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ABSTRACT

Forest restoration is an essential tool for conserving biodiversity in tropical regions; yet, restoration outcomes in the Afrotropics
remain largely understudied. Here, we investigated how the forest structure, tree diversity, community, life-history traits and
habitat associations recovered over three decades of active restoration in an East African rainforest in Uganda. The vegetation
surveys were initially conducted in 2013 and repeated in 2021. Altogether, the study included 45 actively restored forest sites
(aged 4-26years) and 10 primary forest reference sites. The results showed increased tree taxa richness, basal area, tree height
and community similarity (i.e., the similarity of community composition of restored forests to the composition of primary forest)
along the age gradient. After 20years of planting, Simpson's diversity and canopy cover reached similar values recorded in the
reference primary forest. In contrast, restored forests had not attained levels of tree taxa richness, basal area, stem density, or
community similarity comparable to those of the reference primary forest within three decades. We found an age gradient from
younger restored to older restored to the primary forest in the composition of tree communities. The proportion of species with
animal-dispersed seeds was similar in the restored and the primary forest. The proportion of shade-tolerant and forest-interior
species had increased along the age gradient in the 2021 survey. In conclusion, forest structure, diversity and community showed
early signs of recovery, but the rate of change slowed over time.

1 | Introduction historical forest cover (Aleman et al. 2017). In such regions, res-

toration is vital to conserve the remaining biodiversity and sus-

Deforestation and forest degradation threaten biodiversity
and essential ecosystem services provided by rainforests
(IPBES 2019; Boulton et al. 2022). Vancutsem et al. (2021) esti-
mated that 218.7 million ha of tropical moist forests were lost be-
tween 1990 and 2020. In some tropical regions, most of the forest
cover has already gone; for example, Uganda has lost 92% of its

tain ecosystem services that forests provide (Gann et al. 2019; Di
Sacco et al. 2021).

Most studies describing the dynamics of tropical forest recov-
ery have been conducted in the Neotropics (e.g., Guariguata
and Ostertag 2001; Liebsch et al. 2008; Mesquita et al. 2015;
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Kulikowski et al. 2022; Maurent et al. 2023). Other regions, par-
ticularly Africa, remain comparatively understudied (Wainwright
et al. 2018; Jakovac et al. 2021). Besides, tropical forest restoration
research has focused on the natural recovery of vegetation after
disturbances, with less emphasis on actively restored systems
(Meli et al. 2017). Recent meta-analyses have demonstrated that
natural regeneration (i.e., passive restoration) facilitates faster veg-
etation recovery compared to active restoration (e.g., Crouzeilles
et al. 2017). However, passive restoration studies, utilising natural
regeneration, are often done under favourable conditions for tree
regeneration, generating faster recovery than in active restoration
(Reid et al. 2018). Nevertheless, in some areas, natural recovery is
unattainable. Succession can be arrested, for instance, by frequent
fires or a dense grass and shrub cover (Duncan and Duncan 2000;
Duclos et al. 2013; Chazdon 2014; Wheeler et al. 2016). In these
areas, the forest may recover only by implementing active strate-
gies such as tree planting (Lamb et al. 2005; Chazdon 2014).

Succession drives ecosystem recovery during forest restoration.
Tropical forest succession involves three phases based on grad-
ual changes in vegetation structure, species composition and
functional groups (Chazdon 2008; Suding and Hobbs 2009;
Ghazoul and Sheil 2010; Elliott et al. 2013). The stand initiation
phase is dominated by light-demanding pioneer species for the
first 10years. Over the next 10-20years, tree height and cover
increase, leading to the recruitment of more shade-tolerant
species in the stem exclusion phase. Finally, in the understorey
reinitiation phase, late-successional species and several vegeta-
tion layers gradually establish themselves. This phase may take
100-200years (Chazdon 2014; Ghazoul and Sheil 2010).

Several biotic and abiotic factors, along with land-use history
and intensity, may modify the trajectories and speed whereby
the forest structure, diversity and community composition shift
during succession (Jakovac et al. 2021; Maurent et al. 2023).
Key abiotic factors altering successional trajectories include to-
pography, soil type, microclimate and fire (Jakovac et al. 2021;
Rochimi et al. 2021). Biotic factors encompass herbivory, the
abundance of seed dispersers and predators, as well as com-
petition between trees and other vegetation (Struhsaker 1997;
Lawes and Chapman 2006; Duclos et al. 2013; Mantoani and
Torezan 2016; Omeja et al. 2016; Piiroinen et al. 2017).

Whether active or passive restoration is used, the slow arrival
of recruits (seed dispersal limitation) and/or poor germination,
survival, or growth of seedlings (tree establishment limitation)
can impede succession (Duncan and Chapman 1999; Flores
and Holmgren 2021; Joyce et al. 2024). Seed dispersal limita-
tion is often a stronger barrier to forest succession, especially
for animal-dispersed, large-seeded and late-successional species
(Reid et al. 2015; Holl et al. 2017; Sangsupan et al. 2018; Pefia-
Domene et al. 2018). Seed dispersal limitations can result from
long distances to source populations (e.g., conservation areas,
forest fragments, remnant trees), surrounding land use, life-
history traits of recruits (e.g., dispersal type, seed or fruit size),
as well as the presence and diversity of seed dispersers (review
by Jakovac et al. 2021). Again, this topic is most explored in
Central and South America (e.g., van Breugel et al. 2019; Pefia-
Domene et al. 2018; Zahawi et al. 2021; Rodrigues et al. 2019;
Camargo et al. 2020), with limited research in the Afrotropics
(Ssekuubwa et al. 2021; Abiem et al. 2023).

