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A B S T R A C T

Logging-induced disturbance can be an important agent of change in tropical forests. Understanding the relative
impacts of specific logging regimes on tree community structure is essential for forest management and biodi-
versity conservation. In this study, we assessed the response of tree community structure to selective and clear-cut
logging in a moist semi-deciduous forest in Ghana. We quantified the diversity, composition, density and basal
area of trees (diameter at breast height �5 cm) in 30 20 � 20 m plots in each of three forest management systems
(selectively logged, clear-cut logged, old-growth). Our results showed that the two logged forests harboured
significantly lower tree species diversity than the old-growth forest. Nevertheless, the selectively logged forest
supported significantly higher tree species diversity than the clear-cut logged forest. Similarly, both logging re-
gimes caused shifts in tree species composition, but the shift was higher in the clear-cut forest than the selectively
logged forest, indicating a better recovery in the selective logging stands. Selective and clear-cut logged forests
supported similar stem density of trees, but they were lower than that of the old-growth forest. Finally, the old-
growth forest exhibited significantly higher basal area than the selectively logged forest, which in turn, had
significantly higher basal area than the clear-cut logged forest. Overall, selective logging imprints on tree com-
munity structure were lower than clear-cut logging due to faster recovery by the former. Our findings suggest that
logged tropical forests may require a long period to fully recover.
1. Introduction

Tropical forests are both ecologically and biodiversity rich, being
exclusive reservoir for much of the world’s biodiversity. They harbour
about 50 % of the world’s terrestrial species (Gallery, 2014). The high
biodiversity content of tropical forests enables them to offer diverse
ecosystem services for the sustenance of human wellbeing. Nevertheless,
tropical forests suffer from human disturbance which tends to degrade
and destroy them (Morris, 2010). In tropical forests, particularly in
developing economies, human interactions with forest ecosystems result
in forest destruction and loss, and remain as an important agent of change
in forest structure (FAO and UNEP, 2020) and functioning (Simard et al.,
2021). Although there are many human activities responsible for this
phenomenon, logging and agricultural land use are the major drivers of
degradation and deforestation, respectively (Acheampong et al., 2019;
Morris, 2010; Nias, 2013; Rajpar, 2018; Shvidenko, 2008). In some for-
ests, logging disturbance facilitates the colonisation and spread of inva-
sive plants that can displace native plant species (Addo-Fordjour et al.,
ofordjour.cos@knust.edu.gh (P.
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2022; Brown and Gurevitch, 2004). This phenomenon, together with
logging-induced changes, may cause much loss of forest productivity,
biodiversity, and ecosystem functions and services, although logged
forests can recover over time and restore these ecosystem characteristics
(Lamb and Gilmour, 2003; Xu et al., 2015).

Post-logging assessment of plant community structure provides a
useful information on the extent of vegetation recovery over time, which
can increase our understanding of the imprints of logging on plant
communities. Logging is a common forest management regime which
causes disturbance in tropical forests (Huth and Ditzer, 2001). Tradi-
tionally, selective and clear-cut logging have been the most commonly
used methods for timber extraction in the tropics (Addo-Fordjour and
Afram, 2021). Generally, these two logging regimes exert different effects
on forests, with selective logging causing degradation, whereas clear-cut
logging results in deforestation (Addo-Fordjour and Afram, 2021;
Chaudhary et al., 2016). Selective logging is often targeted at removing
selected trees which creates canopy gaps (Seidler and Bawa, 2001).
Conversely, clear-cut logging removes either all or almost all trees in the
Addo-Fordjour).
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forest (Simard et al., 2021), indicating higher disturbance intensity of
this logging regime. Logging related activities such as creation of logging
roads and skid trails also contribute to cause further forest destruction
(Magrach et al., 2016). Given the differences between the two logging
methods, knowledge of the response of plant community structure to
selective and clear-cut logging will improve our understanding of their
role in shaping plant community structure.

