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Abstract

Logging gaps could provide suitable conditions for enrichment plantation of timber species.
However, there is little data on the long-term performance of planted species, particularly in
Central Africa. In this study, we assessed the performance of 15 species planted in 198 logging
gaps in a forest logging concession of South-Eastern Cameroon. A total of 2,304 trees were
monitored for up to 14.3 years or 19 years. We assessed the influence of species, species guild,
age and tree size on tree survival and growth using linear mixed-effects models. Survival rates
varied across species, age and species guild. Five species (Detarium macrocarpum Harms,
Erythrophleum suaveolens (Guill. & Perr.) Brenan, Terminalia superba Engl. & Diels, Baillonella
toxisperma Pierre and Prioria oxyphylla (Harms) Breteler) had annual survival rates greater
than the average, with more than 80% of the trees planted had survived after 14.3 to 19 years.
On the other hand, all Entandrophragma cylindricum (Sprague) Sprague individuals had died
after 14.8 years. Diameter and height growth also varied across species, age and guild.
Terminalia superba had the highest diameter (16 mm.yr!) and height (103 cm.yr?)
increments. Lovoa trichilioides Harms and B. toxisperma had diameter increments higher than
2 mm.yrt while E. utile, L. trichilioides, E. suaveolens, E. angolense and Mansonia altissima
(A.Chev.) A.Chev. had height increments higher than 15 cm.yr%. This study thus recommends
enriching logging gaps of South-Eastern Cameroon with a pioneer species, T. superba. The use
of other species (e.g., B. toxisperma, E. suaveolens and D. macrocarpum) could only be

considered if maintenance can be regularly carried out.

Keywords: Forest concessions, logging gap, enrichment planting, tree performances,

Cameroon, tropical silviculture
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1. Introduction

In Central Africa, logging has focused on very few species for decades, with six species
accounting for more than 80% of the total production (Ruiz et al., 2005; BAD-FRMi, 2018;
Duhesme et al., 2022). Even if such selective logging has a limited impact on forest cover and
biodiversity (Putz et al., 2012), the timber volume of exploited species has depleted through
harvest cycles (Gourlet-Fleury et al., 2013). Several measures have been proposed to address
this issue, including the promotion of lesser-known timber species as alternative timber
resources (Horne, 2013; Karsten et al., 2014), and forest plantations to supplement the
regeneration of exploited species (Schulze, 2008; Doucet et al. 2016; Brown et al. 2020; llunga-
Mulala et al., 2025). The latter option might additionally provide environmental services, such
as carbon sequestration or the non-timber resources production for local communities

(Cerullo and Edwards, 2019).

Logging gaps could offer suitable conditions for tree planting in production forests
(Schulze 2008; Negreros-Castillo and Mize, 2008; Ouédraogo et al., 2014, Fayolle et al., 2015;
Schwartz et al. 2017a; Costa et al., 2021). They allow more light to reach the lower vegetation
strata and could then create more favourable conditions for the regeneration of light-
demanding species (Jans et al., 1993; Numata et al., 2006; Swaine and Agyeman, 2008). As
gaps are generally of limited size, not only pioneer species can regenerate within gaps but also
mid-successional species (Brokaw, 1985), especially those that can tolerate moderate light
levels. Although logging remove on average 1-2 trees per hectare every 25-30 years in the
Congo Basin (FRMi, 2018), forest concessions covers wide area allowing large-scale

enrichment activities.
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The size of these gaps depends on many parameters, including the harvested species,
topography and logging method. If reduced impact logging (RIL) practices are implemented,
and this is mandatory in FSC-certified forest companies, the gap size is smaller than in
conventional logging (Pena-Claros et al. 2008; Medjibe et al. 2011; Bonnell et al. 2011; Imai et
al. 2012). In tropical forests, the average area of logging gaps is estimated at 270 m? but it can
reach 544 m? (Schulze and Zweede, 2006; Doucet et al., 2009). By targeting large canopy trees,
logging gaps usually creates larger gaps than those created by natural tree fall (Felton et al.,

2006; Karsten et al., 2013) whose average area ranges from 90 to 250 m? (Yamamoto, 2000).

The enrichment of logging gaps faces the problem of identifying species that could
successfully develop in this environment. Planted trees face three major challenges: (i) gap
gradual closure (Beckage & Clark, 2003); (ii) competition from woody and herbaceous
vegetation resulting from the germination of the soil seed bank, and the development of
established seedlings (Makana and Thomas, 2005; Zébazé et al., 2023; Doucet et al., 2009;
Malizia and Grau, 2008); (iii) wildlife damages, mainly by duikers and elephants (Nichols et al.,
1998; Howlett and Davidson, 2003; Makemba et al., 2022). Those factors reduce the growth
and survival of planted trees (Toledo-Aceves and Swaine, 2008a; Rozendaal et al., 2020).
Consequently, the selected species should be fast-growing, able to tolerate mid-light
conditions once established and among the less palatable species. Other site-related factors
may influence tree performance in the gaps (llunga-Mulala et al., 2025). The topography, for
example, can influence soil moisture and the local microclimate (Baker et al., 2003; Agyeman

et al., 2010)

In the tropics, enrichment of logging gaps is not a new topic. The first experiments were

conducted in Amazonia (e.g., Schulze, 2008; Keefe et al., 2009; Navarro-Cerrillo et al., 2011;
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Schwartz et al., 2013; Schwartz et al., 2017b; Costa et al., 2021) and South-East Asia, with
some promising results (e.g., Okimori et al., 2006; Sovu et al., 2010; Millet et al., 2013). In
Central Africa, short-term (< 6 years) successes were reported for few species when
competition was reduced by regular maintenance and the absence of large mammals (e.g.,

Doucet et al., 2009; Ouédraogo et al., 2014; Fayolle et al., 2015; llunga-Mulala et al., 2025).