Here we investigate tree community and forest structure
changes in an actively restored Afrotropical rainforest of Kibale
National Park, Uganda. We focus on areas where natural succes-
sion was arrested and the forest recovery started only with re-
forestation (Duncan and Duncan 2000; Wheeler et al. 2016). In
the studied large-scale restoration area (10,000 ha), active resto-
ration was initiated in 1995 (UWA-FACE 2015). Our study rep-
resents a chronosequence resampling, with forest ages spanning
from 4 to 26years. The first survey was implemented in 2013;
the second in 2021. We classified the study sites into four forest
age groups: (1) younger restored forest (aged 4-10years in 2021),
(2) intermediate-aged restored forest (aged 5-8years in 2013,
13-16years in 2021), (3) older restored forests (aged 13-18 years
in 2013, 21-26years in 2021) and (4) primary forest study sites.

We asked (Question 1; Q1) whether tree diversity, or variables
describing the forest structure (basal area, stem density, canopy
cover, tree height), differs among younger restored, intermediate-
aged restored, older restored and primary forests? We hypothesised
that tree diversity, basal area, stem density, canopy cover and tree
height would increase with the forest age as active restoration ini-
tiates secondary succession. As planted trees age and grow larger,
the changing microhabitat attracts more seed dispersers, and the
germination and growth of recruited seedlings induce higher spe-
cies diversity and structural complexity (Elliott et al. 2022).

Secondly (Q2), do the proportions of species presenting differ-
ent life-history traits (seed dispersal types, seedling establish-
ment guilds) and habitat associations differ among the forest age
groups? If seed dispersal limitation is a common phenomenon
in our study area, the proportion of animal-dispersed species
should be lower in the younger restored forests compared to
the primary forest (Reid et al. 2015; Pefia-Domene et al. 2018).
Shade-tolerant and forest-interior species should be more com-
mon in primary forests, while proportions of pioneer and forest
non-dependent species (occurring both in open and forest habi-
tats) should be higher in younger restored forests.

Thirdly (Q3), we examined whether the tree community compo-
sition changes over the 8 years of recovery (between the surveys)
and how much of the variation in compositions can be explained
by forest age, distance to primary forest and elevation. We pre-
dicted that the similarity in community composition of restored
forests to the primary forest composition would increase over
the 8years between the surveys; yet, the rate of change may dif-
fer among forest age groups. We expected compositional sim-
ilarity to increase because planting should enhance growth
conditions, and seed dispersal from the primary forest should
bring new species and replace pioneers with later-successional
species (Elliott et al. 2013; Chazdon 2014). Finally, we investi-
gated which abiotic and biotic environmental variables correlate
with the observed community composition.

2 | Materials and Methods
2.1 | Study Area
Our study area was located in the Kibale National Park,

Uganda, which represents mainly medium-altitude Afrotropical
moist forest with an area of 795km? (Struhsaker 1997; Hartter
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et al. 2011). The elevational gradient in the park varies be-
tween 900 and 1590m above sea level, with higher elevation
in the north compared to the south. Consequently, the vege-
tation changes from medium-altitude tropical moist forests in
the north and east to savannahs in the south and west (Omeja
et al. 2011; UWA-FACE 2015). The rainy season occurs twice
yearly: from March to May and from August to November. The
mean annual precipitation was 1646 mm, and the mean annual
monthly temperature ranged between 16°C_, and 28°C_ .
(data between 1970 and 2020; Chapman et al. 2021).

Evergreen and semi-deciduous primary forest covers most of
the national park (UWA-FACE 2015). At least 351 tree species
are found in Kibale, with species composition varying along the
elevational gradient (Wing and Buss 1970; Howard et al. 1996).
The topography is undulating; hence, vegetation composition
varies between the valley bottoms and hills (Struhsaker 1997).
Common species include Uvariopsis congensis, Celtis spp.,
Pterygota mildbraedii, Markhamia lutea, Olea welwitchii,
Gambeya spp., Pseudopsondias microcarpa and Cynometra al-
exandri, among others (Howard et al. 1996; UWA-FACE 2015).
The forest canopy can reach a height of over 30m (Wing and
Buss 1970), with some tree species capable of growing to 45m
(Kalema and Hamilton 2020). The total basal area in the pri-
mary forest can exceed 35 m?/ha (Skorupa 1988).

A mosaic of different vegetation types can be found within
Kibale, including closed-canopy primary forests, grass-
lands, swamps and successional forests (Wing and Buss 1970;
Struhsaker 1997; UWA-FACE 2015). In the successional forests,
the cover of understorey vegetation changes along successive
phases. During the initial phase, grasses, especially Cenchurus
purpureus (elephant grass), are dominant but are replaced by
different woody shrubs and herbaceous perennials, including
Acanthus pubescens, which proliferate under the pioneer trees
(Wing and Buss 1970). During subsequent phases, the canopy
cover of young forests is sufficiently sparse for light to reach the
forest floor, where herbaceous, shade-tolerant plants, such as
Marantochloa spp., supplant most grasses and shrubs. In later
phases, the canopy closes, eventually resulting in very little or
no herbaceous understorey.

