factors as fixed effects and species and transect identities as
random effects to account for potential spatial autocorrelation among plots along the same transect. Seedling presence
and survival in plots were evaluated using generalized linear
mixed models (GLMMs) with a binomial distribution and
logit link. Seedling density was fit with GLMM models using a
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Poisson distribution and log link. For seedling growth, we
employed mixed linear regression models to select the
variables that most strongly influenced seedling growth
after examining plots of residuals to satisfy the assumptions
of normality and homoscedasticity. We used Laplace
approximation (lme4 package; Bates & Sarkar, 2007) for
maximum-likelihood estimation of the parameters of the
GLMM models (Bolker et al., 2009). Akaike’s information
criterion (AIC) was used to compare the goodness of fit of
models (Burnham & Anderson, 2002). All analyses were
conducted with the R program, version 2.10.1 (R Development Core Team, 2010).

Results

5

(Table 2). Similarly, canopy openness was 80.5% higher in
logged than unlogged forest, and logged forest had a
significantly lower LAI (Table 2). The difference in light
availability and canopy openness between the two sites
could be explained by the variability in vertical and
horizontal structures of the forest canopy. Relative abundance of duikers was higher in the protected unlogged forest
with 61.9% more duiker observations than in logged forest.
In regard to soils, potassium concentrations were significantly lower in logged forest compared with unlogged forest,
whereas pH was significantly higher in logged forest than
unlogged forest (Table 2). There were no significant differences in nutrient concentrations between the two forest
types for magnesium, phosphorus or calcium.

Site characteristics

Seedling presence and density

Logged and unlogged forests differed in several ways likely to
influence seedling survival and growth. The mean density of
the focal adult timber trees varied across species, from 0.4 to
10. 4 trees ha1 in unlogged forest and 1.1 to 21.1
trees ha1 in logged forest. Density of trees 10–40 cm, all
tree species combined, was higher in logged than unlogged
forest, suggesting trees have migrated into larger diameter
size classes (Table 1). The lower density of trees ≥40 cm
suggested the removal of large trees during the selective
logging (Tables 1 and 2). Light availability was
1.1 mol m2 day1 higher in logged than unlogged forest,
although the difference was not statistically significant

Seedlings of the focal species were present in 79.9% of plots
in unlogged forests and 65.5% of plots in logged forest
(Figs 2a and 3a). The presence of seedlings in our study
plots was significantly related to logging, light availability
and functional group, with the odds of seedling presence
being higher in unlogged than logged forest (Figs 2a and
3a). The random effects, which were about the same
magnitude as the fixed effects, demonstrated more variation in seedling presence among species (effect size = 0.85)
than among transects (effect size = 0.30), emphasizing the
importance of species-specific characteristics for regeneration.

Table 2 Results of linear mixed models comparing environmental variables between logged and unlogged forest in northern Congo. For
each comparison, the mean and standard error (SE) of the variables and the degrees-of-freedom (df), t-value (t) and P-value (P) are shown.
All environmental variables except adult trees and duiker abundance were assessed at the subplot level, and thus, Transect is the effect size
of the blocking factor (random effect)

Variables

Logged forest
mean  SE

Adult trees (stems ha1)
Duiker abundance (number km2)
Leaf Area Index (m2 m2)a
Available light (mol m2 day1)
Canopy openness (%)
Calcium (ppm)
Magnesium (ppm)
Phosphorus (ppm)
Potassium (ppm)
pH

5.3
1.3
4.2
6.3
4.1
199.0
42.5
8.5
61.8
4.3

a












4.6
0.28
0.04
0.22
0.13
7.94
1.64
0.20
1.21
0.02

Unlogged forest
mean  SE
3.2
2.1
4.6
5.2
3.3
186.4
52.2
7.6
79.5
4.1












2.5
0.23
0.08
0.30
0.18
5.45
1.57
0.20
1.80
0.02

Transect

df

t

P

0.36
1.59
1.03
54.38
14.16
2.47
5.58
0.14

29.9
10.6
19
19
19
13
13
13
13
13

2.75
10.68
2.16
1.34
1.50
0.51
0.97
0.72
3.84
2.22

0.011
0.058
0.044
0.195
0.149
0.618
0.349
0.483
0.002
0.045

Leaf area index is expressed in terms of half the square metres of leaf per square metre of ground and ranges from 0 for bare ground to
around 8 for dense forest (see Ghazoul & Sheil, 2010).
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(a)