In most cases, the long-term monitoring of reforested gaps was limited to less than 5
years (llunga-Mulala et al., 2025) because of its difficulties and associated cost (Akwasi Duah-
Gyamfi et al., 2014). Therefore, the factors affecting plantation success in gaps remain to be
identified. In Central Africa, long-term studies on gap enrichment are needed, especially in the
current context where multiple reforestation/afforestation initiatives (e.g., REDD+, AFR100
etc.) have been launched (Brancalion and Holl, 2020; llunga-Mulala et al., 2021; Sloan, 2024;
Bourgeois et al., 2024). Such studies could reduce the risk of investment losses due to a poor

match between selected species and planting environment.

The aim of this study is to address the current knowledge gap on the long-term
performance (14 to 19 years) of trees planted in logging gaps in Central Africa. Specifically, it
seeks to answer the following questions: (1) Which planted tree species demonstrate good
survival and/or growth rates in logging gaps, making them suitable candidates for gap
enrichment? (2) How do tree growth and survival rates of the planted trees vary through time?
(3) How reliable is species guild classification in guiding the selection of tree species for gap

enrichment?

2. Materials and methods

2.1.  Study area and environmental conditions
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The study area (Fig. 1) consisted of forest management units (FMUs 10-030, 10-041 and
10-044) managed by Pallisco Company, FSC-certified since 2008. It was in the Haut-Nyong
department, close to the city of Mindourou, Eastern region of the Republic of Cameroon
(between 3°01’ N and 3°44' N, and 13°20’ E and 14°31' E), at an average elevation of 620.4 +
18.3 m. The climate was classified as Am according to the Képpen classification (Beck et al.,
2018), with the mean annual temperature and rainfall of 23.2°C and 1,640 mm, respectively
(Gorel et al., 2019). Rainfall was distributed in two distinct rainy seasons (August-December
and March-June; Dainou et al., 2011), and reached 494 mm in the warmest quarter (Noce et
al., 2020). The geological substrate consisted of Precambrian schistoquartzitic rocks,
composed of gneiss, migmatite and micaschist from low Precambrian (Vleminckx et al., 2017).
Soils were ferralsols weathered reddish or yellowish (Fétéké et al., 2004), acidic (pH values

often <4) and had very low exchange capacity (Vleminckx et al., 2017; Mantel et al., 2023).

The study forest was semi-deciduous, classified as Moist Central Africa (Fayolle et al.
2014) and Moist Forest (Gorel et al., 2022), characterised by a high presence of tree species
from the Fabaceae, Annonaceae and Malvaceae families (Réjou-Méchain et al.,, 2021).
Letouzey (1985) described the area as a transition forest between the evergreen and the semi-
deciduous forests with canopy trees dominated by species of Meliaceae, Malvaceae and

Cannabaceae families.

In Central Africa, elephants and duikers were the main species browsing and damaging
seedlings. Elephants were rare in the region. They were only seen at certain times along
migration corridors. Different species of Duikers were found in the study area, including
yellow-backed duiker (Cephalophus silvicultor), blue duiker (Philantomba congica) and red

duiker (C. callipygus and C. castaneus) (Houngbégnon et al., 2023).
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2.2. Study species

We selected 15 tree species (Table 1), based on the following criteria: (i) the species was
naturally present in the selected concessions and (ii) its timber had commercial value. Among
the species that met those criteria, we preferentially selected the species that produce
nontimber forest products (fruits, edible caterpillars, medicine, etc.) and with high interest for
local communities (Baillonella toxisperma Pierre, Entandrophragma cylindricum (Sprague)
Sprague, and Erythrophleum suaveolens (Guill. & Perr.) Brenan). We considered also two
species that were listed in CITES Appendix Il (Afzelia bipindensis Harms and Pericopsis elata
(Harms) Meeuwen). We additionally aimed to balance the number of selected species per
species guild: pioneer, non-pioneer light-demanding and shade-tolerant species according to

Hawthorne (1995).
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Table 1. Characteristics of study species and the number of study gaps (n), average size of

265.8 + 175.4 m? (Doucet et al., 2009), with corresponding individuals. The species guild is

either pioneer (P), non-pioneer light-demanding (NPLD) or, shade-tolerant (ST). The pilot

names are presented according to the ATIBT (2016) nomenclature with additional common

name in brackets for some species.

n gaps n gaps
. . . . & p 8 p Number of
Species Pilot names Family Guild spacing  spacing . . .
individuals
(3mx4m) (2m x 4m)
Afzelia bipindensis Harms Doussié Fabaceae NPLD 10 - 100
Baillonella toxisperma Pierre Moabi Sapotaceae NPLD 20 15 563
Bobgunnia fistuloides (Harms)
J.H.Kirkbr. & Wiersema Pao rosa Fabaceae P / i 70
Detarium macrocarpum Harms Mambodé Fabaceae P 4 - 21
Diospyros crassiflora Hiern Ebene d'Afrique  Ebenaceae ST 9 - 90
Entandrophragma angolense . .
(Welw.) C.DC. Tiama Meliaceae NPLD 10 - 100
Entandrophragma cylindricum ¢\, Meliaceae NPLD 10 - 100
(Sprague) Sprague
Entandrophragma utile (Dawe ¢, Meliaceae NPLD 10 15 342
& Sprague) Sprague
Erythrophleum suaveolens .
(Guill. & Perr.) Brenan Tali Fabaceae P i 15 141
Lovoa trichilioides Harms Dibétou Meliaceae NPLD 10 - 100
Mansonia altissima (A.Chev.) Béte Malvaceae NPLD 18 i 119
A.Chev.
Milicia excelsa (Welw.) C.C.Berg Iroko Moraceae P - 10 202
Pericopsis elata (Harms) Afrormc1>5|a Fabaceae p i 15 156
Meeuwen (Assaméla)
Prioria oxyphylla (Harms) Tchitola Fabaceae ST 10 - 100
Breteler
Terminalia superba Engl. & Diels Limba (Fraké) Combretaceae P 10 - 100
Total 128 70 2,304
2.3.  Planting

