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Abstract
Broussonetia papyrifera has been identi�ed as one of the top invasive species in some African tropical forests with potentially devastating impacts on
the conservation and timber production potential of the forests. This study determined the effect of B. papyrifera on the regeneration of selected native
timber species in Mabira Forest Reserve, Uganda. The abundance, basal area and population structure of the timber species were compared between
areas invaded and uninvaded by B. papyrifera. Employing a complete randomized block design, a total of forty plots (30 x 30 m each), and equally
distributed between invaded and uninvaded areas with similar habitat conditions were surveyed. Counts of seedlings were recorded and diameter of
saplings and trees measured. Generalized linear models were used to analyze the abundance, tree basal area and size class distributions of the selected
species. The study revealed that the effects of B. papyrifera invasion vary depending on the growth stage and species studied. Overall, B. papyrifera
invasion signi�cantly reduced tree abundance and basal area, and suppressed the regeneration of some but not all the selected species. Our results
demonstrate that if the spread of B. papyrifera is not abated, it will lower the conservation and timber production potential of tropical forests. Therefore,
we call for interventions to control the spread of B. papyrifera to the uninvaded parts of the forests and halt its multiplication in invaded areas so as to
enhance the regeneration and growth of timber species.

1. Introduction
Tropical forests are biologically diverse and dynamic, and possess a high order of organization in terms of their microclimates, physiology, and
ecological features which are strongly linked (Gibson et al., 2011). In order to maintain such biological diversity, su�cient natural regeneration is
required (Baraloto et al., 2005; Gazda et al., 2019). Forest regeneration is a good indicator for forest biodiversity, health and sustainability since it is
directly linked with forest management and is therefore essential for preservation and maintenance of biodiversity (Rahman et al., 2011). The nature of
forest regeneration depends on site characteristics such as the composition of seed sources, biotic interactions and microsite conditions which
affect seed germination and determine the transition from juveniles to mature individuals within a population structure (Wu et al., 2013). Depending on
the management objective, it is important to maintain appropriate conditions for forest regeneration as it is essential for the maintenance of
biodiversity (Hossain et al., 2004).

There has been growing concern over the impact of alien invasive tree species on the regeneration of native tree species in forest ecosystems (Morgan &
Overholt, 2005). Invasive tree species limit the growth of native juveniles by shedding numerous seeds beneath their canopies which increases the
density of emerging seedlings (Dyderski & Jagodziński, 2020), thereby increasing competition for light and soil resources in the regeneration layer of
forests (González-Muñoz et al., 2014; Kawaletz et al., 2014). Invasive species secret chemicals that are toxic to native juveniles and reduce native seed
germination (Malik & Husain, 2007). Also, there have been reports about invasive trees competing for pollinators and seed dispersers with native tree
species (Brown & Mitchell, 2001; Flores-Moreno et al., 2013). Due to their ability for strong vegetative growth, abundant seed production, long-lived seeds
and ability to establish over large areas (Dyderski & Jagodziński, 2020), invasive tree species may reach high biomass and densities and become
community dominants (Jagodziński et al., 2018; Lockwood et al., 2005). This alters community structure, composition and function which directly
in�uence recruitment dynamics in forest ecosystems (Terwei et al., 2013; Woziwoda et al., 2019).   

Broussonetia papyrifera (L.) L'Herit ex Vent. commonly known as paper mulberry is an alien tree species known to be invasive in at least two African
countries; Ghana and Uganda (Adigbli et al., 2019). It is native to Japan and Taiwan where it is cultivated for various purposes which include paper
making, cloth making from its bark, and soil stabilization and as a shade tree in home gardens. In Uganda, B. papyrifera was introduced to Mabira, a
moist semi-deciduous forest as early as 1956 by forest researchers, in the hope that it would be used for pulp production but this was not achieved
because the species did not attain the required diameter as had been expected. This species now covers about 40 percent of the tree composition in
Mabira forest and it has invaded other forests in Uganda (MWE, 2017). B. papyrifera’s adaptability to different habitats, rapid growth rate, strategy of
vegetative regeneration, effective dispersal by birds and allelopathy contribute to its invasion success (Malik & Husain, 2007).