(b)

1.0
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0.6
0.4

0.4
0.2

0.0

0.0

(d)
8

Height growth (mm)

0.6

Density (m– 2)

0.6

0.2

(c)
0.5
0.4
0.3
0.2
0.1
0.0

5

2

–1
CEAD

(e)
Diameter growth (mm)

1.0
0.8

0.8

CEMI

CHPE

ENAN

ENCA

ENCY

GUCE

All

1.0
0.5

Unlogged forest
Logged forest

0.0
–0.5
–1.0
CEAD

CEMI

CHPE

ENAN

ENCA

ENCY

GUCE

All

Fig 2 Boxplots showing the seedling data for each species and all species pooled (All) in logged and unlogged forests in northern Congo.
(a) Proportion of plots (n = 462) containing timber seedlings. (b) Proportion of seedlings surviving over the six months of the study.
(c) Density of seedlings per plot. (d) Mean height growth (mm) over six months. (e) Mean diameter growth (mm) in six months. The
horizontal line in the boxplot is the median, the hinges are the first and third quartiles, and the whiskers show the minimum and maximum
values. Height and diameter growth can be negative due either to measurement error or actual loss of growth through predation or damage
by falling branches or trees. The species codes are: CEAD: Celtis adolfi-friderici; CEMI: Celtis mildbraedii; CHPE: Chrysophyllum perpulchrum;
ENAN: Entandrophragma angolense; ENCA: Entandrophragma candollei; ENCY: Entandrophragma cylindricum; GUCE: Guarea cedrata

With all species combined, seedling densities were also
higher in unlogged than logged forest, with an average of
0.24 seedling m2 (2402 seedlings ha1) in unlogged
forest and 0.16 seedlings m2 (1639 seedlings ha1) in
logged forest (Figs 2c and 3b). The higher seedling density
in the unlogged forest showed that seedlings were stunted
in the forest understory. While in the logged forest,
disturbance from logging created conditions for seedlings
to migrate into saplings, poles and then small trees resulted
in higher density of trees 10–40 cm (Table 1). Available
light, plant available phosphorus and density of adult trees
all significantly influenced seedling density (Fig. S1). The
factors that influenced the presence and density of seedlings varied among species (Fig. 2a,c; Tables S1 and S2).
The densities of seedlings of Celtis adolfi-friderici and
E. cylindricum were negatively correlated with soil
calcium, but C. adolfi-friderici responded positively to

magnesium and E. cylindricum responded positively to
potassium (Table S2).

Seedling survival
The proportion of seedlings that survived the 6 months
varied between sites, among species, and functional groups
(Figs 2b and 3c). Overall, seedlings in the unlogged
forest had higher survivorship (60.1%) than in the
logged forest (39.9%; Fig. 2b), likely resulting from logging
that changed the local environment. Thus, environmental
factors differently influenced seedling survival with shadetolerant species showing higher survival that varied with
soil nutrients (Figs 3c and 4). At the species level, there
were no significant effects of sites or available light on
seedling survival, but survival of some species depended on
soil nutrients (Table S3; Figs S2–S5).

© 2014 John Wiley & Sons Ltd, Afr. J. Ecol.
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(a)

Light availability

Conspecifics
pH
Calcium
Magnesium
Potassium
Phosphorus
Light availability
Duiker abundance
Unlogged forest
Shade-tolerant

Duiker abundance

Unlogged forest

Shade-tolerant
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

(b)

0.0

0.5

1.0

1.5

2.0

2.5

Density (Seedlings m 2)

Pr (Seedling presence)

(c)

Fig 3 Effects of environmental factors
estimated from GLMM’s of all seedling
species combined (see Methods). Panels
represent each of the different response
variables: (a) seedling presence (probability of seedling occurrence); (b) seedling
density (number of seedling/25m2); (c)
seedling survival (probability of survival),
(d) root collar diameter growth (mm); and
(e) height growth (cm). Error bars are 95%
confidence intervals, which in some cases
are not visible because they are very small.
The dashed vertical lines indicate a value
of “no effect”
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(d)