Generally, only a few authors have compared the impacts of selective
and clear-cut logging on tree community structure in single studies (Fan
et al., 2021). This trend limits our knowledge on the relative response of
tree communities to selective and clear-cut logging. Some studies
demonstrated that the recovery of tree species diversity, composition,
and community structure in selectively logged forests was faster than
clear-cut logged forests (Torras and Saura, 2008; Xu et al., 2015). In other
words, selective logging left better imprints than clear-cut logging. Un-
like the above studies, Ding et al. (2017) reported no difference in tree
species diversity between selectively and clear-cut logged forests. Simi-
larly, there was no difference in long-term impacts of selective and
clear-cut logging on tree species diversity in a montane rainforest in
Madagascar (Brown and Gurevitch, 2004). Furthermore, similar rates of
recruitment, mortality and turnover of tree abundance occurred in
selectively and clear-cut logged forests in a tropical rainforest in China
(Fan et al., 2021).

Despite the contribution of the above-mentioned studies to enhancing
our understanding of logging effects on plant communities, the clear-cut
logged forests of some of them had longer time span since logging than
their corresponding selectively logged forests, and thus the clear-cut
logged forests had more time to recover. This means that time span of
logging acted as a confounding factor which potentially influenced the
findings of the studies. In other studies, logging time span of selectively
and clear-cut logged stands was not clearly stated (Torras and Saura,
2008; Xu et al., 2015). Generally, selective logging better preserves seed
banks (Dupuy and Chazdon, 1998) and leave residual trees to serve as
seed sources (Damptey et al., 2021) for natural regeneration of tree spe-
cies, while clear-cutting removes seed sources and damages seed banks
(Simard et al., 2021) with negative consequences for shade-tolerant spe-
cies (Negr�on-Ju�arez et al., 2019; Torras and Saura, 2008; Xu et al., 2015).
Thus, all things being equal, selectively logged forests have a better
chance to recover faster and show lower imprints than clear-cut logged
forests. However, the differences in the time span of logging between
selectively and clear-cut logged forests in the above studies make it
difficult to conclude whether the clear-cut logged forests recovered as
much as selectively logged forests. This uncertainty, together with the
limited number of studies about the impacts of the two logging methods
on tree community structure, necessitates further studies on the subject
matter, where logged stands of the same time of recovery are compared.
Thus, the findings of our study will deepen our understanding of the
impacts of selective and clear-cutting on tree community structure.

Our study was therefore aimed at determining the relative impacts of
two logging regimes, selective and clear-cut logging on tree community
structure after 26 years of logging in a moist semi-deciduous forest in
Ghana. We tested the following hypotheses: (1) selective and clear-cut
logging would cause a reduction in tree species diversity, density, and
basal area, (2) selective and clear-cut logging would cause shifts in tree
species composition, and (3) selectively logged forest would show a
higher recovery of tree species diversity, composition, density, and basal
area than clear-cut logged forest. The findings generated from this study
would be important in forest management, and could also inform the
development of future forest management practices.

2. Materials and methods

2.1. Study area

We conducted our study in the Bia Shelterbelt Forest Reserve
(Figure 1) which is located in Goaso in the Ahafo Region, Ghana
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(7�0'18.197" N; 2�43'55.593" W) during the period of October to
December 2019. The forest reserve covers a total land area of 2,953 ha in
the moist semi-deciduous forest zone of Ghana (Addo-Fordjour and
Afram, 2021). The forest receives a double maxima rainfall consisting of
major (April to July) and minor (September and October) rainfall sea-
sons. The area experiences a mean annual rainfall in the range of
1250–1750 mm, with humidity ranging from 75 to 80 % in the rainy
season and 20–35 % in the dry season (Ghana Statistical Service, 2014).
Dry season in the forest occurs from November to March and the mean
monthly temperature range in the area is 26–29 �C (Ghana Statistical
Service, 2014). The vegetation of the forest is dominated by
semi-deciduous tree species including Celtis mildbraedii, Nesogordonia
papaverifera, Triplochiton scleroxylon and Terminalis superba (Addo--
Fordjour and Afram, 2021).