Although there have been documented bene�ts of B. papyrifera such as provision of �rewood, charcoal and fodder, these may not surpass the negative
ecological effects. Few studies have attempted to assess the ecological effects of B. papyrifera on native tree species (e.g. Adigbli et al., 2019;
Combalicer et al., 2019; Kyereh et al., 2014). Consequently, there are still contentions as different scientists have reported inconsistent effects of the
species on native vegetation. For instance, while Agyeman et al. (2016) reported a positive effect of B. papyrifera on indigenous species regeneration in
Ghana, Apetorgbor and Bosu (2011) reported that the species reduces the abundance of native species. Besides, locally, there is still scanty information
about the effects of B. papyrifera on the recruitment of indigenous species. Consequently, there is a need for more studies to clarify its effect on native
vegetation. 

Previous studies show that the in�uence of invasive species depends on the attributes of the native species. For example, in Missouri, several native
species known to be shade tolerant including Desmodium glutinosum and Trillium recurvatum were proportionately less in�uenced by the invasive
Lonicera maacki than light demanders (Witt et al., 2018). Furthermore, the success of an invasive species is mediated by being functionally and
predominantly different to the co-existing native species (Mathakutha et al., 2019). Invasive plant species are characterized by high resource acquisition
but the localized in�uence on the native species may be driven by differences in life form between native and invasive species, and variation in soil
resource availability (Funk et al., 2017). Consequently, the effect of B. papyrifera on tree regeneration likely depends on the attributes of the native
species in question.  
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This study was intended to contribute to current scholarly debates on the effects of B. papyrifera invasion on the regeneration of native tree species,
particularly the timber species. It is expected to provide information that can shape management of tropical forests threatened by alien species invasion
in order to enhance native tree regeneration. Forest regeneration is measured in terms of tree growth and stocking (Rand’ et al., 1991). Hence, this
study assessed the effect of B. papyrifera on the species abundance, basal area and population structure of timber species in Mabira forest in central
Uganda. We tested the hypothesis that since alien invasive species limit forest regeneration (Chiba De Castro et al., 2019; Dyderski & Jagodziński, 2020;
Yalley et al., 2020), the abundance and basal area of the selected native species would be lower in areas invaded by B. papyrifera compared to
uninvaded areas. 

2. Materials And Methods

Study area
Mabira Forest Reserve, located 60 km East of Kampala city in Central Uganda, is one of Uganda’s largest surviving natural forests. Mabira covers about
306 square kilometers, lying in the districts of Mukono and Buikwe. It has been protected as a central forest reserve since 1932. The forest lies between
latitude 0° 22  0° 35  North and longitude 30° 56  33° 02  East  (MWE, 2017). The reserve is characterized by a gently undulating plateau from �at
topped hills to wide shallow valleys occupied by swamps. Much of the forest lies between 1,000 to 1,250 meters above sea level with 5% of the area
lying within 1,250 to 1,340 m. The Mabira ecosystem is part of the watershed area for local and international waters of Lakes Kyoga and Victoria, and
rivers Nile and Ssezibwa that �ow to Lake Kyoga with various tributaries such as Luzibwe, Katogo and Nakasagazi. The soils are ferralitic types which
are the �nal stage of tropical weathering. They are referred to as Buganda catena and are characterized by the topography and not the parent rock, which
produces four catenas namely shallow lithosols, red latosols, grey sandy soils and grey clay soils. Red latosols cover much of the Mabira Forest Reserve
and surrounding areas.