Tree planting was carried out within gaps created by logging. The shape and size of the

logging gaps varied depending on the logged tree size and species. The average size of the

gaps was 265.8 + 175.4 m? (Doucet et al., 2009). Trees were planted in the centre of the gaps

between 2004 and 2009 with a single species per gap (Fig. 1; Table 1). Planted seedlings were

produced in the nursery of the Pallisco Company. Seeds were harvested on well-conformed

local mature trees and sown in polyethylene bags. After germination, the growth of the

8
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seedlings was monitored in the nursery. Once the seedlings reached 40 cm in height (after 7

to 12 months in average), the most vigorous trees were transplanted in logging gaps. Shade-

tolerant species (D. crassiflora and P. oxyphylla) were planted in the smallest gaps as they

were assumed to tolerate low-light conditions. At contrast, pioneer species were planted in

the largest gaps.

Cameroon
g
kay H‘“‘““\x.

° ""%D

© Logging gaps [ Forest management unit — Road

Water course

Fig. 1. Location of the study logging gaps in the South-Eastern Cameroon

Two plantation spacings were used (3 m x4 mand 2 m x4 m) and 4 to 11 seedlings of a

single species were planted in the logging gaps of 207 to 271 m?, 15 to 41 seedlings in the gaps

of 271 m? to 400 m?, and up to 89 seedlings in the gaps larger than 400 m? (Table 1).
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After 12 months, competing vegetation in the entire planting area of the gap was cut

only once using a machete.

2.4. Data collection

Survival, diameter (at 10 cm and at 1.3 m from the collar) and height were recorded for
each tree at each measurement campaign. Total height was measured from the collar to the
terminal bud of the trunk using a Vertex IV dendrometer for the trees taller than 2 m or using
a ruler for the trees shorter than or equal to 2 m. Diameter was measured directly with a
calliper (for trees with a diameter less or equal to 8 cm) or with a girth tape (trees with

diameter larger than 8 cm).

Four measurement campaigns were carried out: one immediately after planting, one 1-
2 years after planting, one 2.3-6 years after planting and one 14.3-19 years after planting
(Table 2). Some gaps were not monitored at the 2.3-6 years after planting due to logistical
issues. Data were collected between 2004 and 2010, depending on the year of planting in each
gap. The final monitoring occurred in 2023. The measurements were carried out mostly
between January and April, and in few cases between September and October. The extent of
these periods was linked to operational constraints related to the access to the different

remote areas where roads were closed after logging.

Different abiotic variables were also collected such as gap topography (Table S1).
Nevertheless, as no significant relationships could be found with these variables, we do not

present these analyses in this manuscript.

10



191 Table 2. Monitoring periods for each study species.

Monitoring periods

Species
1-2 years 2.3-6 years 14.3-19 years

Afzelia bipindensis X X

Baillonella toxisperma
Bobgunnia fistuloides
Detarium macrocarpum
Diospyros crassiflora
Entandrophragma angolense
Entandrophragma cylindricum
Entandrophragma utile
Erythrophleum suaveolens
Lovoa trichilioides

Mansonia altissima

Milicia excelsa

Pericopsis elata

Prioria oxyphylla

X X X X X X X X X X X X X X
X X X X X X X X X X X X X X

Terminalia superba

192

193 2.5. Data calculation

194 At each monitoring time and for each gap, we computed the survival rate S;: (%) with Eq.

195 1. We then computed the annual survival rate Sa, (%) with Eq. 2 (Sheil et al. 1995).

196 S, = w (1)
0

197 San =100 = {[1 — (+£)] 100} (2)

No

198  Where Ny and N: were population counts at the beginning and at the measurement time t in

199  vyears, respectively.

200 Mean diameter and height were averaged for each gap to ensure having the same number of
201  observations per gap. Mean diameter increment (AD in mm yr!) and mean height increment

202 (AHin cm yrt) were computed using Eq. 3:

yt:m - yt:n (m>n)
(m—-n)/365.25

203 Ay =

11
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with y being the mean diameter (or height) of trees planted in a common gap and measured
at two different censuses t, and tn, (in days). Ay was computed over the different possible
periods. As a large number of trees had not reached 1.3 m in diameter during censuses, the
mean diameter increment was computed using diameters measured at 10 cm above the

ground.
2.6. Statistical analysis

Survival rate (Sqn), diameter increment (AD) and height increment (AH) were modelled
using linear mixed-effects models (LMM) to account for the variability across species and gaps.
The models were fitted with the Imer function of the “Ime4” (version 1.1-30) R package (Bates
et al., 2015). We considered only the gap (pj) as random effect while species (S;), species guild

(G), period (A) and their interactions were analysed as fixed effects (Eq. 4, 5).
y' joHT bl,Aij + bz,sij + b3,Aij*Sij +pjte;  (4)
V' =0t bia;+byg by + Pt & (5)
With p; ~ N(0,07) and g;; ~ N(0,07)

Parameters bs, b>and bz were the model fixed coefficients. Yy, were the responses variables
computed for each gap j and species i. The responses variables AD, AH and San, were
transformed using respectively: y' =log.(y + 1), y' = ﬁ, and y’' =sin™! ﬁ The best
models were selected using a stepwise approach examining the Akaike Information Criterion
(AIC), and likelihood ratio tests using the anova function of the “Ime4” (version 1.1-30) R
package (Bates et al., 2015). A Tukey-adjusted post-hoc test was used to compare the
predicted means of each factor and interaction using the emmeans function of the

“emmeans” (version 1.8.1-1) R package. To account for potential heterogeneity that could

12
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arise from differences in individual growth across the three periods tested, Eq. 4 was
additionally fitted separately for each period. The conditional and marginal R were computed
to assess the proportion of variance explained by the model with the random effects
(conditional R?) or without them (marginal R?). They were computed with the r.squaredGLMM
function of the “MuMIn” (version 1.47.1) package (Barton, 2022). We performed all analyses
in the statistical software R version 4.2.1 (R Core Team, 2022), using the “ggplot2” (version

3.3.6) package (Wickham, 2016) for plotting.

