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Introduction: Managing the degradation and loss of Sudanian woodlands to ensure sustainable use for mainly firewood, poles, and timber is receiving increasing attention, and it requires tailored strategies to improve stand productivity. This study determined: (i) tree response (density, recruitment, and height growth) to selective stem thinning and branch pruning; and (ii) tree species that are most affected by selective stem thinning and branch pruning in the Sudanian woodland of Benin.

Methods: Three homogeneous vegetation units of 80 m × 80 m each were identified, representing the three stages of woodland development (WDS): early and young WDS of 3 and 3–5 years old, respectively, and the advanced to mature secondary WDS of 6–9 years old. Three random blocks of 20 m × 20 m each, subdivided into four 10 m × 10 m treatment plots, were delineated per vegetation unit. Each of these plots was randomly assigned a treatment (T): T1—no thinning and no pruning; T2—30% thinning; T3—60% thinning; T4—100% thinning. Branch pruning was applied to all remaining stems in T2 and T3. Tree species, stem abundance and height of individuals = 1 m were recorded every 6 months in 2015 and 2016.

Results and discussion: Thinning intensity significantly influence tree density both in WDS 2 and 3 with the 30% thinning showing the best tree density (3355.56 ± 250.19 stems/ha and 3255.56 ± 772.68 stems/ha, respectively). However, more stem recruitment was observed without thinning and pruning (883.33 ± 212.13 stems/ha), and 30% thinning and pruning (383.33 ± 164.99 stems/ha). There was a significant increase in tree height growth both in WDS 2 and 3 with an increasing thinning intensity. The two most affected tree species were Terminalia avicennioides and Pteleopsis suberosa with an average growth in height after 6 months of 105.5 ± 1.05 mm (for 30% thinning and pruning in stage 3), and 61.75 ± 0.67 mm (for 60% thinning and pruning in stage 3), respectively. Overall, moderate stem thinning (30%) at WDS 1 and more severe thinning at WDS 2 and 3 resulted in the best tree height growth and recruitment.
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Introduction

The importance of non-timber forest products (NTFPs) to the livelihoods of rural communities in developing countries has been widely reported over the past decade (Shackleton et al., 2015). These NTFPs, including food, medicines, fuelwood, fiber, and some plant and fungal products, play an important role in livelihood security and poverty alleviation of rural communities in many tropical countries (Bruschi et al., 2014). In the Sudanian zone, NTFPs make up 39% of the yearly income (Heubach et al., 2011), and the major contributors are native woody tree species (Kabré et al., 2020). A recent study suggested that NTFPs harvesting can also contribute to biodiversity conservation (Tonga Ketchatang et al., 2017). Despite the importance of NTFPs in rural development and resource management, their unsustainable harvesting could cause economic and ecological challenges and compromise forest conservation (Stanley et al., 2012; Hernández-Barrios et al., 2015).

In accordance with the demand-offer and resource-advantage theories, the scarcity of the resource was identified as a key factor that influences the value assigned to the resource by local populations (Bell et al., 2012). The relationship between demand and supply underlies the forces behind the allocation of resources. Increased resource consumption especially harvested from natural stands can cause resource scarcities, and scarcities impose costs on natural resources (Ghermandi et al., 2010). In turn, the cost on natural resources determines the pressure on the resource. Woodland as a natural resource is a major component of biodiversity and ecosystem services, that provides economic services (by supporting the livelihoods of local communities) as well as ecological services such as maintaining soil quality, regulating water flow systems, sequestering carbon, and regulating microclimate (Kalema et al., 2015). Previous studies (Ouedraogo et al., 2010; Syampungani et al., 2016) showed that woodlands are under tremendous pressure in connection with the increasing demand for fuelwood and charcoal production. This pressure leads to the reduction of soil fertility, lower agricultural productivity ultimately causing food insecurity (Lawali et al., 2018). Fuelwood scarcity is both the cause and consequence of deforestation and forest degradation in the majority of developing countries (Tadele et al., 2020). Sustainable management of woodlands requires a balance between growth potential and removal rates (Manyanda et al., 2020). In a situation where removals exceed growth rates, sustainability is not assured (Manyanda et al., 2020). Furthermore, selective logging remains a widespread practice in most tropical forests, but the long-term effects of wood harvest on tree recruitment among hundreds of tree species are difficult to predict (Hogan et al., 2018). This uncertainty could potentially exacerbate threats to harvested tree species. In response to this situation, management of natural resources particularly woody species is of paramount importance. To ensure sustainable use, it is therefore necessary to develop management strategies to improve productivity and maintain the balance between growth rate and harvesting.