The forest has an equatorial type of climate characterized by a bimodal pattern of rainfall with two rainy seasons, the �rst occurring in March, April and
May and the second occurring in September, October and November (Nsubuga et al., 2014). The mean annual rainfall is 1,300 mm generally well
distributed throughout the year. Temperatures range from an average 26°C during day to 16°C in the night. The forest supports 229 tree species, 315 bird
species, 218 butter�y species, 97 moth species and 23 small mammal species (Davenport et al., 1996). The vegetation of Mabira was classi�ed as
medium altitude semi-deciduous, but the forest has largely been in�uenced by human activities including logging, cultivation and grazing for a long time
that it is regarded as a secondary forest. The forest is now largely characterized by vegetation types representing sub climax or human altered plant
communities  (NFA, 2010). Three vegetation subtypes have been recorded namely the young or colonizing forest dominated by Celtis, Albizia, Antiaris
and Funtumia species, the mature mixed forest which constitutes the largest area, 52% of the area of Mabira, and the Celtis-dominated forest type. Many
of the tree species have been noted to grow to timber size (MWE, 2017). Mabira is divided into the production zone, the strict nature reserve and buffer
zone which are conservation zones. B. papyrifera is found mostly in the production zone as seedlings and saplings dominating forest gaps created by
natural tree falls or tree harvesting (Fig. 1).

Sampling design
Following a reconnaissance survey, four blocks were demarcated in the production zone of the forest reserve to include areas invaded and uninvaded by
B. papyrifera. The distance from one block to the next was about 500 m in order to capture a wide range of site conditions. Within each block two areas
were selected, one invaded and the other un-invaded by B. papyrifera. A uniform distance of about 100 m was maintained between the invaded and un-
invaded areas in all the blocks. The invaded and uninvaded areas were in close proximity in order to assume similar site conditions, including edaphic,
climatic and anthropogenic factors. Within each block, one 360 m-long transect was established in the invaded area, and one in the uninvaded area.
Along each transect �ve 30 x 30 m plots were established in alternating fashion, to make a total of 40 plots across the four blocks. The �rst plot was 10
m from the block edge in consideration of edge effect. A distance of 50 m was left between the subsequent plots as shown in Fig. 2. In every 30 x 30 m
plot, smaller plots of 10 x 10 m and 2 x 2 m were nested. All the plots were oriented in the North-South direction using a compass.

Study species
B. papyrifera was studied alongside seven native tree species including Celtis mildbraedii, Chrysophyllum albidum, Funtumia elastica, Holoptelea
grandis, Khaya anthotheca, Maesopsis eminii and Markhamia lutea. These are some of the most abundant native tree species in Mabira forest and are
also among the most marketable timber species within East Africa (Weldemariam et al., 2017). The species were also accordingly selected basing on
shade tolerance and light demand. In this regard, C. mildbraedii and C. albidum are shade tolerant species, F. elastica and K. anthotheca are non-pioneer
light demanders, while M. lutea, H. grandis and M. eminii are pioneer species (Gliniars, 2011). The seedlings of K. anthotheca, H. grandis and M. eminii
are also known to be shade tolerant. H. grandis, F. elastica, K. anthotheca and M. lutea are wind dispersed while C. mildbraedii, C. albidum, M. eminii
and B. papyrifera are dispersed by mammals and birds (Babweteera & Ssekuubwa, 2017; Muller-Landau & Hardesty, 2009).

Data collection



Page 4/16

The number of trees, saplings, and seedlings was counted for each of the seven native species. The 30 x 30 m plots were assessed for trees (diameter at
breast height, dbh ≥ 10 cm), 10 x10 m for saplings (2 ≤ dbh < 10 cm) and 2 x 2 m for seedlings (diameter < 2 cm and with well-formed leaves)  (Bahati,
2005). Diameter at breast height was measured for all trees and saplings using a caliper and a diameter tape for very large trees. Using a Global
Positioning System device, coordinates and altitude were collected from the center of each plot. Additional ecological observations of possible relevance
such as number of tree falls, number of felled trees and cut poles, presence of trails, �re signs and charcoal pits were also recorded following Sassen
and Sheil (2013). 