3. Results
3.1. Tree survival rates

For all species, the mean annual survival rate (San) varied significantly across periods (F
= 90.7, p-value < 0.001) and species (F = 11, p-value < 0.001) (Table 3). The mean annual
survival rate was 92.4 £ 11.7% 1-2 years after planting (t:). It slightly decreased through time.
This decreased was nevertheless not significantly lower during the second period (2.3-6 years
after planting) than during the first period (t2;91.9 + 17.4%; t = -1.9; p-value = 0.065). It was
then significantly lower with the data recorded during the last campaign (14.3-19 years after
planting, t3;60.3 + 45%; t = -12.9; p-value < 0.05) (Fig. 2a and Table S2). At t3, D. macrocarpum
had the highest annual survival rate (98.3%), followed by E. suaveolens (97.5%), T. superba
(94.6%), B. toxisperma (89.8%), P. oxyphylla (85%) and A. bipindensis (81%) (Fig. 2a). The
annual survival rate of the other species was less than 80% and all E. cylindricum trees were
dead at t3 (0% of survival; Fig. 2a). Among the eight species with annual survival rates above
the mean (92.4%) at t;, four species (M. excelsa, P. elata, M. altissima and E. utile) showed a
decline in survival at t; (Fig. 2a and Table S3). In contrast to the other species, T. superba

increased its annual survival rate between t; and t; (Fig. 2a).

13
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The mixed effect model (Eq. 5 and Table S4) showed that tree survival depended on
species guild (F = 4.2, p-value < 0.05), and period (F = 104, p-value < 0.001). Pioneer species
had significantly a higher annual survival rate than non-pioneer light-demanding species (t = -
2.9; p-value < 0.01). The marginal and conditional R? of the model were 25% and 39%,
respectively (Table S4).

Table 3. Parameter estimates of the linear mixed models examining the effect of species (15
species, Table 1), period (factoring in tree levels: 1-2 years, 2.3-6 years and 14.3-19 years,
respectively) and tree size (tree diameter or height) on survival rates, height and diameter

increments (Eq. 4). DF are the degrees of freedom for the fixed effects. Significant

relationships are denoted with * (p < 0.05), ** (p < 0.01) and *** (p < 0.001).

Annual survival Diameter increment Height increment
Fixed effects DF F-value p-value F-value p-value F-value p-value
Species (S)) 14 11.0 ok ok 30.04 okok 28.60 *okok
Period (A;) 2 90.73 Hokx 7.21 ok 32.64 o
Si* A¢ 19 - - 9.33 *Ex 9.34 rokk
Models statistics
R?c (%) 40.8 73.1 71
R*m (%) 40.3 64.7 61.3

100
Species

Afzelia bipindensis

Baiffonelia foxisperma
Bobgunnia fistuloides
Detarium macrocarpum
Diospyros crassifiora
Entandrophragmea angolense
Entandrophragma cyindricum
Entandroptiragma utile
Erythrophleum suaveolens

-~
o

o
o

Lovoa frichilioides
Mansonia altissima
Miticia excelsa
Pericopsis elata
Prioria oxyphyila
Terminaffa superba

Survival rate (%)

Annual survival rate (%)

[N
o

ceOGeORRCORGOOOR

1-2 y;ears 2.3-6 IYEEFS 14.371I9 years 1-2 ylears 2‘3—Glyears 14‘3715 years

Fig. 2. Average (and standard deviations) planted tree (a) annual survival rate (Sas), and (b)
Survival rate (S:) over three monitored periods for the 15 study species. The dashed, dot-
dashed and solid horizontal lines indicate the overall means for periods 1-2 years, 2.3-6 years

and 14.3-19 years, respectively.
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3.2. Annual diameter increment

For all species, the mean diameter increment was 2.9 + 4.1 mm.yr! and varied
significantly across species (F = 30, p-value < 0.001) and periods (F=7.2, p-value < 0.001), with
a significant interaction between period and species (F = 9.3, p-value < 0.001). The best model
(Eq. 4; Table 2) explained 68% and 73% of variance (the marginal and conditional R?,
respectively). The mean diameter increment was the highest (3.4 mm.yr!) at t; and decreased
in the following periods. It was significantly lower at t; (1.9 mm.yr?; t =-9.5; p-value < 0.001)
but not significantly lower at t3 (2.9 mm.yr?!; t = 1.4; p-value = 0.171) as outlined on Fig. 3a
and Table S2. The effect of age between periods was not significant at t; (t = 1.54; p-value =
0.127) or t; (t = -1.55; p-value = 0.128), but was marginally significant at t3 (t = -2.04; p-value

= 0.044) (Table S5).