2.2. Sampling design and data collection

We collected our data from three forest management systems namely,
selectively logged, clear-cut logged and old-growth forest. Sections of the
forest reserve were selectively and clear-cut logged in 1993 (Addo--
Fordjour and Afram, 2021), with no other logging activity or any other
form of human disturbance occurring afterwards. The inclusion of the
old-growth forest enabled us to quantify the logging impacts, since there
was no pre-logging data. The three forest management systems selected
for the study share similar soil type, elevation (clear-cut: 230–300 m.
a.s.l., selective: 250–300 m. a.s.l., old-growth: 240–290 m. a.s.l.), slope
angle (0–3 %), and climate (Addo-Fordjour and Afram, 2021). During
logging of the clear-cut stand, all trees with diameter at breast height
(dbh)� 20 cm together with lianas were removed, and the forest allowed
to regenerate. In the case of the selectively logged stand, only a few
mature commercial trees (20 individuals/ha) with the minimum felling
dbh of 50 cm were harvested. All trees that fell within the
above-mentioned criterion, were tagged and randomly selected for log-
ging, starting with bigger stems.

We demarcated a total of 30 20 � 20 m plots in each of the three
forest management system, giving a total of 90 plots in the study. In each
plot, we identified and counted trees with diameter at breast height �5
cm. A minimum distance of 2 km separated the forest management sys-
tems, whereas an inter-plot distance of 300 m was maintained. Tree
species were identified by plant taxonomists, being supported by iden-
tification manuals (Arbonnier, 2004; Hawthorne, 1990; Hawthorne and
Jongkind, 2006).

2.3. Data analysis

We compared tree species diversity among the three forest manage-
ment systems using two approaches. Firstly, we compared species rich-
ness, Shannon diversity index, and species evenness among the forest
management systems using permutation tests in PAST statistical soft-
ware. The rest of our statistical analysis were all performed in R version
4.0.3. Secondly, since stem density differences among different sites can
affect species richness, we employed individual-based rarefaction-
extrapolation analysis to standardise stem density of trees in order to
compare species richness among the forest management systems (Chao
et al., 2014). Rarefaction and extrapolation curves were estimated with
iNEXT package using 100 bootstrap replications (Hsieh et al., 2016).

Tree species composition patterns among the forest management re-
gimes were visualised with non-metric multidimensional scaling
(NMDS), and the statistical significance of the differences among the
forest management regimes tested with permutational multivariate
analysis of variance (PERMANOVA). We also tested for differences in
multivariate dispersion among the forest management regimes using
permutational analysis of multivariate dispersion (PERMDISP). The
following functions in the vegan package were used for the above-
mentioned analyses: metaMDS (NMDS); adonis (PERMANOVA); beta-
disper (PERMDISP). We used Bray-Curtis dissimilarity.



Figure 1. Map of Ghana with an insert of the study area showing the three forest management systems (old-growth, selectively logged, clear-cut logged) of a moist
semi-deciduous forest in Ghana.
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One-way ANOVA was run to compare tree stem density among the
three forest management regimes using aov function in the stats package.
We used Tukey HSD function in the stats package to run Tukey post-hoc
test in order to separate group means.

3. Results

3.1. Tree species diversity and composition

A total of 74 tree species were identified across the three forest
management systems, which belonged to 63 genera and 23 families (old-
growth: 54 genera, 23 families; selectively logged: 30 genera, 15 families;
clear-cut logged: 17 genera, 8 families). Tree species richness was
significantly higher in the old-growth forest than the selectively logged
forest (P ¼ 0.001) and the clear-cut logged forest (P ¼ 0.001) (Tables 1
and 2). The selectively logged forest also supported significantly higher
tree species richness than the clear-cut logged forest (P ¼ 0.001). These
trends were confirmed by the rarefaction and extrapolation curves in the
three forest management systems (Figure 2). The non-overlapping con-
fidence intervals of the curves confirm that indeed, the observed species
richness differed significantly among the three forest management sys-
tems, and also indicate that the extrapolated species richness of trees
differed significantly in accordance with the above mentioned trends.
The rarefaction curve in the clear-cut logged forest reached complete
asymptote, while those in the selectively logged and old-growth forests
approached asymptote. Shannon diversity index differed significantly
among the three forest management systems in accordance with the
3

following order: old-growth > selectively logged > clear-cut logged
(Table 2; old-growth vs selectively logged: P ¼ 0.002; old-growth vs
clear-cut logged: P ¼ 0.001; selectively logged vs clear-cut: P ¼ 0.001).
Similarly, tree species evenness differed significantly among the three
forest management systems, but the trend was a sharp contrast to that of
Shannon diversity index: clear-cut logged > selectively logged > old-
growth (old-growth vs selectively logged: P ¼ 0.023; old-growth vs
clear-cut logged: P ¼ 0.001; selectively logged vs clear-cut: P ¼ 0.001).