This study was conducted in a forest restoration project area
and adjacent primary forest reference sites in Kibale National
Park (figure 1; Omeja et al. 2011; UWA-FACE 2015; Wheeler
etal. 2016). Between the 1970s and 1990s approximately 10,000
15,000ha of the southern part of the park lost its forest cover
due to illegal human activity, specifically, land clearance for ag-
riculture; for a more detailed history, refer to Struhsaker (1997),
Chapman and Lambert (2000), and UWA-FACE (2015). Of this
area, 2600 ha was found to be suitable for natural regeneration,
being enclosed by existing forest (Riemer 2020). Natural regener-
ation areas were actively protected from fire through patrolling
and the establishment of firebreaks. In other parts, the land
transitioned permanently into grass- and shrubland, where tree
regeneration was virtually absent (UWA-FACE 2015; Wheeler
et al. 2016). In 1994, the Uganda Wildlife Authority (UWA)
and Face the Future (FACE) launched a reforestation project.
Since 1995, active restoration has taken place nearly annually
via planting trees, removing grass around seedlings, preventing
fires and removing invasive species such as Lantana camara.

The project had planted over 4400ha with local tree species by
2023 (Riemer 2020; van den Tweel 2023). Our study sites were
located in these actively restored areas (Figure 1).

The planted tree species included a mixture of pioneer spe-
cies such as Bridelia micrantha, Spathodea campanulata and
Shirakiopsis elliptica; “intermediate successional” species such
as Albizia gummifera, Croton macrostachys, Cordia africana,
Warburgia ugandensis, Mimusops bagshawei, and Prunus afri-
cana and climax species such as Gambeya albida and U. con-
gensis (Omeja et al. 2011; UWA-FACE 2015; Wheeler et al. 2016;
Riemer 2020). During the first years of the project, almost 40 tree
species were planted in the area (Wheeler et al. 2016). The spe-
cies composition of planted trees has changed during the later
years, with the number of planted species reduced to around 10,
comprising only those with a high seedling survival rate. The
trees were planted in a 5X 5m grid.

2.2 | Vegetation Surveys

In this study, we utilised vegetation survey data collected in 2013
(Nyafwono et al. 2014). The data covered 34 study sites represent-
ing six different-aged, actively restored forests (planted between
1995 and 2008), as well as 10 primary forest sites (Figure 1). In
2021, we repeated the survey at the same study sites using the
same survey protocol while appending 11 additional study sites
across actively restored compartments planted in 2011 and 2017
(Figure 1). Distances between the study sites varied between
110m and 1914 m within the sites planted in the same year and
between 110m and 15,783 m among all study sites.

At each study site, the vegetation survey was conducted follow-
ing a nested plot design, wherein all plots shared one corner
(Appendix S1; Figure S1). Large trees (diameter at breast height
(DBH) >20cm) were recorded in a 20X 40m plot, medium trees
(DBH >10 and <20cm) in a 20x20m plot, small trees (DBH
>5 and<10cm) in a 20x10m plot and saplings (DBH <5cm;
including seedlings) in a 10X 10 m plot. Unfortunately, we were
unable to locate the plots exactly in the same position in 2021
as in 2013. This was because, for the plots surveyed in 2013, we
had information only on the coordinates of the shared corner of
the nested plots, but the orientation of the plot from that corner
was unrecorded. To maximise the shared area in the two sur-
vey times, in the 2021 survey, we placed the centre of the plot
at the known coordinates from the 2013 survey (Appendix S1;
Figure S1).

Each tree was identified at the species level, or, if assignment to
species was impossible, at the genus level, or listed as uniden-
tified. Unidentified taxa represented only 1% of counted stems
(see Appendix S1 for more information). In the field, all recorded
trees were further classified as “planted” or “not planted” based
on their location in the planting grid. Most of the trees in the
planting grid were pre-grown seedlings, but all the remnant
trees or naturally regenerating seedlings were left on the site
during the restoration planting. Therefore, in our vegetation
survey, the stems located on the grid were classified as “planted”
even though a few of these trees might have been naturally
sprouted. In unclear cases or if the stem was located off the grid,
it was classified as “not planted”.
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| Map of restoration project area and vegetation survey study sites in Kibale National Park, Uganda. The first survey took place in

2013 and the second in 2021; in the legend, an asterisk indicates that the study site was not surveyed in 2013. Map layers: Waterbodies: Africa—
Waterbodies dataset (World Bank 2018, CC-BY 4.0); country borders, rivers, lakes at the continent level, shaded relief with elevation: Natural Earth
dataset (Natural Earth 2023; Public Domain). The map was created in QGIS Desktop 3.20.3 (QGIS 2021). Photos: A. Valtonen.

For each plot, we calculated the following variables describing
the vegetation diversity and structure: (1) tree taxa richness
(number of tree taxa in 20x40m plot), (2) Simpson diver-
sity index, (3) the total estimated basal area (m?/ha, for trees
DBH >5cm) and (4) the total estimated stem density (stems/
ha). The tree taxa richness and Simpson diversity index were
calculated using estimated stem densities (stems/ha) of the
whole tree community, i.e., summing all tree size classes.
Simpson's diversity index (D) was calculated as in Clarke

and Gorley (2006): 1-D=1-ZX, [N, (N,—D]/[N(N-1)], where
N;=number of individuals in species i, and N =total number
of individuals (includes both species richness and evenness;
Magurran and McGill 2011).

In the 2021 vegetation survey, we further recorded the follow-
ing variables from the 20x40m plots: (5) mean tree canopy
cover (%), and (6) mean tree height (m). The tree canopy cover
was measured with the phone application CanopyCapture
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(Patel 2018) from the corners and in the middle of the 20x40m
plot, i.e., including five measurements. Tree height was mea-
sured only in the restored study sites; whereas, for the primary
forest, we could only use a literature-based height of 30 m (Wing
and Buss 1970). See more detailed information on measuring
the basal area, canopy cover and tree height in Appendix S1.
As biotic environmental variables, we estimated the follow-
ing understorey vegetation covers (%) of (7) Cenchurus pur-
pureus, (8) Acanthus pubescens, (9) Lantana camara, and (10)
Marantochloa spp. (see details in Appendix S2). (11) Elevation
(m above sea level) for each study site was extracted from a dig-
ital elevation model (Regional Centre for Mapping of Resources
for Development 2018) in QGIS (2021).