Terminalia superba had the highest diameter increments across all periods with an increase
that was not significant between t; and t; (t = 1.58; p-value = 0.116). At t1, T. superba had
significantly the highest diameter increment (13.6 + 8.0 mm.yr; t = 12.6; p-value < 0.001; n =
20), followed by M. excelsa (6.7 + 1.9 mm.yr%; t = 8.2; p-value < 0.001; n =10), P. elata (5.1 +
2.2 mm.yrl; t = 8.2; p-value < 0.001; n = 30), B. toxisperma (4.9 + 2.4 mm.yr%; t = 6.8; p-value
< 0.001; n =16), B. fistuloides (3.2 + 1.8 mm.yr%; t = 4.5; p-value < 0.001; n = 13), and E.
suaveolens (2.6 + 1.0 mm.yr%; t = 4.8; p-value < 0.001; n = 28). The other species had diameter
increments lower than 2 mm.yr? (Fig. 3a and Table S6). Among the six monitored species at t,
(B. toxisperma, M. excelsa, E. suaveolens, M. altissima, E. utile and D. macrocarpum), B.
toxisperma had the highest diameter increment (2.7 mm.yr?!) followed by E. suaveolens (2.6
mm.yrl) and M. altissima (2.0 mm.yrt). The other species had diameter increments of less

than 2 mm.yr! (Fig. 3a and Table S6).
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At t3 (Table 4), T. superba had the highest diameter increments (15.8 + 6.6 mm.yr?, n =
10), followed by L. trichilioides (3.2 + 1.0 mm.yr, n = 5) and B. toxisperma (2.8 + 3.6 mm.yr?,
n =20). The other species had diameter increments lower than 2 mm.yr! (Fig. 3a and Table

S6).

Comparing the diameter increments between species guilds (Eq. 5 and Table S4) at t;
and t3 (where all species were monitored), pioneer species showed significantly higher
diameter increments than non-pioneer light-demanding species at t; (5.9 + 5.5 mm.yr?, n
=105 and 1.8 + 2.1 mm.yr, n =99; t = 9.1; p-value < 0.001). This difference was no longer
significant at t3(4.8 + 7.1 mm.yr}, n =41 and 2.1 + 2.4 mm.yr, n = 56; t = 2.3; p-value = 0.063)
(Fig. 4a). Shade-tolerant species had significantly lower diameter increment (0.9 + 0.6 mm.yr
1, n =35) than pioneer species at t; (t = 8.3; p-value < 0.001), but the difference was not
significant when compared to non-pioneer light-demanding species (t = 2.1; p-value = 0.087).
At t; shade-tolerant species grew significantly slower than pioneer species (t = 4.4; p-value <

0.001) and non-pioneer light-demanding species (t = 3.1; p-value < 0.01, Fig. 4a). The model

statistics are shown in Table S4.
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Fig. 3. Growth of 15 native tree species planted in logging gaps. Distinct coloured boxplots are

(a) diameter and (b) height increments of planted trees monitored 1-2 years, 2.3-6 years and

14.3- 19 years after planting. The y-axis is plotted with a natural logarithmic scale. The

coloured points (n) are the mean increments of each gap and census. The black dots are the

species-specific mean increment surrounded by bars denoting the corresponding standard

deviation. Significant differences are shown by different letters using Tukey-adjusted post-hoc

test (more details on Table S6 and S7). The black solid horizontal lines indicates the overall

mean for the 3 monitoring periods (2.95 mm.yr* and 38.11 cm.yr? for diameter and height

increments, respectively). Line colours correspond to the mean values of the monitoring

periods.
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316  Table 4. Sizes (diameter and height) of the studied species at the end of the monitoring time

317 (age). n is the number of gaps and Sd is the standard deviation. Final measurements of all

318  species were conducted between January and April 2023,

Diameter (cm) Height (m)

Species Planting year Age(year) n MeantSd Min Max MeantSd Min Max
Afzelia bipindensis 2008 14.8 8 26+1.2 15 4.4 25%+13 1.0 43
Baillonella toxisperma 2004-2005 19.0 20 6.3+4.9 24 261 5.1+09 3.2 6.8
Bobgunnia fistuloides 2008 14.9 2.8+0.5 20 3.2 3.5+08 26 43
Detarium macrocarpum 2005 17.9 3.1+£0.7 24 41 34+04 3.0 3.9
Diospyros crassiflora 2008 14.9 1.4+0.2 12 16 1.5+0.3 1.1 1.9
Entandrophragma angolense 2008 14.3 3.1+1.1 1.7 43 2.4+09 1.2 34
Entandrophragma cylindricum 2008 14.8 10 - - - - - -
Entandrophragma utile 2004-2008 19.0 14 3614 16 5.8 43+1.7 1.8 6.6
Erythrophleum suaveolens 2007 15.8 13 29+0.7 1.7 4.6 3.6+1.2 1.7 5.7
Lovoa trichilioides 2008 14.9 5 50t13 33 7.0 36111 20 4.6
Mansonia altissima 2005 18.0 5 39+25 20 8.1 41+31 14 95
Milicia excelsa 2004 18.4 5 28109 16 3.7 27+10 18 44
Pericopsis elata 2008 14.9 4 42+0.5 3.5 45 3.1+£0.8 24 4.2
Prioria oxyphylla 2008 14.8 9 16+0.2 1.3 1.8 2.1+0.3 16 25
Terminalia superba 2008 14.8 10 23.8+84 134 348 17.1+54 7.7 244
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Fig. 4. Diameter and height increments of planted species in logging gaps, grouped by guild:
P, pioneer; NPLD, non-pioneer light-demanding; and ST, shade-tolerant species. The y-axis is
plotted with a natural logarithmic scale. The black dots with standard deviations are the
means of (a) diameter and (b) height increments. The significant differences are shown by
different letters using Tukey-adjusted post-hoc test. Shade-tolerant species were not

monitored between 2.3 to 6 years.