In the Sudanian zone, woodland management includes total protection and controlled use mainly for livestock and wildlife feeding. Woodland in this context is defined as the type of land cover characterized by trees and shrubs with a canopy of 5–10% of trees capable of reaching a height of 5 m at maturity and a canopy of more than 10% of trees not capable of reaching a height of 5 m at maturity, and a lower diversity of species (Gonzalez, 2005). The management strategies of the Sudanian woodland included keeping logged plots free from fire and livestock grazing for 3–5 years. Although an increase in biomass was observed in such a case, early fire following the 3-year protection from grazing has shown a detrimental effect on ligneous regeneration due to the accumulation of grass biomass that favors intense fires (Manaute, 1996). On the other hand, tree diversity and subsequently standing biomass were substantially improved in Sudanian forest fallow systems after 5 years (Assédé et al., 2012). However, in old fallows (>8 years), the woodland system is characterized by a depletion in tree species due to competition for soil nutrients and light (Assédé et al., 2012). Yet, concerns around the perceived degradation and loss of Sudanian woodlands in terms of tree species, wood production, and use value for diverse user needs, could be managed through selective stem thinning and branch pruning. As recently demonstrated in an experiment in Miombo and Sudanian woodland (Geldenhuys et al., 2018; Assèdé et al., 2021), selective thinning and pruning of woodland in different development stages could maintain and improve biomass production. The question is how long, and how different is tree species response to selective and thinning and pruning in terms of density, recruitment and height growth.

This study aimed at determining: (i) tree response (density, recruitment and height growth) to selective stem thinning and branch pruning; and (ii) tree species that are most affected by selective stem thinning and branch pruning in the Sudanian woodland of Benin. We predicted that: (1) tree response (density, recruitment and height growth) to selective stem thinning and branch pruning is species specific; (2) tree species response (density, recruitment, and height growth) is positively correlated with the intensity of selective stem thinning and branch pruning; (3) woodland development stage could significantly affect tree response (density, recruitment and height growth) to selective stem thinning and branch pruning thinning.



Materials and methods


Study area

The study was conducted in 2015 and 2016 around the Biosphere Reserve of Pendjari (BRP) located in the Sudanian woodlands area of Benin (10°30′ to 11°30′N, 0°50′ to 2°00′E). The reserve is comprised of a strictly protected core area and two adjacent hunting zones surrounded by a buffer zone (Assèdé et al., 2021). The experimentation took place in the controlled occupied area in the buffer zone, a Human influence zone of about 30510 km2 (Figure 1). This area is subject to anthropogenic activities with a vegetation composed of the different woodland development stages (Assédé et al., 2012). The BRP is characterized by one rainy season (April/May–October) and one dry season (November–March/April). The total annual rainfall averages 1000 mm with 60% falling in summer between July and September. The mean annual daily temperature is 27°C. The vegetation composed of more than 802 plant species is a mosaic of grassland, savanna and woodland, as well as gallery forest alongside water courses (Assédé et al., 2012). Livelihood activities of the local population around the reserve are dominated by crop cultivation and livestock farming. Cultivated crops include maize, yam, rice, and cotton (Djibril, 2002). The vegetation in the buffer zone of the reserve (a mixture of woodlands at different stages of development and fallow systems) is also used for intensive collection of timber, poles and fuel wood (the main source of energy for the local population), as well as livestock pasture.
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FIGURE 1
Map of the study area showing the land use and land cover.