For the statistical analyses, we divided the study sites into
four forest age groups: (1) younger restored forest (planted in
2011 and 2017), (2) intermediate-aged restored forest (planted
in 2005, 2007 and 2008), (3) older restored forest (planted
in 1995, 1999 and 2000), and (4) primary forest study sites
(Figure 1). These groups approximated the successional
phases: younger restored forests were in the stand initiation
phase, intermediate-aged restored forests were transitioning
from stand initiation to the stem exclusion phase, and older
restored forests were transitioning to the understorey reiniti-
ation phase.

2.3 | Data Analyses

We fitted linear mixed models (LMM) in SPSS (version 19.0.2.0
IBM Corp 2023) to determine if the three forest age groups
(intermediate-aged restored, older restored and primary forest),
or the two survey times (2013 vs. 2021), differed in variables
describing their tree diversity or forest structure (Q1). Younger
restored forests were excluded from these analyses because they
were measured only in the 2021 survey. In these models, the re-
sponse variables included (1) tree taxa richness, (2) Simpson's
diversity index, (3) estimated total basal area (m?/ha), (4) esti-
mated total stem density (stems/ha), (5) mean canopy cover (%)
and (6) mean tree height (m). The survey time and forest age
group (and their interaction) were designated as fixed variables.
For the models of canopy cover and tree height, only the forest
age group was used as a fixed variable, as this data was collected
solely in 2021. Additionally, the study site (nested in planting
year) was set as a random variable in all models except canopy
cover and tree height models (see model details in Appendix S1).
If significant differences were found, we performed pairwise
tests (LSD) to ascertain which forest age groups differed from
each other (Appendix S1). The primary forest age group in the
LMM model for comparing tree height was excluded, as it was
not recorded in the field (see above). Instead, we used a one-
sample t-test to ascertain whether the tree heights of restored
forests (intermediate-aged and older restored) differ from the
literature-based primary forest tree height (30m; Wing and
Buss 1970).

To inspect differences in tree taxa richness (Q1), we also pro-
duced individual-based species accumulation curves using the
iNEXT package in R (Hsieh et al. 2016; R Core Team 2023).
Rarefaction and extrapolation curves were generated for each
forest age group and both survey times.

We also estimated the growth rate of planted trees based on their
DBH. The detailed information of the methods and results for
planted tree growth is presented in Appendix S2.

We ran Fisher's exact tests in R to examine whether the propor-
tions of species with different traits differed among the forest
age groups (Q2; see Appendix S1). The studied traits included
dispersal type (animal vs. non-animal), seedling establishment
guild (shade bearer [here shade-tolerant], non-pioneer light de-
mander, pioneer, or swamp; classification as in Hawthorne 1995)
or habitat association type (forest interior, forest edge, forest gen-
eralist, forest non-dependent, riverine forest, woodland; classifi-
cation as in Howard et al. 1996). Trait information was collected
from literature (for sources, see Appendix S1: Table S1).

We used multivariate analyses to visualise the community com-
positions and to unravel whether the similarity of community
compositions between the restored and primary forests had in-
creased over the 8years of restoration (Q3). In all multivariate
statistics, we applied the presence—absence transformation, i.e.,
we used the Serensen index for the community data. We chose
this transformation to lessen the effect of slight differences in
study plot locations between the two survey times. All multi-
variate analyses were conducted in PRIMER-E 6.1.15 and the
PERMANOVA+ add-in (Clarke and Gorley 2006; Anderson
et al. 2008).

We used Principal Coordinates Analysis (PCO; Anderson
et al. 2008) to visualise tree community changes (Q3). PCO is
an ordination method that projects samples onto axes based on
their inter-point dissimilarities in Euclidean space. We chose
PCO because a more commonly used NMDS yielded “degener-
ate” solutions with our data (Anderson et al. 2008: 121-122). The
degenerate solution means that NMDS collapses if there are a
few samples (in our case study sites) with almost no species. In
our case, NMDS produced figures where most samples aggre-
gated on top of each other, while one to two outliers (i.e., study
sites with low species richness) were separated. In this case,
PCO provides a solution without having to remove “outliers”
that still provide ecologically important information. We gen-
erated PCOs for the whole tree community, with all size classes
and separately for the four size classes (saplings, small, medium
and large trees), including both survey times. To explore correla-
tions between the measured environmental variables and the or-
dination axes, we used community composition data from 2021,
when all environmental variables were measured. The abiotic
and biotic environmental variables included were (1) forest age,
(2) latitude, (3) longitude, (4) elevation, (5) distance to primary
forest, (6) canopy cover and the four (7-10) understorey vegeta-
tion cover estimates listed above (see also Appendix S2 for the
vegetation covers).

We ran paired t-tests to determine if the compositional similarity
of restored forests to primary forests had changed between the
two surveys (Q3), using R. First, we calculated the mean com-
positional similarity (Serensen similarity index) between each
restored forest study site and all of the primary forest study sites,
separately for both survey times. Second, we performed paired
t-tests to assess if compositional similarity to the primary forest
changed between 2013 and 2021. Only the intermediate-aged
and older restored forests were included, as the younger restored

50f 16

85US017 SUOLILIOD B0 3|eddde BU Aq pauRA0D 318 S3[o e WO ‘88N JO S3|NJ 0 AR1G 1T 8UIIUO AB] 1M UO (SUORPUOD-PUR-SWLISYW0D A8 | 1M A1 1 [ou 1 UO//StNY) SUORIPUOD PUe SWwi | 8U388S *[6202/60/€0] U0 Ariqiaulluo AB|IMm ‘Asiealun eswin Ag £8022 €899/200T OT/I0P/W00" A3 1M Afeiq 1 BuI|UO//SANY W14 papeojumoq ‘8 ‘5202 ‘8SLL5P0Z



TABLE1 | Linear mixed model (LMM) results for: (a) tree taxa richness, (b) Simpson's diversity, (c) basal area (m?/ha) and (d) stem density.