Data analysis
We calculated total species abundance per plot of seedlings, saplings and trees from the sum of the abundance of selected timber species within a plot,
and computed basal area (m2/ha) per plot following Torres & Lovett (2013). To compare abundance and basal area of the selected timber species
between areas invaded and uninvaded by B. papyrifera, we �tted generalized linear models using lm function in lme4 package in R version 3.1.1 (R Core
Team, 2020). Model adequacy was checked by use of graphical validation techniques recommended by Zuur et al. (2013), including residuals versus
�tted values to verify homogeneity, histograms of the residuals to assess normality, and residuals versus each explanatory variable to check
independence.

Population structure of the timber species was assessed using size-class distributions. All individuals encountered in the sample plots were grouped into
the following diameter classes: 0-2, 3-9, 10-14, 15-19, 20-24, 25-29, 30-34, 35-39, 40-49, 50-59, 60-79, 80-99, and 100-119. This categorization balances
samples across size classes since number of individuals declines with increasing stem diameter (Condit et al., 1998). Stem size-class distributions were
generated using the number of individuals and the class midpoints. The number of individuals in each size class was natural log transformed ln (N+1)
and plotted against the class midpoints on bar graphs (Mwavu & Witkowski, 2009). The log transformation was used to standardize densities of the
different size classes. The addition of 1 to Ni was essential to cater for classes that had zero individuals (Byakagaba et al., 2011; McLaren et al., 2005).
We then analyzed the variation of the slopes for each species between the invaded and uninvaded areas with signi�cant variations indicating a
difference in the regeneration of a species between the two study areas. Regeneration status of the invaded and uninvaded areas was determined basing
on the population size of seedlings, saplings and trees (Gebrehiwot & Hundera, 2014). One way ANOVA was used to test the signi�cance of the
differences in mean species abundance and basal area between the invaded and uninvaded areas. Differences were considered signi�cant at p < 0.05. 

3. Results

3.1 Effect of B. papyrifera on the abundance of selected native timber species
There was no signi�cant difference in the mean abundances per plot of seedlings and saplings of C. mildbraedii (Fig. 3a), M. lutea (Fig. 3b) and M.
eminii (Fig. 3c) between invaded and uninvaded areas (Table 1). However, the mean abundances of trees of C. mildbraedii (Fig. 3a), M. lutea (Fig. 3b)
and M. eminii (Fig. 3c), were signi�cantly higher in uninvaded than in the invaded areas (Table 1). The mean abundances of seedlings and trees of F.
elastica were signi�cantly higher in the uninvaded than in the invaded area (Fig 3d, Table 1). On the other hand, there was no signi�cant difference in the
abundance of saplings of F. elastica between the invaded and uninvaded areas (Fig 3d, Table 1). There was no signi�cant variation in mean abundances
of seedlings, saplings and trees of C. albidum (Fig. 3e), H. grandis (Fig. 3f), and K. anthotheca (Fig. 3g) between the invaded and uninvaded areas (Table
1). Considering all the native timber species, the mean abundance of seedlings was not signi�cantly different between the invaded and uninvaded areas
but the mean abundances of saplings and trees were signi�cantly higher in the uninvaded than in the invaded areas (Fig 3h, Table 1). 