Conspecifics
pH
Calcium
Magnesium
Potassium
Phosphorus
Light availability
Duiker abundance
Unlogged forest
Shade-tolerant

Conspecifics

0.5

1.0

1.5

2.0

2.5

3.0

Pr (Survival)

–0.5

0.0

0.5

1.0

1.5

2.0

Diameter growth (cm)

(e)

Conspecifics

0.000

0.005

0.010

Height growth (cm)

Seedling growth

Discussion

Over the 6-month study, the average root collar diameter
growth in unlogged forest was 0.03 mm greater than in
logged forests among conspecifics (Figs 2e and 3d),
whereas the average height growth was 0.3 cm greater
in the logged than unlogged forests (Figs 2d and 3e).
Shade-tolerant species had higher height growth than
other functional types, with growth increasing with light
availability (Fig. 3e). Of the factors measured, only available light affected seedling growth (t = 3.1; df = 1004;
P = 0.002). The species random effect was three times
greater than any of the fixed effects, suggesting that height
growth varied largely by species.
At the species level, diffuse light increased root collar
growth of C. adolfi-frederici seedlings. Environmental factors differentially affected the growth of each species, with
pH and magnesium influencing root collar growth of some
species. Height growth of E. angolensis was also influenced
by soil characteristics (Table S4).

By monitoring naturally recruiting seedlings, we found
unlogged forest in northern Congo to have higher seedling
density, higher seedling survival, greater root collar
diameter, but less height growth than logged forest.
Differences in these measures of seedling recruitment
might result from differences in environmental characteristics caused by logging. Our study provides a first
assessment of community-level seedling recruitment
30 years after logging. We followed seedlings for only
6 months, and thus, there may be important seasonal
differences in seedling recruitment that we did not detect.

© 2014 John Wiley & Sons Ltd, Afr. J. Ecol.

Site characteristics
Logged and unlogged forests at our study site differed in
several aspects that may have influenced seedling regeneration and tree species composition (see Hall et al.,
2003a, 2004). Logged forest was characterized by higher
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(a)
1.0
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Calcium (ppm)

(d)
1.0
0.8
0.6
0.4
0.2
0.0
0
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20

30

40

Adult trees (ha 1)

canopy openness, lower LAI, more available light and
lower duiker abundance than unlogged forest: these
disparities matched our predictions of the effect of logging
(and higher levels of hunting that accompany it) on
tropical forests. Differences in soil nutrients, however,

50

60

Fig 4 The effects of soil nutrients and
adult tree density on the probability (Pr) of
seedling survival of timber species in
northern Congo. Results presented here
are the effects of a GLMM on seedling
survival with a binomial distribution and
logit-link. We present the of survival over
the ranges of nutrient availability for (a)
Phosphorus, (b) Magnesium, (c) calcium
and (d) Adult tree density. The different
lines represent models with effects of
different seedling guilds: ST (shade-tolerant), LD (non-pioneer light demanding),
unlogged forest (UL) and logged forest (L)

could be due to natural heterogeneity between our sites or
a result of logging disturbance on the soil surface, which
could expose mineral soils and accelerate decomposition of
plant materials (see Chazdon, 2003; Hawthorne et al.,
2012).
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Seedling presence and density
Seedlings of the focal timber species occurred more often
and tended to have higher densities in unlogged compared
with logged forest. In the Ngotto forest, Central African
Republic (C.A.R), Vanthomme, Belle & Forget (2010)
found seedling density to be lower in disturbed forest
compared with less disturbed forest. However, Mwavu &
Witkowski (2009b) found higher seedling densities in
logged than unlogged sites in the Budongo Forest Reserve
in Uganda, concluding that selective logging created
opportunities for establishment of new individuals and
species. The higher seedling density in our unlogged forest
could be associated with the density of the adult trees of
the focus species (Table 1). It is known that logging
reduces the number of large reproductive timber trees,
potentially decreasing numbers of seed trees and altering
rates of pollination and dispersal (Redford, 1992; Pariona,
Fredericksen & Licona, 2003). But differences in overall
seedling presence and density in our study site could also
be attributed to the failure of seed arrival (seed limitation)
or lack of suitable environmental conditions (establishment limitation; Clark et al., 2007). We found some
evidence for a positive relationship between adult tree
density and seedling density, although we estimated adult
tree densities from 1-ha plots and surveys in the immediate vicinity of the seedling plots may have better
elucidated the effects of adult conspecifics on seedling
recruitment.
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calcium and potassium, while it decreased with higher
concentrations of magnesium and available phosphorus.
These results suggested the necessity of further research
on environmental factors affecting seedling survival to
guarantee their recruitment.