Response variable Source Numerator df Denominator df F Sig.
(a) Tree taxa richness Intercept 1 41.0 505.6 <0.001
Survey time 1 41.0 16.2 <0.001
Age group 2 41.0 65.5 <0.001
Survey time X age group 2 41.0 25.6 <0.001
(b) Simpson's diversity Intercept 1 41.0 1193.7 <0.001
Survey time 1 41.0 0.7 0.409
Age group 2 41.0 6.2 0.004
Survey time X age group 2 41.0 8.6 <0.001
(c) Basal area (m?/ha) Intercept 1 41.0 360.0 <0.001
Survey time 1 41.0 12.2 0.001
Age group 2 41.0 107.6 <0.001
Survey time X age group 2 41.0 10.4 <0.001
(d) Stem density (stems/ha) Intercept 1 41.0 171.5 <0.001
Survey time 1 41.0 1.8 0.190
Age group 2 41.0 34.4 <0.001
Survey time X age group 2 41.0 0.2 0.782

Note: In each model, fixed effects (Type III) included survey time, forest age group, and their interaction. Statistically significant results are highlighted in bold. Post

hoc test (LSD) results are shown in Figure 2.

forests were surveyed only in 2021. We also tested, using the
paired t-test, if the compositional similarity among the primary
forest study sites had changed (mean compositional similarity to
all other primary forest sites).

Finally, we performed two distance-based linear models
(DistLM; Anderson et al. 2008). These were fitted per survey
time to discover how large a proportion of variance in tree com-
munity composition was explained by (1) age, (2) the study site's
distance to the primary forest and (3) elevation (Q3). We also
included the (4) latitudinal and (5) longitudinal coordinates of
the study site in the models to account for their spatial config-
uration. We fitted DistLM models, first using the entire data-
set and second, excluding the planted tree individuals from the
dataset. We did this to ensure that the gradients observed in the
tree community compositions were not generated by the differ-
ences in the compositions of the planted trees across different
years (see Appendix S1).

3 | Results
3.1 | Recorded Tree Taxa

The 2013 and 2021 data covered 89 tree taxa identified to a spe-
cies or genus level (Appendix S1; Table S1). Of the identified
taxa, 60 were recorded in the restored forests, 67 in the primary
forests, and 38 in both (Appendix S1; Figure S2). The 2013 sur-
vey found 79 tree taxa, while the 2021 survey found 73 taxa. The
most common taxa in restored forests were Bridelia micrantha,
Funtumia sp., Shirakiopsis elliptica and Albizia grandibracteata

(based on their estimated stem density/ha; Appendix S1:
Table S2). Correspondingly, the most common taxa in primary
forests were Rinorea sp., Lovoa swynnertonii, Uvariopsis congen-
sis and Monodora myristica (Appendix S1: Table S2).

3.2 | Diversity and Vegetation Structure (Q1)

The tree taxa richness, Simpson diversity, total basal area,
stem density, mean canopy cover and mean tree height in-
creased significantly from intermediate-aged restored forests
towards primary forests (LMMs; Table 1; Table 2; Figure 2;
Appendix S1: Figure S3). However, a significant interaction
between survey time and age group was found in tree taxa
richness, Simpson's diversity and basal area, but not in stem
density. Therefore, while we found a general increase in
taxa richness and basal area between the two study times,
at the same time interval, these variables showed a decreas-
ing pattern in the primary forest (LSD tests; Figure 2a,c;
Table 1). Simpson's diversity, on the other hand, showed an
increase only in intermediate-aged restored forests (LSD tests;
Figure 2b; Table 1). Based on pairwise LSD tests, the restored
forests had lower tree taxa richness, basal area and stem den-
sity than primary forests at both survey times (Figure 2a,c,d).
Simpson's diversity (in 2013) and canopy cover (in 2021) were
lower only in the intermediate-aged restored forests versus
primary forests (Figure 2b,e). The tree height of the restored
forests was significantly lower compared to the literature-
based tree height of primary forests (t(43)=-10, p<0.001;
one-sample t-test). Furthermore, there was plenty of variation
among study sites in all diversity and forest structure variables
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TABLE 2 | Linear mixed model (LMM) results for (a) mean canopy cover (%), and (b) mean tree height (m).

Response variable Source Numerator df Denominator df F Sig.

(a) Canopy cover (%) Intercept 1 41 772.166 <0.001
Age group 2 41 5.421 0.008

(b) Tree height (m) Intercept 1 32 426.464 <0.001
Age group 1 32 20.596 <0.001

Note: In each model, the fixed effect included only the forest age group. The tree height could be compared only among intermediate-aged and older restored forests
(see text for more details). Statistically significant results are highlighted in bold. Post hoc test (LSD) results are shown in Figure 2.
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shown in the panels (the corresponding linear mixed model test results are presented in Tables 1 and 2). Different letters indicate statistically signif-
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when plotted separately for each forest age and planting year
(Appendix S1; Figure S3). The corresponding changes in the
cover estimates of the understorey vegetation and growth
of planted trees along the chronosequence are presented in
Appendix S2 (the text and Figures S1-S2).