3.3. Annual Height increment

The mean height increment varied significantly across species (F = 28.6, p-value < 0.001)
and periods (F = 32.6, p-value < 0.001), with a significant interaction between period and
species (F = 9.3, p-value < 0.001). The selected best model (Eg. 4; Table 2) explained 61.3%
and 71% of variance (the marginal and conditional R? respectively). The mean height
increment was the highest (46.7 cm.yr!) at t; and decreased in the following periods. It was

significantly lower at t2(30.1 cm.yr?; t = -5.3; p-value < 0.001) and at t3(23.2 cm.yr%; t = 0.83;
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p-value = 0.407) as outlined (Fig. 3b and Table S2). The age effect between periods was not
significant at t; (t = -0.50; p-value = 0.617) or t3 (t =-0.55; p-value = 0.585), but was significant
at t; (t =-2.91; p-value < 0.01) (Table S8). T. superba had the highest height increments across
periods (Fig. 3b). Seven species (T. superba, M. excelsa, P. elata, B. fistuloides, B. toxisperma,
D. macrocarpum and E. suaveolens) had significantly higher height increments at t; than t3

(Fig. 3b and 7).

At t1, T. superba had significantly higher height increment (165.0 + 54.0 cm.yr'%; t = 15.9;
p-value < 0.001) than M. excelsa (77.3 + 26.9 cm.yr'%; t = 8.8; p-value < 0.001), B. toxisperma
(68.2 +32.4 cm.yrl; t =9.5; p-value < 0.001), B. fistuloides (59.4 + 34.1 cm.yr’%; t = 6.6; p-value
< 0.001) and P. elata (51.9 + 18.1 cm.yr}; t = 7.6; p-value < 0.001). The other species had a
height increment lower than 45 cm.yr? (Fig. 3b). Among the six monitored species at t, M.
excelsa had significantly higher height increment (42.9 + 30.2 cm.yrl, n =19) than D.
macrocarpum (39.6 + 24.8 cm.yr!; t = 3.1; p-value < 0.01), B. toxisperma (33.2 + 19.9 cm.yr'%;
t = 0.3; p-value = 0.791), E. suaveolens (32.0 + 11.8 cm.yr’}; t = 3.4; p-value < 0.001), M.
altissima (23.5 + 21.5 cm.yr%; t = 5.0; p-value < 0.001) and E. utile (19.3 + 25.8 cm.yr%; t = 2.0;

p-value < 0.05) (Fig. 3b and Table S7).

At t; (Table 4), T. superba had significantly the highest height increments (103.0 £ 41.2
cm.yr?, n = 10), followed by E. utile (25.7 + 11.6 cm.yr’, n = 13), L. trichilioides (21.8 + 7.1
cm.yrl, n =5), E. suaveolens (16.3 + 8.6 cm.yr’, n = 13), E. angolense (15.8 + 7.0 cm.yr, n =
4) and M. altissima (15.2 + 16.5 cm.yr, n = 5). The other species had height increments of less

than 15 cm.yr! (Fig. 3b), and significant effects are presented on Table S7.

Height increment was negatively correlated with tree height for B. toxisperma (r = -0.55;

p-value < 0.001), E. suaveolens (r = -0.39; p value < 0.001), M. excelsa (r = -0.51; p-value <

20



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

0.001), P. elata (r = -0.54; p-value < 0.001), P. oxyphylla (r = -0.61; p-value < 0.001) and T.
superba (r = -0.39; p-value < 0.05), but positively correlated with height for M. altissima (r =
0.56; p-value < 0.001; Fig. 5). The other species did not have significant correlations between

height increment and tree height.

The height increments varied between species guilds at t; and t;3 (Eq. 5 and Fig. 4b).
Pioneer species had significantly greater height increments than non-pioneer light-demanding
att; (70.4 £53.1 cm.yr%, n=118 and 34.6 + 32.6 cm.yr%, n =163; t = 7.9; p-value < 0.001), and
this difference was no longer significant at t3 (34.5 + 43.8 cm.yr}, n =42 and 17.9 + 10.3 cm.yr
1 n =55; t =2.23; p-value < 0.063) (Fig. 4b). Shade-tolerant species had significantly lower
height increments (14.9 + 9.2 cm.yr}, n =26) than pioneer species at t; (t = 7.1; p-value <
0.001), and non-pioneer light-demanding species (t = 2.7; p-value < 0.05). At t3 the height
increment of shade-tolerant species (9.2 + 3.0 cm.yrl, n = 13) was also significantly lower than
that of pioneer species (t = 2.5; p-value < 0.05), but the difference was not significant when
compared to non-pioneer light-demanding species (t = 1.1; p-value = 0.524; Fig. 4b and Table

s4).
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Fig. 5. Significant relationships between height increments and tree height for seven species
planted in logging gaps in south-eastern Cameroon. The grey area around the line shows the
95% confidence interval. The correlation coefficient and the corresponding p-value (*p < 0.05;

**%*p < 0.001) are provided.

4. Discussion

Enrichment of logging gaps could be considered as an effective option to mitigate the
impact of timber exploitation on logged tree populations, but only for species whose planted
trees can thrive in gaps (Doucet et al., 2009; Sovu et al., 2010; Millet et al., 2013; Makemba et
al., 2022). This latter issue was little documented, and this study brought key elements using
14-19 year-long monitoring of 2,304 planted trees belonging to 15 species including pioneer

(P, 6 species), non-pioneer light-demanding (NPLD, 7 species) and shade-tolerant species (ST,
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2 species; Table 1). Shade-tolerant species were less represented as at least 90% of the logged
species in the Central African region are P and NPLD (Ruiz et al., 2005; Makana and Thomas,

2006).

4.1. High variability in survival rates across species

The survival of the planted trees is expected to vary across species and planting methods
(Makana and Thomas, 2005; Hall, 2008; llunga-Mulala et al., 2025). Survival varied
substantially across species (Fig. 2) and the survival rates was found satisfactory for a very
limited set of species. For the other species, the survival rates might have been limited by

interspecific competition, light availability, herbivory and insect attacks.

Only four species (B. toxisperma, D. macrocarpum, E. suaveolens, T. superba) had good
survival rates, which were in the order of magnitude of previous studies. For these species,
45% of the planted trees survived up to 19 years after planting (annual survival rate Sq, > 90%,

Fig. 2b and Table S3).