The NMDS ordination revealed that the old-growth forest plots were
distinct from the plots in the two logging regimes in terms of tree species
composition (Figure 3). The composition of the old-growth forest was
more similar to that in the selectively logged forest than that of the clear-
cut logged forest. The selectively and clear-cut logged forests had dis-
similar tree species composition. The PERMANOVA results indicated that
the differences in tree species composition among all the forest man-
agement systems were significantly different (F. model ¼ 11.95, P ¼
0.001). The difference in multivariate dispersion between the selectively
logged and old-growth forests was significant (PERMDISP; P ¼ 0.001).
Likewise, the multivariate dispersion of the selectively logged forest was
significantly different from that in the clear-cut logged forest (P¼ 0.010).
Nevertheless, there was homogeneity of multivariate dispersion between
the clear-cut logged and old-growth forests (P ¼ 0.820).

3.2. Tree density and basal area

A total of 1259 tree individuals were enumerated across the three
forest management systems (Table 1). We counted most trees in the old-



Table 1. Tree species density (number of stems/plot) in the three forest man-
agement systems (OG: old-growth, SL: selectively logged, CC: clear-cut logged) in
a moist semi-deciduous forest in Ghana.

Species Family OG SL CC

Albizia adianthifolia (Schum.) W. Wight Fabaceae 8 4 -

Alstonia boonei De Wild. Apocynaceae 6 - -

Amphimas pterocarpoides Harms Fabaceae 2 - -

Aningeria robusta (A. Chev.) Aubr�ev. & Pellegr. Sapotaceae 2 - -

Antiaris toxicaria (Rumph. ex Pers) Lesch. Moraceae 6 - -

Baphia nitida Lodd. Fabaceae 27 4 2

Baphia pubescens Hook. f. Fabaceae 1 2 -

Blighia sapida Konig Sapindaceae 5 - -

Blighia unijugata Baker Sapindaceae 3 5 -

Bombax buonopozense P. Beauv. Malvaceae 3 - 12

Broussonetia papyrifera Vent. Moraceae - 26 15

Carapa procera DC. Meliaceae 4 - -

Canarium schweinfurthii Engl. Burseraceae 1 - -

Cedrela odorata L. Meliaceae - 2 -

Ceiba pentandra (L.) Gaertn. Malvaceae 10 12 7

Celtis adolfi-friderici Engl. Ulmaceae 19 50 2

Celtis mildbraedii Engl. Ulmaceae 124 10 25

Celtis zenkeri Engl. Ulmaceae 19 4 5

Chrysophyllum giganteum A. Chev. Sapotaceae 3 - -

Cleidion gabonicum Baill. Euphorbiaceae 4 - -

Cola gigantea A. Chev. Malvaceae 6 - -

Corynanthe pachyceras K. Schum. Rubiaceae 5 - -

Cyathea manniana Hook. Cyatheraceae 4 - -

Cylicodiscus gabunensis Harms Fabaceae 2 3 9

Daniellia ogea (Harms) Holland Fabaceae 9 - -

Discoglypremna caloneura (Pax) Prain Euphorbiaceae 1 - -

Drypetes sp. Euphorbiaceae 1 - -

Elaeis guineensis Jacq. Palmae 2 - -

Entandrophragma angolense (Welw.) C. DC. Meliaceae 1 18 11

Entandrophragma cylindricum (Sprague) Sprague Meliaceae 4 3 -

Entandrophragma utile (Dawe & Sprague) Sprague Meliaceae 4 4 -

Ficus lutea Vahl Moraceae - 17 3

Funtumia elastica (Preuss) Stapf Apocynaceae 5 - -

Guarea cedrata (A. Chev.) Pellegr. Meliaceae - 1 -

Guibourtia ehie (A. Chev.) J. Leonard Fabaceae 2 - -

Hexalobus crispiflorus A. Rich. Annonaceae 4 1 -

Holoptelea grandis (Hutch.) Mildbr. Ulmaceae 1 - -

Hymenostegia afzelii (Oliv.) Harms Fabaceae 3 - -

Irvingia gabonensis (Aubry-Lecomte) Baill. Irvingiaceae 2 - -

Isolona campanulata Engl. & Diels Annonaceae 2 - -

Khaya grandifoliola C. DC. Meliaceae 2 - -

Klainedoxa gabonensis Pierre ex Engl. Irvingiaceae 1 - -