Table 1 Variation of abundance of selected native timber species in forest areas invaded and uninvaded by B. papyrifera in Mabira Forest Reserve,
Central Uganda. The reference category is the invaded area and tests are signi�cant at p < 0.05
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  Seedlings Saplings Trees

Forest type Estimate SE Z p Estimate SE z p Estimate SE z p

Celtis
mildbraedii

                       

Intercept 3.81 0.15 25.54 <
0.001

3.09 0.21 14.50 <
0.001

3.30 0.19 17.13 <
0.001

(Uninvaded-
Invaded)

0.18 0.20 0.90 0.366 0.46 0.27 1.71 0.088 0.94 0.23 4.13 <
0.001

Markhamia
lutea

                       

Intercept 3.50 0.17 20.09 <
0.001

0.69 0.71 0.98 0.327 2.08 0.35 5.88 <
0.001

(Uninvaded-
Invaded)

0.29 0.23 1.25 0.212 1.25 0.80 1.56 0.118 1.01 0.41 2.45 0.014

Funtumia
elastica

                       

Intercept 5.09 0.08 65.03 <
0.001

2.49 0.29 8.61 <
0.001

4.33 0.12 37.75 <
0.001

(Uninvaded-
Invaded)

-0.32 0.12 -2.61 0.009 0.46 0.37 1.25 0.213 0.45 0.15 3.05 0.002

Maesopsis
eminii

                       

Intercept -22.30 42247.20 <
0.001

1.000 -23.3 69653.80 0.00 1.000 1.79 0.41 4.39 <
0.001

(Uninvaded-
Invaded)

22.30 42247.20 0.00 1.000 0.00 98505.40 0.00 1.000 1.43 0.46 3.14 0.002

Chrysophyllum
albidum

                       

Intercept 1.39 0.50 2.77 0.006 < 0.001 1.00 0.00 1.000 1.10 0.58 1.90 0.057

(Uninvaded-
Invaded)

-0.69 0.87 -0.80 0.423 < 0.001 1.23 0.57 0.571 1.20 0.66 1.83 0.067

Holoptelea
grandis

                       

Intercept 1.10 0.58 1.90 0.057 -22.30 42247.20 -0.00 1.000 < 0.001 1.00 0.00 1.000

(Uninvaded-
Invaded)

-0.41 0.91 -0.44 0.657 22.30 42247.20 0.00 1.000 1.79 1.08 1.66 0.097

Khaya
anthotheca

                       

Intercept 1.39 0.50 2.77 0.006 < 0.001 1.00 0.00 1.000 1.39 0.50 2.77 0.006

(Uninvaded-
Invaded)

-1.39 1.12 -1.24 0.215 -22.30 42250 -0.001 1.000 -23.689 42247.166 -0.001 1.000

All native
species

                       

Intercept 5.529 0.063 87.78 <
0.001

3.638 0.162 22.424 <
0.001

4.828 0.089 53.982 <
0.001

(Uninvaded-
Invaded)

-0.122 0.092 -1.33 0.184 0.521 0.205 2.545 0.011 0.697 0.109 6.368 <
0.001

  

3.2 Effect of B. papyrifera on tree basal area of selected native timber species
The mean tree basal areas of F. elastica (Fig. 4a) and M. eminii (Fig. 4b) were signi�cantly higher in the uninvaded than in invaded area (Table 2). There
was no signi�cant difference in mean tree basal areas of C. mildbraedii (Fig. 4c), M. lutea (Fig. 4d), C. albidum (Fig. 4e), H. grandis (Fig. 4f) and K.
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anthotheca (Fig. 4g) between the invaded and uninvaded areas (Table 2). Generally for all timber species, the mean tree basal area was signi�cantly
higher in the uninvaded than in the invaded areas. (Fig. 4h, Table 2).

Table 2 Variation of basal area (m2/ha) of timber species in forest areas invaded and uninvaded by B. papyrifera in Mabira Forest Reserve, Central
Uganda. The reference category is the invaded area and tests are signi�cant at p < 0.05