Individual-based species accumulation curves indicated that
the taxa richness was significantly lower (i.e., 95% confidence
intervals did not overlap) for younger and intermediate-aged re-
stored forests compared to primary forests (Figure 3). The older
restored forests, however, had reached the primary forest taxa
richness in 2021.

3.3 | Differences in the Frequencies
of Life-History Traits and Habitat Associations (Q2)

The majority of tree taxa across all age groups represented
animal-dispersed species, and proportions of different seed dis-
persal types did not differ significantly among forest age groups
(Figure 4a,b). The proportions of shade-tolerant species in-
creased towards older forests, but the difference was statistically
significant only in 2021 (Figure 4c,d). In 2021, no shade-tolerant
species were detected in the younger restored forests, while
their proportion was approximately 30% in the intermediate-
aged and older restored forests and 50% in the primary forest

study sites. Furthermore, the proportion of forest-interior spe-
cies increased along the age gradient, although the difference
in frequencies among categories was significant only in 2021
(Figure 4e,f). In 2021, restored forests had more forest-non-
dependent species (forest and open class) compared to primary
forests, whereas primary forests had more forest-interior species
(Figure 4e,f). Examples of animal-dispersed, shade-tolerant,
and forest-interior taxa that had spread to the restored forests in-
cluded Allophyllus dummeri, Cassipourea ruwensoris, Gambeya
sp., Mimusops bagshawei, Noronhia africana, Rothmania sp.,
Tabernaemontana sp. and Uvariopsis congensis (Appendix S1:
Table S1). Out of these, Gambeya sp., M. bagshawei and U. con-
gensis could be either the progeny of planted trees or dispersed
from the primary forest, while others represented naturally dis-
persed and established trees (Appendix S1: Table S1).

3.4 | Community Compositions (Q3)

Based on PCO ordinations, the tree community compositions
of restored forests were largely distinct from primary forests
both when all size classes were combined (Appendix S1; Figure
S4) and when size classes were analysed separately (Figure 5).
The sapling and small tree communities in some of the oldest
restored study sites started to approach the community com-
positions found in primary forest reference sites (Figure 5a-d).
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and PF=primary forest.

However, communities of medium and large trees along the res-
toration gradient remained distinct from corresponding primary
forest communities (Figure 5e-h). Moreover, the direction of
community change formed a clear pattern in sapling and small
tree communities; younger and intermediate-aged restored
communities moved systematically towards older restored com-
munities, while older restored communities moved only very
slightly towards primary forest communities (Figure 5b,d). For

medium and large trees, the directional patterns were indistinct
(Figure 5f,h).

Overall, the communities of the restored forests became slightly
more similar to the primary forest in the 8years (paired t-test: ¢
(33)=-4.14, p<0.001; mean similarity 9.5% in 2013 and 13.2% in
2021; Appendix S1; Figure S5). Within forest age classes, commu-
nity similarity to primary forest increased in intermediate-aged
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restored forests (paired t-test: ¢ (18)=—4.94, p<0.001, mean simi-
larity 4.7%in 2013 and 9.8% in 2021), whereas no significant change
was evident in older restored forests (paired t-test: t (14)=-1.3,
p=0.2137; mean similarity 15.7% in 2013 and 17.6% in 2021) over
the 8years. There was no change in community similarity among
primary forest study sites (paired t-test: £ (9)=1.24, p=0.247; mean
similarity 55.6% in 2013 and 53.6% in 2021).

3.5 | Environmental Variables Explaining the Tree
Community Compositions (Q3)

In all PCO ordinations, the horizontal Axis 1 correlated most
strongly with forest age (Appendix S1; Figure S6). Multiple

environmental variables, including elevation and latitude, cor-
related with PCO Axis 2, which separated the younger restored
forest into one group and intermediate-aged and older restored
forests into a second group (Appendix S1; Figure S6).

Based on the DistLM models, age explained the largest pro-
portion of variation (25% to 36%) in the tree community com-
positions (Appendix S1; Table S3). Also, distance to primary
forest, elevation, and latitude and longitude of the study site
were statistically significant in explaining the tree commu-
nity compositions (Appendix S1; Table S3). The DistLM model
results remained qualitatively similar even after the planted
tree individuals were removed from the dataset (Appendix S1;
Table S4).
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4 | Discussion

Our relatively long chronosequence study illuminates the
recovery patterns of an actively restored rainforest in the
Afrotropics, emphasising that the different structural and
diversity characteristics change at different rates along the
restoration chronosequence gradient. As expected, the forest
structure, tree diversity and community similarity increased
with the forest age. However, most characteristics describing
forest structure, diversity and community (e.g., basal area,
stem density and community composition) of the restored
forests were still considerably different from those of the
primary forest. Our results are in line with previous studies
conducted in Kibale (Omeja et al. 2011; Wheeler et al. 2016;
Ssekuubwa et al. 2022), as well as the Neotropics, West Africa
and Australia, reporting different recovery times for differ-
ent variables describing the forest structure, diversity and
function (e.g., Liebsch et al. 2008; Shoo et al. 2016; Poorter
et al. 2021).

Our hypothesis that the proportion of animal-dispersed
species would increase from younger restored forests to pri-
mary forests was incorrect, as the proportions were equal in
all forest age groups. Only a few earlier restoration studies
have compared proportions of seed dispersal type along an
age gradient, thereby hindering direct comparison of the re-
sults. However, one study showed that the proportion of non-
animal-dispersed species decreased as a function of forest age
in a long-term passive restoration study in Panama (Estrada-
Villegas et al. 2022). Also, Pefia-Domene et al. (2018) showed
that dispersal limitation of animal-dispersed species would
be higher in pastures than in restoration forests. Well in line
with successional theory (Elliott et al. 2013; Chazdon 2014),
the proportions of shade-tolerant and forest-interior species
increased and forest non-dependent species (occurring both
in open and forest habitats) decreased along the age gradient
towards primary forest (in the 2021 survey).