Lannea welwitschii (Hiern) Engl. Anacardiaceae - 1 -

Macaranga barteri Müll. Arg. Euphorbiaceae - 1 -

Mansonia altissima (A. Chev.) A. Chev. Sterculiaceae 28 6 -

Microdesmis puberula Hook. f. ex Planch. Pandaceae 1 - -

Milicia excelsa (Welw.) C.C. Berg Moraceae 11 3 18

Morinda lucida Benth. Rubiaceae - 16 -

Morus mesozygia Stapf Moraceae 5 4 3

Musanga cecropioides R. Br. Cecropiaceae - 4 -

Myrianthus arboreus P. Beauv. Cecropiaceae 3 8 -

Nesogordonia papaverifera (A. Chev.) R. Capuron Malvaceae 56 1 20

Piptadeniastrum africanum (Hook. f.) Brenan Fabaceae 5 - -

Placodiscus boya Aubr�ev. & Pellegr. Sapindaceae 4 - -

Pseudospondias microcarpa (A. Rich.) Engl. Anacardiaceae 1 - -

Pterygota macrocarpa K. Schum. Sterculiaceae 1 - -

Pycnanthus angolensis (Welw.) Warb. Myristicaceae 24 6 19

Table 1 (continued )

Species Family OG SL CC

Rauvolfia vomitoria Afzel. Apocynaceae 6 7 15

Rhodognaphalon brevicuspe (Sprague) Roberty Malvaceae 1 - -

Ricinodendron heudelotii (Baill.) pierre ex Pax Euphorbiaceae 2 3 -

Rinorea oblongifolia (C.H. Wright) C. Marquand ex
Chipp

Violaceae 13 - -

Senna siamea (Lam.) H.S. Irwin & Barneby Fabaceae - 12 -

Sterculia oblonga Mast. Malvaceae 14 16 18

Sterculia rhinopetala K. Schum. Malvaceae 19 - -

Sterculia tragacantha Lindl. Malvaceae 8 4 19

Terminalia ivorensis A. Chev. Combretaceae 9 1 26

Terminalia superba Engl. & Diels Combretaceae 25 5 -

Tieghemella heckelii Pierre ex A. Chev. Sapotaceae 4 - -

Trichilia monadelpha (Thonn.) J.J. de Wilde Meliaceae - 57 -

Trichilia prieuriana A. Juss. Meliaceae 20 - -

Trichilia tessmannii Harms Meliaceae 2 5 79

Trilepisium madagascariense DC. Moraceae 26 16 -

Triplochiton scleroxylon K. Schum. Malvaceae 5 1 6

Vitex ferruginea Schumach. & Thonn. Verbanaceae 1 - -

Table 2. Comparison of tree community structure among the three forest man-
agement systems (OG: old-growth, SL: selectively logged, CC: clear-cut logged) in
a moist semi-deciduous forest in Ghana. Across the same row, values with
different superscripts are significantly different (P < 0.05) as determined by
permutation tests (diversity indices) and Tukey’s post-hoc test (density and basal
area).

Tree characteristics OG SL CC

Species richness 64a 38b 20c

Shannon diversity index 3.36a 3.05b 2.61c

Evenness 0.45a 0.55b 0.68c

Density per plot 21a 11b 10b

Basal area per plot (m2) 3.10a 1.70b 0.90c

Figure 2. Individual-based rarefaction-extrapolation curves of tree species
richness patterns in the three forest management systems in a moist semi-
deciduous forest in Ghana. The solid lines of the curves are the rarefaction
(interpolation) curves from the reference sample, whereas the dashed lines are
the extrapolation curves. The symbols at the end of each rarefaction curve (see
also legend) represents the observed number of individuals for the particular
forest management system.
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growth forest (635 individuals), followed by the selectively logged forest
(343 individuals) and then the clear-cut logged forest (314 individuals).
There was no significant difference in tree density between the two



Figure 3. Non-metric multidimensional scaling (NMDS) of tree species
composition in the sampling sites of the three forest management systems in a
moist semi-deciduous forest in Ghana. Ellipses are shown in the diagram, rep-
resenting 95 % confidence interval based on differences in species composition
of trees.