Forest type Estimate SE T P

Celtis mildbraedii        

Intercept 0.872         0.696       1.252     0.218

Forest(Uninvaded-Invaded) 1.407 0.985       1.428        0.161

Markhamia lutea        

Intercept 0.591         0.406       1.457 0.153

Forest (Uninvaded-Invaded) -0.259 0.406       -0.452        0.654

Funtumia elastica        

Intercept 0.724         0.320       2.263       0.029 

Forest (Uninvaded-Invaded) 0.939         0.452       2.075       0.045 

Maesopsis eminii        

Intercept 0.156         0.306       0.512       0.612

Forest (Uninvaded -Invaded) 0.955         0.432       2.211       0.033

Chrysophyllum albidum        

Intercept 0.033        0.119       0.280        0.781

Forest (Uninvaded -Invaded) 0.219        0.168       1.304        0.200

Holoptelea grandis        

Intercept 0.043        0.102       0.425        0.673

Forest (Uninvaded -Invaded) 0.128        0.144       0.886        0.381

Khaya anthotheca        

Intercept 0.209         0.144      1.456        0.154

Forest (Uninvaded -Invaded) -0.209         0.203      -1.030        0.310

All native species

Intercept

Forest (Uninvaded -Invaded)

 

2.629

3.179

 

0.895

1.266

 

2.938

2.511

 

0.006

0.016

 

3.3 Effect of B. papyrifera on the population structure of selected native timber
species 
We found a variation in the population structure of the timber species in the invaded and uninvaded areas. C. mildbraedii (Fig. 5a) and F. elastica (Fig.
5c) showed a classic inverse J curve distribution in both the invaded and uninvaded areas indicating su�cient regeneration. M lutea (Fig. 5b) showed
the classic inverse J curve distribution in the uninvaded forest. The same species portrayed distribution that tended towards the classic inverse J curve in
the invaded forest, but lacking individuals in the dbh > 12cm class. M. eminii (Fig. 5d) and C. albidum (Fig. 5e) showed uneven distribution in the
uninvaded forest. M eminii, however, had individuals of only two size classes (22 and 27 cm dbh) represented in the invaded forest, while C. albidum did
not have any individuals of dbh > 17 cm in the invaded forest. H. grandis lacked representation across most of the size classes in both forest areas but
with more classes found in the uninvaded (4) than in the invaded (2).

When considered as a group, the timber species had stem size class distribution curves that conform to the classic ‘inverse J’ curve in both forest areas
although some size classes were completely not represented in the invaded forest while all classes were represented in the uninvaded areas (Fig. 5g).
The regeneration of individuals was signi�cantly higher in the uninvaded than in the invaded areas for M. eminii and K. anthotheca (Table 3).
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Table 3  Variation of slopes of the size-class distributions of timber species in forest areas invaded and uninvaded by B. papyrifera in Mabira Forest
Reserve, Uganda

Forest type Estimate SE t p

Celtis mildbraedii        

Intercept 1.341       0.343       3.908 < 0.001

Forest (Uninvaded-Invaded) 0.489      0.485    1.007 0.324 

Markhamia lutea        

Intercept 0.569      0.330    1.723    0.098

Forest (Uninvaded-Invaded) 0.301         0.467       0.645       0.525     

Funtumia elastica        

Intercept 1.315         0.485       2.714       0.012

Forest (Uninvaded-Invaded) 0.448      0.685    0.654    0.519  

Maesopsis eminii        

Intercept 0.208      0.184   1.131    0.269  

Forest (Uninvaded-Invaded) 0.610         0.260       2.341       0.028

Chrysophyllum albidum        

Intercept 0.315         0.158       1.993       0.058

Forest (Uninvaded-Invaded) 0.236 0.224    1.058    0.300  

Holoptelea grandis        

Intercept 0.160      0.139    1.150 0.262

Forest (Uninvaded-Invaded) 0.169         0.197       0.859        0.399

Khaya anthotheca        

Intercept 0.213        0.065       3.266      0.003

Forest (Uninvaded-Invaded) -0.213     0.092   -2.309   0.030

All Native species        

Intercept 4.122 1.366    3.016 0.006

Forest (Uninvaded-Invaded) 2.040 1.932 1.056 0.302

 
4. Discussion
Overall, we found inconsistent effects of B. papyrifera on the abundance, basal area and population structure of the timber species. Our results should
be interpreted cautiously because we studied only seven species from a highly diverse ecosystem with over 229 tree species (Davenport et al., 1996).
Nonetheless, our results are relevant to tropical forest management as these species are the most commercially harvested in our study region and East
Africa (Weldemariam et al., 2017).