The survival rates of planted B. toxisperma can be high but may critically depends on the
availability of light. In our study area, the mean annual survival rate (Ssn) in gaps of B.
toxisperma ranged between 90 and 99% (with S;= 76 - 97%) with the lower survival rates being
observed for older plantations. Such good survival rates had already been reported for
plantation of B. toxisperma in gaps (San = 93%, Koumba Zaou et al., 1998; Dainou et al., 2021)
and in understorey plantations, i.e. in low-light conditions (S: = 94% six years after planting)
(Koumba Zaou et al., 1998). According to Dainou et al. (2021), in central Africa, the survival
rate of B. toxisperma plantations could be lower in high-light conditions such as in degraded

areas (Sen = 87-89% after six years). Plantations of B. toxisperma might therefore perform
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better in shaded or partially shaded environments, such as in gaps, at least during the first

years after the plantation.

High survival rates of D. macrocarpum, E. suaveolens and T. superba had also been
reported, although such estimates remains scarce and limited to specific conditions (Doucet
et al. 2016; Dainou et al., 2021). After 14 years, we found that 78% of the D. macrocarpum
trees had survived (S:= 97% after six years; S; = 78% and San = 89% after 14 years; Table S3).
According to Doucet et al. (2016), two years after planting, the survival rate (S:) of D.
macrocarpum was about 92% in degraded areas, in Cameroon. Unlike other species, and
despite its commercial importance, no other studies have examined D. macrocarpum
plantations outside Cameroon in the Guinean-Congolian region. Concerning E. suaveolens, the
survival rate was found to be relatively constant and high over the different monitoring
periods (San = 97%). Some estimates of E. suaveolens have been reported for degraded areas
(St = 88%) after two years (Doucet et al. 2016) and (San = 97%) after six years (Dainou et al.,
2021) in few sites in Cameroon. Similarly, the observed survival rate of T. superba (S: = 46%
after 15 years; St = 72% after two years) was nearly equivalent to that estimated in degraded
forest (St = 51%) in DR Congo (Liegois and Petit 1950) or in Cameroon (S: = 84%) (Doucet et al.

2016).

The other species had lower survival rates. For instance, the observed survival rates in
plantations of Entandrophragma spp. ranged between Sy, = 0 and 52% (S: = 0 and 9%), 14 to
19 years after planting. Entandrophragma spp. are known to exhibit highly variable survival
rates in plantations (Dupuy, 1990; Makana and Thomas, 2005; llunga-Mulala et al., 2025) and
very high mortality rates (S: = 12 to 37%) have particularly been found for E. cylindricum when

planted in forest understorey (Hall, 2008).
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Light availability was presumably a key limiting factor for the light-demanding species.
Indeed, in high-light environments, higher survival rates had been found for E. cylindricum at
least during the first years after planting (Hubert, 2003; Makana and Thomas, 2005; Cerisier,
2010). Survival (S:) was estimated at 92% two years after planting (Makana and Thomas,
2005), 77-80% 11-14 years after planting (Liegois and Petit 1950; Beligné 1986) in DR Congo;
and 50% 50 years after planting in Cameroon (Owona Ndongo et al., 2009). At contrast, in low-
light condition, E. cylindricum can have very low survival rates (<37%) as early as six months
after planting (Hall, 2008). Though different factors are in play, the limited size of the gaps and
their closure through time (Neves et al., 2019) can likely explains the low survival rates

observed in gaps, especially for light-demanding species such as E. cylindricum.

Seedling predation by herbivores is another possible cause of mortality in forest gaps
(Schupp et al., 1989; Hall, 2008; Sovu et al., 2010; Makemba et al., 2022). Duiker (Cephalophus
sp, Philantomba congica) and sitatunga (Tragelaphus spekii) browse leaves (Dainou et al.,
2021), slowing down plant growth and reducing survival rates. These animals can moreover
preferentially browse in gaps (Makemba et al., 2022) leading to high browsing rate up to 88%

for E. cylindricum (Hall, 2008; Blervacq, 2023).

Finally, the survival of several species can be affected by insect attacks. Parasitism by
Phytollyma lata is very common for M. excelsa (Nichols et al., 1999; Bosu et al., 2006; Agyeman
et al., 2009) and by Hypsipyla spp. for Etandrophragma spp. (Hall, 2008; Dainou et al., 2021).
Mortality was high in M. excelsa saplings (survival S; = 9% at 18 years) and there was a
significant decline in growth rates over time (Fig. 2b). We identified a few individuals with
attacks of the gall-making psyllid which was previously identified as one cause of M. excelsa

mortality in Cameroon (Fayolle et al., 2015). While parasitism does not necessarily lead to
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plant mortality, repeated attacks on the terminal bud considerably slow down growth and
competitiveness. In Ghana, only 20% of M. excela trees survived psyllid attack nine years after

planting (Nichols et al., 1998; Bosu et al., 2006).
4.2. Species-specific growth rates in gaps

Only very competitive species are likely able to thrive in gap plantations (Duah-Gyamfi
et al., 2014; Navarro-Martinez et al., 2017). In our study, T. superba was the only species
showing satisfactory growth rates. Terminalia superba is known to be a vigorous species
showing sustained growth in plantations at different sites (Donis, 1956; Liegois, 1959; Marien
and Mallet, 2004; Bosu et al., 2006; De Ridder et al., 2010; Doucet et al., 2016; Akaffou et al.,
2021), although this had not yet been demonstrated in logging gaps (llunga-Mulala et al.,
2025). The observed growth rate was nevertheless higher (16 mm.yr?) than that of larger
trees (~4.5 mm.yr?!) (Ligot et al., 2022). Its growth potential in plantations was likely limited in
gaps. Larger diameter increment were indeed observed in degraded areas (~20 mm.yr?)