Table 3. Distribution of tree basal area differences between pairs of the three
forest management systems in a moist semi-deciduous forest in Ghana (OG: old-
growth, SL: selectively logged, CC: clear-cut logged) across the various diameter
classes. If a value bears a superscript of a particular forest management systems, it
means that value was contributed by that forest management system (i.e., that
forest management system had a higher basal area value than the other forest
management systems in the pair).

Diameter class Basal area differences between the forest pairs

OG–SL OG–CC SL–CC

5-20 0.33OG 0.10OG 0.07SL

20-35 1.20 OG 2.40OG 1.21SL

35-50 6.71 OG 15.22OG 8.51SL

50-65 4.00 OG 11.00OG 7.03SL

65-80 16.53 OG 18.23OG 0.01SL

>80 47.21 OG 56.44OG 1.71SL
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logged forests (Table 2) (P¼ 0.158). Nevertheless, tree density in the old-
growth forest was significantly higher than that in the selectively (P ¼
0.001) and clear-cut (P ¼ 0.001) logged forests. The five most abundant
species of trees in the old-growth forest contributed about 43.4 % of tree
density (Table 1). The species were C. mildbraedii, N. papaverifera, Man-
sonia altissima, Baphia nitida, and T. scleroxylon. In the selectively logged
forest, Cedrela odorata, B. papyrifera, T. superba, Entandrophragma utile,
and Hexalobus crispiflorus contributed 49 % of tree density. On the part of
clear-cut logged forest, the five most abundant tree species contributed
50.7 % of the total tree stem density in this logging regime. The five most
abundant species were T. scleroxylon, Terminalia ivorensis, C. mildbraedii,
N. papaverifera, and Pycnanthus angolensis. The three forest management
systems showed a similar trend in tree diameter distribution (Figure 4).
In general, tree density increased from the lowest diameter class (5–20
cm) up to the 20–35 cm diameter class, and then from this point
decreased consistently with diameter class increase. Thus, the diameter
distribution of trees in the three forest management systems was nearly a
reverse J-shaped curve.
Figure 4. Diameter class distribution of trees in the three forest management syste
logged, CC: clear-cut logged) across the various diameter classes.

5

Tree basal area differed significantly among all the three forest
management systems, being highest in the old-growth forest and lowest
in the clear-cut logged forest (P ¼ 0.001). Tree basal area differences
between the old-growth and selectively logged forests increased with
increasing diameter class (Table 3). For all diameter classes, the old-
growth forest had higher basal area than the selectively logged forest,
showing that the basal area variations between the two forests were
contributed by the old-growth forest. With respect to the old-growth and
clear-cut logged forests, basal area differences fluctuated with diameter
class. All the basal area differences between the two forests were
contributed by the old-growth forest. Tree basal area differences between
the selectively and clear-cut logged forests also fluctuated with diameter
class. All the variations in basal area between the two forests were
contributed by the selectively logged forest, with the exception of the
difference with respect to the 5–20 cm diameter class, which came from
the clear-cut logged forest.

4. Discussion

Unlike previous studies, we sampled trees from selectively and clear-
cut logged forest stands with the same recovery time. Thus, our study
ms in a moist semi-deciduous forest in Ghana (OG: old-growth, SL: selectively
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employed a more objective approach to compare tree community struc-
ture between the two logged forests. The findings of the current study
therefore add valuable information to existing literature to increase our
understanding of the relative impacts of selective and clear-cut logging
on tree community structure. Our results showed that selective and clear-
cut logging had varied imprints on tree species diversity and composition
in the forest, with the latter showing severer impacts. This trend is
consistent with previous studies in which clear-cut logging had more
pronounced negative impacts on tree species diversity (Torras and Saura,
2008; Xu et al., 2015) and composition (de Avila et al., 2015; Hayward
et al., 2021; Osazuwa-Peters et al., 2015) compared to selective logging.
Given that logging disturbance influences natural regeneration (Bahati,
2005), the extent or intensity of the logging disturbance could serve as an
important determinant of tree species diversity and composition recovery
in the logged forests. Clear-cutting destroyed significant number of trees
and consequently removed seed sources for regeneration from the
clear-cut logged forest. This phenomenon which reduces proximity to
seed sources, might have impaired the recovery of tree species diversity
and composition in the clear-cut forest stand (Simard et al., 2021).
Moreover, in clear-cut forests where light availability is high, tree species
exhibit a spectrum of light tolerance physiology, resulting in a negative
impact on shade tolerant species (Negr�on-Ju�arez et al., 2019; Torras and
Saura, 2008). On the contrary, selective logging often preserves seed
sources which contributes to faster recovery of tree species diversity and
composition (Damptey et al., 2021; Dupuy and Chazdon, 1998).