 

4.1 Effect of B. papyrifera invasion on abundance of selected native timber species
Our results showed that the effect of B. papyrifera on species abundance is not straight forward but depends on the growth stage (i.e. seedlings,
saplings and trees) and species studied. First, while the abundance of seedlings and saplings of C. mildbraedii, M.  lutea and M. eminii did not vary
between invaded and uninvaded areas, the abundance of trees of these species was lower in the invaded areas. Second, C. albidum, H. grandis and K.
anthotheca did not respond to B. papyrifera invasion in contrast to C. mildbreadii, M. lutea, M. eminii and F. elastica for which the tree abundance was
lower in invaded area. We suggest that in order to achieve a holistic assessment of the effect of invasive species on forest regeneration in diverse
ecosystems like tropical forests, it is critical to inventory the different growth stages and to include more than one species if resources permit.
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Considering a single growth stage and/or species would potentially underestimate the impact of invasion on native species.  The lower tree abundance
of C. mildbreadii, M. lutea, M. eminii and F. elastica and for all species combined in the invaded area is consistent with our hypothesis and may be
attributed to invasive characteristics of B. papyrifera such as altering soil properties as reported by Anning et al. (2018), allelopathy and high
evapotranspiration ability making site conditions unfavorable (Yalley et al., 2020) and causing stunting of juveniles of native species. This affects forest
regeneration by potentially hindering the transition from juveniles (seedlings and saplings) to the older (tree) stages which has negative consequences
for forest sustainability (Zambrano et al., 2014). The generally low abundance of K. anthotheca, H. grandis, and C. albidum in both forest types is
congruent with other studies carried out in Mabira forest (Weldemariam et al., 2017). The fact that the juvenile abundance of certain native species is not
affected by invasion is not clearly understood but could partly be linked to species functional traits such as the seedlings of the unaffected species
being shade tolerant and are therefore not affected by canopy closure by B. papyrifera (V. K. Agyeman et al., 2010; Kiama & Kiyiapi, 2001). It has also
been suggested that B. papyrifera may have facilitative effects by fostering the establishment of seedlings and saplings of some native species (V.
Agyeman et al., 2016; Yalley et al., 2020) but this remains a subject for further research. 

 

4.2 Effect of B. papyrifera invasion on basal area of timber species
Consistent with our observations on species abundance, the effect of B. papyrifera invasion on basal area of native species varied by study species
reiterating the importance of including more than a single native species in invasion studies of diverse ecosystems like tropical forests. We found that
the mean basal area of M. eminii and F. elastica and for all species combined was lower in the invaded than uninvaded areas which is likely because of
the overwhelming dominance of B. papyrifera in the invaded forest. Our results are consistent with our hypothesis and the �ndings by Weldemariam et
al. (2017) that B. papyrifera dominates the invaded areas and shows that the invasive species have a competitive advantage over the native species.
Since basal area is a measure of a species’ competitive ability (Maleki et al., 2015; Wright et al., 2018), then B. papyrifera should have a higher basal area
in the invaded area than the native species studied for it to be more competitive. Indeed, the basal area (Mean ± SE m2/ha) of B. papyrifera (12.820 ±
1.570) was substantially higher than that of M. lutea (0.591 ± 0.546), K. anthotheca (0.209 ± 0.203), C. mildbraedii (0.872 ± 0.379), M. eminii (0.156 ±
0.093), F. elastica (0.724 ± 0.202), H. grandis (0.043 ± 0.043), and C. albidum (0.033 ± 0.025) and for all species combined (2.629 ± 0.770) in the invaded
area. The higher competitive ability of B. papyrifera could be due to the fact that it fruits twice a year and achieves reproductive maturity at a relatively
small size, as well as its ability to regenerate from seeds, root suckers, and stumps (Kyereh et al., 2014). Although there is no signi�cant difference
between the basal area for C. mildbraedii, M. lutea, C. albidum, H. grandis and K. anthotheca between invaded and uninvaded areas, there is a possibility
that this could change in the coming years due to the rapid multiplication of B. papyrifera as reported by Adigbli et al. (2019) in a study from a Ghanaian
tropical forest.