4.1 | Structural Recovery at the Beginning
of Secondary Succession

In just two decades, the canopy cover of the restored forests re-
covered, as the first structural component, to similar levels as
found in the primary forest reference sites. This will probably
support the recovery process of other forest attributes, as the
lack of canopy cover is one of the critical environmental filters
inhibiting secondary succession in tropical rainforests (Werden
et al. 2020; Lindell et al. 2013; Elliott et al. 2022). The closing
canopy, resulting from the growth of planted trees, will likely
be an important factor facilitating the recovery, as the expand-
ing canopy cover limits light availability, shades out grasses and
thus facilitates tree establishment, growth and survival (Hooper
et al. 2002; Sady et al. 2010; Osuri et al. 2022; Elliott et al. 2022;
Ferreira and Vieira 2024). Furthermore, diminishing light con-
ditions enable species turnover (Swaine and Whitmore 1988;
Elliott et al. 2022), which then slowly modifies the community
composition of trees.

Even though the canopy cover formed in a relatively short
time, the tree height and basal area of restored forests are still

significantly lower compared to the primary forest. This empha-
sises that the large trees (here DBH >20cm) still exist in fewer
numbers in the restored forests after 20-26years of restoration
planting compared to primary forest. Large (and old) trees
form most of the total tree biomass, store considerable amounts
of carbon and have an important role in forest architecture
(Lindenmayer et al. 2012; Lutz et al. 2018). Large trees provide
food and habitats for other species to grow and nest, as well as
affect the growth conditions of other vegetation by modifying
microclimate, hydrology, light and nutrients (Lindenmayer
et al. 2012; Lindenmayer and Laurance 2016). At least one to
two centuries are needed for the recovery of large trees to en-
hance the forest ecosystem's diversity, architectural structure
and functions (Bonnell et al. 2011; Lindenmayer et al. 2012;
Chazdon 2014). In our study sites, planted trees gained a
DBH of 20cm at approximately 14 to 21years after planting
(Appendix S2; Figure S2). Also, Ssekuubwa et al. (2022) showed
a small but significant increase in many structural and diver-
sity variables for large trees (there, DBH >30cm) in the same
actively restored area as our study, between 2003 and 2017.

4.2 | Enhanced Tree Diversity and Structure—A
Sign of Seed Dispersal Recovery?

Tree diversity and forest structure increased gradually along
the age gradient, implying that active restoration has prompted
a crucial ecosystem function—seed dispersion. In our resto-
ration project area in Kibale, some previously deforested areas
have drifted to an arrested succession state (i.e., transformed
into grasslands) where tree establishment is virtually absent
compared to actively restored sites (Wheeler et al. 2016; UWA-
FACE 2015). In these grasslands, Wheeler et al. (2016) found
very low tree species richness and no trees (DBH >10cm). Stem
density of seedlings was extremely low—1% seedling cover in
grasslands (sampled 21years after the end of disturbance) com-
pared to 5% in an actively restored forest (10years since plant-
ing). Their results propose that seed dispersion and/or seedling
survival were almost non-existent in deforested areas unable
to regenerate naturally. Hence, we conclude that tree planting
has enhanced forest recovery and seed dispersion in our study
sites, which had the same initial conditions as those grasslands
in Wheeler et al. (2016) but were eventually planted. Although
around 60 species have established in the restored forests
(Appendix S1: Table S1), this is only a fraction of the > 350 tree
species recorded in Kibale's primary forest (Howard et al. 1996).
Thus, numerous later-successional tree species could still poten-
tially colonise the restoration area.

Several factors can facilitate or filter seed dispersal and tree es-
tablishment during forest recovery at our restoration study sites.
Seeds are dispersed via wind or complex groups of animals.
Factors affecting seed dispersal include (1) the distance between
the source population and the restoration area, (2) the attractive-
ness of the area to seed dispersers and (3) the diversity of seed
dispersers (Lindell et al. 2013; Chazdon 2014; Reid et al. 2015).
Firstly, in our study area, the distance between the primary forest
and the restoration sites varied between 500 and 6000 m, which
was shown to affect the community compositions. Therefore,
the distance between some of the most remote restored forests
and the primary forest edge might hinder the dispersal and
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recovery of the tree community (Zahawi et al. 2021; Camargo
et al. 2020).

Secondly, structurally and taxonomically diverse tree commu-
nities attract forest-associated seed dispersers to roost and feed
(Chazdon 2014; Reid et al. 2015). However, relatively young, re-
stored forests might not be alluring for all larger seed dispers-
ers, as the forest structure is still developing (Lindell et al. 2013;
Chazdon 2014) and resources or conditions that the dispersers
require are inadequate. Nevertheless, the structure and the tree
diversity of the studied restored forests have progressively shifted
from grasslands to (young) successional forests. This indicates that
at some point, restored forests have become more attractive to seed
dispersers; the forest structure has changed, the tree taxa richness
has increased and most of the species are animal-dispersed.

Thirdly, the seed-dispersing animal community affects whether
certain trees can colonise the restored areas. For example, large
and specialised animals usually distribute large-fruited and/
or seeded late-successional trees (Chazdon 2014; Pohlman
et al. 2021). In Kibale, important dispersers include elephants
(Loxodonta africana), birds and primates. Elephants and some
primate species have already colonised the restored compart-
ments (Omeja et al. 2011; Ssekuubwa et al. 2018; van Goor 2021).
Furthermore, the abundance of forest specialist birds tends to
increase along the restoration age gradient (Latja et al. 2016).
These dispersers can change the composition of seed rain ar-
riving in different-aged restored forests. Therefore, proximity to
primary forests may enable a positive feedback loop: as the re-
stored forests grow and get more complex, they can lure a more
diverse community of seed dispersers, who might bring seeds of
new (late-successional) tree species and enrich the forest com-
munity, structure and functions.