In view of the fact that clear-cutting causes higher disturbance in-
tensity than selective logging, clear-cut forests have the tendency to
recover at a slower rate than selectively logged forests (Chazdon et al.,
2007; Ding et al., 2017; Fan et al., 2021). This assertion is supported by
our findings, as tree species diversity and composition of the clear-cut
forest shifted more from the old-growth forest compared to the shift of
the selectively logged forest from the old-growth forest. In fact, species
composition of the selectively logged forest showed a strong convergence
towards that of the old-growth forest, suggesting that the selectively
logged forest possibly recovered faster than the clear-cut logged forest.
Contrarily, Fan et al. (2021) demonstrated that tree species composition
of a clear-cut logged forest recovered faster than that of a selectively
logged forest. Tree species composition recovery in the selectively logged
forest studied by Fan et al. (2021) was perhaps limited by higher in-
tensity of past logging which removed 60 % of tree volume compared to
20 % of tree volume removed in our selectively logged forest. Secondary,
the clear-cut logged forest of Fan et al. (2021) had a longer time of re-
covery, which could have been an undue advantage over the selectively
logged forest.

Our findings revealed that stem density of trees in the clear-cut logged
forest recovered to the level of the selectively logged forest. Increased
light availability associated with canopy openings of clear-cut logged
forest might have favoured germination, establishment and recruitment
of tree species, especially light demanders, contributing to increased tree
stem density in this logged forest (Torras and Saura, 2008). In relation to
the old-growth forest, the two logged forests harboured a lower stem
density of trees. Thus, natural regeneration and recruitment of trees in
the logged forests were not enough to compensate for the number of trees
lost due to selective and clear-cut logging. The density of tree stems in the
logged forests may be limited by post-logging tree mortality and
decreased recruitment due to reduced light availability as canopy closes.
Our findings imply that damage inflicted on tree communities by logging
can persist for several years, and that a considerable longer time is
required for logged sites to fully recover their tree stem density (Xu et al.,
2015). A reverse J-shaped distribution curve is a common and repre-
sentative feature of undisturbed or old-growth forests, which indicates
good regeneration of plant species (Borah et al., 2014; L�abusov�a et al.,
2019). Consistent with this trend, we observed a near-perfect reverse
J-shaped curve of tree diameter distribution in the old-growth forest.
This pattern may be due to active regeneration of trees, particularly
shade-tolerant species (Busing, 1994). A similar pattern was recorded in
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both the selectively and clear-cut logged forests, showing that natural
regeneration of trees was active and continuous in the logged forests
(Borah et al., 2014).

The results of our study also showed logging-induced changes in tree
basal area in both the selectively and clear-cut logged forests, although
the adverse changes were more pronounced in the case of clear-cutting.
The above trend is supported by previous studies which reported nega-
tive impacts of logging on woody plant basal area (Hayward et al., 2021;
T�alamo et al., 2020; Xu et al., 2015). Lutz et al. (2013) observed that
variation in large-diameter stem density of trees is an important deter-
minant of tree basal area patterns. Similarly, our results revealed that
variations in the density of large-diameter stems drove basal area dif-
ferences among the forest management systems. For example, large
diameter trees (dbh �50 cm) which were more abundant in the
old-growth forest than the two logging regimes, accounted for 89 % of
the differences in basal area between the old-growth forest and selec-
tively logged forest, and 86 % of the difference between the old-growth
forest and clear-cut logged forest. In fact, whereas tree basal area was
driven by large diameter-trees in the old-growth forest, it was limited by
large-diameter trees in the two logged forests. These trends reflect the
negative impacts of logging and demonstrate that the removal of
large-diameter trees by logging inflicts long lasting negative impacts on
tree basal area, irrespective of recovery through natural regeneration,
recruitment, and stem growth (T�alamo et al., 2020).