Seedling growth
Overall, seedlings had smaller root collar growth, but
greater height growth in logged than unlogged forest. The
difference in type of growth might represent a trade-off in
light-limited environments, with light-demanding species
allocating resources to primary growth and shade-tolerant
species dedicating resources to secondary growth (Kitajima
& Augspurger, 1989; Kitajima, 2002). With more felling
gaps, logged forest has higher light availability than
unlogged forest, allowing tree species to grow higher than
in unlogged forest. In Central Africa, Hall et al. (2003b)
and Makana & Thomas (2005) reported E. cylindricum and
E. angolense to grow better in the light environment
typically found in small to intermediate forest gaps. These
findings are similar to our results that E. angolense,
E. cylindricum and Guarea cedrata had greater height
growth in the logged forest than unlogged forest. We
found a significant effect of calcium on root collar growth
of E. angolense and of magnesium on root collar growth of
E. cylindricum, suggesting that growth depends on
multiple resources.

Forest management implications
Seedling survival
Seedling survival over the 6-month study period was
higher in unlogged than logged forest. Through gap
creation, logging opens up space for colonization by
opportunistic species that can out-compete many timber
species (Wright et al., 2003; Makana & Thomas, 2005).
Thus, the capacity of timber species to persist in the
forest understory may be important for survival, as
indicated by the higher survival of shade-tolerant species
than light-demanding species in both logged and
unlogged forests (see Kitajima, 2002; Wright et al.,
2010). In C.A.R, Hall (2008) reported a 12% survivorship of Entandrophragma seedling in mixed forest and that
seedlings died due to fungal (27%), insect attacks (28%)
and small mammals responsible for 5% of seedling
mortality. Complementarily, this study found that seedling survival increased with higher concentrations of

© 2014 John Wiley & Sons Ltd, Afr. J. Ecol.

We found environmental conditions to differ between
logged and unlogged forests with important consequences
for seedling recruitment, survival and growth. The factors
driving seedling recruitment varied strongly among species
suggesting that there is likely no single best method for
increasing recruitment of timber species. As timber
production in Central Africa is important for economic
development (see Karsenty & Gourlet-Fleury, 2006; Karsenty, 2008) and timber harvest entails a relatively small
suite of high-value species, a priority should be put on
understanding their species-specific regeneration requirements. Thus, a long-term vision of sustainable timber
management will need to incorporate logging practices
and silviculture techniques tailored to specific species, both
at the seedling stage as well as at other stages in their life
cycle. The generality of our conclusions should be tested
through further replication at different sites, over multiple
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seasons and under different conditions (time since logging,
logging intensity, etc.).
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Additional Supporting Information may be found in the
online version of this article:
Table S1 Significant effects of environmental variables on
seedling presence from a GLMM fit by Laplace approximation in both logged and unlogged forests in northern
Congo (see Methods).
Table S2 Effects of environmental variables on seedling
density from a GLMM fit by Laplace approximation in both
logged and unlogged forests in northern Congo.
Table S3 Effects of environmental variables on seedling
survival from a GLMM fit by Laplace approximation in both logged and unlogged forests in northern
Congo.

Table S4 Effects of environmental variables on seedling
height growth from a GLMM fit by Laplace approximation in both logged and unlogged forests.
Figure S1 Effects of environmental variables on seedling
height growth from a GLMM fit by Laplace approximation in both logged and unlogged forests.
Figure S2 Effects of calcium on seedling survival of
selected timber species in northern Congo.
Figure S3 Effects of magnesium on seedling survival of
selected timber species in northern Congo.
Figure S4 Effects of available phosphorus on seedling
survival of selected timber species in northern Congo.
Figure S5 Effects of potassium on seedling survival of
selected timber species in northern Congo.
Data S1 Results.
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