Duncan and Chapman (1999) found that 2-3years post-
disturbance, less than 1% of the tree seeds were forest-dependent
species in the degraded forests that were turned into grass-
lands in Kibale. In contrast, Jacob et al. (2017) discovered that
18-21years after the disturbance had ended in Kibale, a third
of the stems growing under or near remnant trees were forest-
dependent. Our results showed that at least four late-successional
(i.e., animal-dispersed, forest-interior and shade-tolerant) taxa
have dispersed to restored forests from the primary forest after
13-26years of planting. These findings support the conclusion
that late-successional trees spread very slowly to the restoration
area, experiencing probably both dispersal and establishment
limitations.

4.3 | Slow Turnover in Community Composition

After 20years of planting, the composition of the restored tree
communities is still distinct from that of the primary forest, as
we expected. This indicates that community recovery is likely
to be a slow process, as suggested by many earlier studies in
similar systems. For example, Poorter et al. (2021) estimate that
the community composition needs at least 120years to recover
90% of reference site values in Neo- and Afrotropical forests.
Rozendaal et al. (2019) concluded that the recovery of the com-
munity composition of secondary Neotropical forests may span
from decades to several centuries.

Inspecting the community composition according to the tree size
revealed that sapling and small tree communities of the restored
forests are moving towards the primary forest compositions. Our
results also suggest species turnover can be relatively swift for sap-
lings and small trees. No such changes were observed among the
large-sized tree communities, probably because their abundance
is low, and the time scale (8years) is relatively short. Previously,
Ssekuubwa et al. (2022) observed similar patterns in Kibale; the
compositional similarity of small-sized and medium-sized trees in
restored forests vs. primary forest was higher than that of large
trees. Even though the small trees should not be used solely for
monitoring the forest recovery process (Ssekuubwa et al. 2022),
including them gives additional information about the recovery
process. After all, the seedling and sapling community creates the
potential for the future tree community. Moreover, they give com-
plementary information, as the medium and large tree classes still
mostly represent what has been planted (when the survey is done
two to three decades after planting).

4.4 | Changes Occurring in the Primary Forest

In the primary forest reference sites, the observed tree taxa rich-
ness and basal area were lower in 2021 than in the 2013 survey. As
explained above, we were unable to locate the plots exactly in the
same position in 2021 as in 2013 because the plot orientation was
not recorded in 2013. Therefore, the set of sampled tree stems dif-
fered over the survey years, and the exclusion of some of the larger
trees (based on DBH) measured in 2013 might partly explain the
lower total basal area in 2021. Another possible explanation could
be stochastic processes in the natural tree mortality occurring
over the 8years. Increased tree mortality has been reported to
occur in Kibale at the end of the 20th century (Lwanga 2003), but
we found no new mass mortality reports in recent years.

4.5 | IsTree Planting Facilitating Forest Recovery?

Even though we had no control study sites from the nearby un-
planted grasslands, studies from our research area have previ-
ously shown that without active restoration, tree establishment
is unsuccessful (Wheeler et al. 2016; Duncan and Duncan 2000).
Our results showed gradual but partial recovery in many forest
structure and diversity characteristics and a large variation in the
variables among some study sites within the same planting year
(Figure 2; Appendix S1: Figure S3). Partial recovery is expected
because this work describes the early phases of rainforest succes-
sion after active restoration; full recovery of the rainforest struc-
ture, diversity and functions would take atleast a century (Liebsch
et al. 2008; Bonnell et al. 2011; Chazdon 2014; Poorter et al. 2021).
The first years of secondary succession (i.e., the stand initiation
phase) are crucial in determining how succession starts. In the
stand initiation phase, multiple successional paths are “open” and
dependent on the restorative practices, the land-use history and
other biotic and abiotic factors specific to the site and surrounding
landscape (Arroyo-Rodriguez et al. 2017; Jakovac et al. 2021).

Based on previous studies, the key to successful active forest res-
toration is the use of “framework species”, i.e., species that are
native, can tolerate both competing vegetation and exposed con-
ditions, and can transform the environment to be more attractive
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to seed dispersers (reviewed by Elliott et al. 2022). In our study,
B. micrantha and S. elliptica stand out as framework species, ful-
filling the criteria stated above (Appendix S2: Figure S2; see also
Wheeler et al. 2016). The restoration planting has been generally
effective with these species; only a few of our study sites (planted
in 2005, 2008 and 2011; Appendix S1: Figure S3) had no, or only
a couple of, planted tree stems surviving during our surveys.
Reasons for the planting failures in our study area in these few
cases could be related to stochastic drivers such as diseases, her-
bivore damage, or unfavourable soil conditions (H6hl et al. 2020).
Although arrested succession can occur in actively restored areas,
our results indicate that planting lowers the probability of it.

The compositional changes in the restored forest were similar
whether planted trees were included or excluded from the anal-
yses (Appendix S1: Tables S3 and S4). This indicates that the age
gradient in the community compositions is significant among
the non-planted trees (i.e., the naturally regenerating element of
the tree compositions) across the restoration area and is not pro-
duced by the temporal variation in the composition of planted
trees. In summary, although only seven planted species estab-
lished themselves on our study plots, the planting enabled forest
recovery at the very start of the restoration process.
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