(Liegois and Petit 1950; Catinot, 1965; Hubert 2003; Doucet et al., 2016).

The growth of the other species were increasingly affected through time by the
surrounding competition and canopy closure (Doucet et al., 2009). For instance, the diameter
increment of B. toxisperma was around 4.9 mm.yr! the two first years. However, this growth
rate declined over time to about 2.8 mm.yr? after 15 years. It is likely that this species, as
many others, could not outcompete the surrounding vegetation (Coomes and Grubb, 1998;
Schnitzer et al., 2005; Rozendaal et al., 2020). Several factors such as environmental changes
conditions, resource competition and climatic events or disturbances could explain the growth

difference between periods. However, the variability in diameter growth between trees ages
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was not significant between 1-2 years and 2.3-6 years, and marginally significant between

14.3-19 years (Table S5).

Additionally, in the context of predicting the success of tree planting in gaps, our results
guestion the relevance of the growth-survival trade-off between fast-growing species without
adaptative structures to resist to stressful conditions and slow-growing species with structures
that allow them to tolerate stressful conditions (Meira-Neto et al., 2019; Hérault et al., 2020).
Most species exhibiting large growth at the seedling stage have often, indeed, fragile crown
architecture. For instance, M. excelsa can grow fast, but its fragile crown makes it very
vulnerable to falling branches, mammal damages and liana infestation. Yet, in gaps, the
species planted must be fast-growing, tolerant to low-light conditions and tolerant to various
stem damages. This explains why only a very limited set of species could be successfully
planted in gaps. Most other species are rapidly dominated by surrounding vegetation, leading
in a reduced allocation of resources to root reserves (Cahill and Casper 2002; Engelbrecht and
Kursar, 2003; Madsen et al., 2021). This shift often results in reduced diameter growth, stem

resistance, and resistance to herbivory and insect attacks.

In the competitive environment of gaps, it seems particularly important to plant
vigorous seedlings. Part of the unexplained growth variation could have been attributed to
species-specific genetic variation (Ofori et al., 2007; llunga-Mulala et al., 2021; Akaffou et al.,
2021; Schmitt et al., 2023; Angbonda et al., 2024) and seedling production methods. In this
study, 40-cm-tall seedlings were planted because this method provided good plantation
results in degraded forests (Doucet et al., 2016). In gaps, given the low survival rates observed
for many species, future studies might evaluate whether planting taller seedlings could be an

interesting solution.
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Better plantation maintenance could also have improved the performance of planted
trees in the gap (Romell et al., 2008; Doucet et al., 2009; Ouédraogo et al., 2014; Neves et al.,
2019). Plantation maintenance was only carried out the first years after the planting. During
this period, the survival rate was generally higher for most of the study species (Fig. 2). For
some other species, including A. bipindensis, a species listed in Appendix Il of CITES, the initial
growth rate was very low (Fig. 3), indicating that plantation maintenance might not have been
enough. Nevertheless, increasing plantation maintenance might not always be possible given
its cost (Schulze, 2008) and given that plantation might become hardly accessible several years
after logging. This is particularly the case in the concessions certified for sustainable
management. For these species, plantations should be preferably carried out in easily

accessed area such as degraded areas or loading yards along the main permanent roads.

4.3. Guild provided indications of species performance but was a poor indicator

of plantation success

After small-scale disturbance such as in logging gaps, it was expected that early
successional species could outperform the other species. Consequently, the species guild was
assumed to be an important proxy for choosing the appropriate planting method for species

(llunga-Mulala et al., 2025).

Nevertheless, we have only depicted weak differences in plantation success across
guilds supporting that some pioneer species might be better suited for gap enrichment.
Indeed, only one species was found to developed well, T. superba (San = 94.6%) a pioneer
species. On average, the pioneer species had higher growth rates than the other species, but

the difference was small and only significant the two first years after planting (Fig. 4).
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Moreover, putting T. superba aside, B. toxisperma, a non-pioneer light-demanding species,

grew significantly faster than many other species.

Species could have different resource allocation strategies even within the same guild
(Poorter and Evans, 1998), which could explain the competitive advantage of T. superba. It
could have a photosynthetic capacity that may enable efficient light use under the gap
conditions, supporting sustained growth. Additionally, T. superba may tolerate nutrient-poor
soils, especially since the soils are already poor in the studied site (Vleminckx et al., 2017). The
only two shade tolerant species, P. oxyphylla and D. crassiflora, seemed the less adapted
showing low growth and survival rates. However, our sample was limited to only 15 species,
highlighting the need for similar monitoring for other important pioneer species, including the
two most logged in central Africa (Aucoumea klaineana Pierre and Triplochiton scleroxylon K.

Schum).

4.4. Study limitations

While this study provides insight into the performance of species in logging gaps, some
limitations remain. Sparse sampling over the 2.3-6 years may have influenced the results.
Although abiotic factors may influence tree performance in more variable landscapes, minimal
variation in elevation and slope likely explains their lack of significance here, justifying their

exclusion from further analysis.

5. Conclusions

Identifying species with high survival and growth rates in logging gap is crucial for the success
of gap enrichment. This study provides valuable contributions to the understanding of the
survival and growth performance of 15 high-value native tree species planted in logging gaps
in Central Africa, based on a long-term monitoring. Among the studied species, T. superba was
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the best performing species in gaps, with a high growth rate (with mean diameter increment
of 15.8 mm.yrl). Its annual survival rate increased through time and reached 94.6%, 14.8 years
after planting. Planted T. superba trees in logging gaps could survive and grow well. Other
planted species such as B. toxisperma, E. suaveolens and D. macrocarpum which had annual
survival rates higher than 89% at age between 15.8 and 19 years could survive and grow well

in gaps but maintenance must then be carried out regularly.
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