 

4.3 Effect of B. papyrifera invasion on population structure of timber species
M. eminii, C. albidum, H. grandis and K. anthotheca had size class distribution slopes that deviated from the classic ‘inverse J’ curve in the invaded area
 probably due to the under representation and complete absence of individuals in some size classes. The population structure of these species in the
uninvaded areas were signi�cantly different from that in the invaded. However, the invasion by B. papyrifera explains only a very small percentage of the
populations (R2 < 0.03) for H. grandis and K. anthotheca and therefore cannot elucidate the differences entirely. Since the invaded area was only slightly
more disturbed than the uninvaded area (χ2 = 3.82, df = 1, p < 0.051; Table S1, Fig. S1), we think that besides B. papyrifera invasion, environmental
factors could in�uence the populations of H. grandis and K. anthotheca (Gwali et al., 2015; Kimaro & Lulandala, 2013). The absence of individuals in
certain size classes in the invaded forest, especially the medium classes 15–59 cm DBH for almost all species besides C. mildbraedii could be due to the
in�uence of B. papyrifera on the light availability, soil fertility and allelopathic effect limiting recruitment of the native species. This is consistent with the
�ndings of Kyereh et al. (2014) and Apetorgbor and Bosu (2011) who reported that B. papyrifera invasion has the capacity to reduce the composition of
some native species by suppressing their regeneration. 

5. Conclusions
Our study reveals that the effect of B. papyrifera invasion on forest regeneration is not straight forward and depends on the growth stage considered and
the study species highlighting the importance of including different growth stages and more than one species in invasion studies for diverse ecosystems
like tropical forests. Overall, we found that B. papyrifera invasion reduced the abundance and basal area of trees of timber species. Also most species
were under-represented or completely lacked individuals in some size classes, particularly juveniles, in the invaded forest indicating a sporadic
regeneration pattern. We recommend that the timber production potential of the forest can be sustained by reducing the density of B. papyrifera in the
invaded area in order to foster the transition from juveniles to older growth stages for C. mildbreadii, M. lutea, M. eminii and F. elastica, in addition to
addressing the generally low abundance of C. albidum, K. anthotheca and H. grandis through enrichment planting of these species in invaded and
uninvaded areas. These management actions would probably reduce the competitive ability and spread of B. papyrifera, enhance the basal area and
promote healthy population structures of the timber species. We propose future studies to investigate the performance of the timber species and B.
papyrifera under the proposed management actions.
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Figures

Figure 1

(a) Broussonetia papyrifera seedling (b) saplings and (c) tree stem, and a forest gap, essential for regeneration (d)
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Figure 2

Location of sample plots for data collection in Mabira Forest Reserve, Uganda
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Figure 3

Variation of abundance of native timber species in forest areas invaded and uninvaded by B. papyrifera in Mabira Forest Reserve, Central Uganda
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Figure 4

Variation of basal area (m2/ha) of timber species in forest areas invaded and uninvaded by B. papyrifera in Mabira Forest Reserve, Central Uganda
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Figure 5

Stem size-class distributions (SCD) exhibited by timber species in forest areas invaded and uninvaded by B. papyrifera in Mabira Forest Reserve,
Uganda, arranged according to SCD slope values. Midpoints of the classes are plotted
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