Overall, the findings of the current study reveal that the imprints of
selective logging and clear-cutting on tree stem density and basal area
still remain 26 years after harvesting. Nonetheless, logging impacts in the
clear-cut logged forest was more prominent on tree basal area than tree
stem density. Xu et al. (2015) reported partial recovery of tree commu-
nity structure in selectively and clear-cut logged forests, and suggested
that the full recovery of tropical forests may require a long period of time.
Consistent with the above study, our findings showed partial recovery of
tree diversity, composition, density, and basal area in the two logged
forests, indicating that indeed post-logging recovery of tropical forests is
a long term process. In general, selective logging is considered as a milder
form of disturbance that can help maintain biodiversity and forest
ecosystem functions, due to the recovery ability of selectively logged
forests (Lima et al., 2020). Nevertheless, the persistent of selective log-
ging impacts on tree community structure in our forests after 26 years,
shows that selective logging can induce a long term disruption of tree
community structure, with ramifications for forest functioning. The long
term impacts of selective logging on tree community structure was also
reported by previous studies (Asase et al., 2014; Brown and Gurevitch,
2004; Osazuwa-Peters et al., 2015; Xu et al., 2015).

There are other important factors that also possibly accounted for the
shifts in tree community structure in the logged forests. Firstly, logging-
induced disturbance can facilitate colonisation and establishment of inva-
sive species that can impair native vegetation recovery (Addo-Fordjour
et al., 2022; Brown and Gurevitch, 2004). We found an invasive species, B.
papyriferaamong thenative tree species in the two logged forests.Given that
B. papyrifera displaces native species (Addo-Fordjour et al., 2022; Yalley
et al., 2020), its presence in the logged forests could lower tree species di-
versity, density, and basal area, and cause shifts in species composition. In
fact, previous studies found that the establishment of invasive plant species
in logged forests prevent the recolonisation of native tree species (Brown
and Gurevitch, 2004) due to a strong competitive edge of invasive plant
species over native trees (Bueno et al., 2019; Dyderski and Jagodzi�nski,
2020; Gioria and Osborne, 2014; Kawaletz et al., 2013). Furthermore,
although canopy openings in the logged forest might have favoured light
demanding tree species, sudden exposure of shade tolerant species to
increased light intensity in the logged forests might have caused physio-
logical stress, thus limiting tree regeneration and recruitment (Hall et al.,
2003). Finally, it is widely established that logging causes damage to
non-targeted trees (Clatterbuck, 2006; Hall et al., 2003). This logging
damage could later cause mortality of residual trees and reduce plant
community structure (Saiful and Latiff, 2014). Our study has clearly shown
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that given equal recovery time, selectively logged forests show better re-
covery than clear-cut forests, although the recovery in both types of logged
forests could be partial. This information may be useful in forest manage-
ment as it highlights the need to use or develop forestmanagement regimes
that enhance full recovery of logged forests andmaintain their biodiversity.
Furthermore, the findings of the current study imply that selective logging
can preserve forests better than clear-cut logging. Thus, selective logging
should be given priority over clear-cutting in areas where maintenance of
forest structure and conservation of biodiversity is desired.

5. Conclusion

We used a more objective approach than previous studies to assess the
relative impacts of selective and clear-cut logging on tree community
structure by sampling selectively and clear-cut logged forest stands that
had the same recovery time. Both selective and clear-cut logging inflicted
adverse impacts on tree species diversity and composition, but the im-
prints were more visible with respect to clear-cutting, indicating that
recovery of tree species diversity and composition was faster in the
selectively logged forest than the clear-cut logged forest. There were
negative and similar imprints of logging on tree stem density in the two
logging regimes, but with respect to basal area, a lesser imprint was
observed in the selectively logged forest. Overall, our findings suggest
that logged tropical forest recovery is a long term process, and so such
forests may not recover fully after short to medium term. The information
generated in this study calls for the use or development of forest man-
agement regimes that favour full recovery of tree community structure in
tropical forests. In view of the lower imprints of selective logging on tree
community structure, it must be given priority over clear-cutting where
forest structure maintenance and biodiversity conservation are desired.
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