Experimental design and data collection

The experimental design followed Assèdé et al. (2021) and consisted of three vegetation units of about 80 m × 80 m each representing the three main woodland development stages in the study area (Assédé et al., 2012): (i) Development stage 1: early woodland development stage of less than 3 years with stems <2 m tall; (ii) Development stage 2: young woodland development stage of 3–5 years old with stems 2–4 m tall; (iii) Development stage 3: advanced to mature secondary woodland of 6–9 years old with stems >4 m tall. Each vegetation unit was characterized by a relatively uniform floristic composition and stand structure (Geldenhuys et al., 2013; Assèdé et al., 2021). In each of these homogeneous vegetation units, three random blocks (repetition) of 20 m × 20 m each were demarcated, and each block was further subdivided into four treatment (T1 to T4) plots of 10 m × 10 m each (Figure 2). Each treatment plot had a buffer zone of 5 m wide and was randomly allocated to a treatment. Plots were not fenced, but under strict control without anthropogenic disturbance from the collaboration agreement with local people.
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FIGURE 2
Experimental design and layout of treatment plots (Assèdé et al., 2021).


The treatments consisted of selective stem thinning and branch pruning of:


-T1: Control: No thinning and no pruning.

-T2: 30% thinning. The number of stems to be removed was 30% of the total stems ≥1 m height recorded.

-T3: 60% thinning: The number of stems to be removed was 60% of the total stems ≥1 m height recorded.

-T4: 100% thinning: Cutting of all recorded stems ≥1 m height.



The remaining stems in T2 and T3 were pruned with a suitable pruning saw, to improve the stem form. Only the poorest parts of forked stems and branches up to 50% of the stem height were removed. The branches were cut as close as possible to the main stem to ensure rapid recovery of the wound.

The height of all stems ≥1 m height was measured every 6 months from June 2015 through December 2016, thus at three time periods during the experimentation. At each measurement occasion, species richness, stem abundance and tree height were collected.



Data analysis

In each woodland development stage, stems were organized per species, per treatment, and per period of data collection. Similarly, tree density was calculated per treatment, period of data collection, and woodland development stage.

The analysis of variance (ANOVA) was performed using R 4.1 (R Core Team, 2022) software to test the effect of selective thinning and branch pruning, and measurement period on tree density. Density was calculated using the following formula:
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Where n is the number of stems ≥1 m height per treatment or period.

ANOVA and a t-test were performed to assess the effects of selective thinning and branch pruning on tree recruitment. The tree recruitment is the difference in number of stems ≥1 m height per hectare between two periods of data collection.

A linear mixed effects model (Pinheiro and Bates, 2000) on repeated measures was used to test the influence of thinning intensity and period of data collection on tree height growth. In this model, woodland development stage, treatment (thinning intensity), and their interactions were included as fixed effects (Wang et al., 2017). A linear model (LM) m0, and three linear mixed effect models (LMM) m1 to m3 with different random components, were fitted with the nlme package of R (R Core Team, 2022) and compared to identify the most appropriate model. A logarithmic transformation was performed to improve the normality within the homoscedastic residuals.

The specifications of the models that were compared to identify the optimal random model structure were as follows:


-m0: linear model with no random effect (null model),

-m1: linear mixed-effects model with the period of measurement nested into the block as a random factor,

-m2: linear mixed effects model with the block as a random factor,

-m3: linear mixed effects model with the measurement period as a random factor.



The optimal model showing the lowest Akaike Information Criterion (AIC) was m3, a mixed-effects model with only the period of measurement as a random variable (Table 1). This optimal random model was then used to evaluate the effect of explanatory variables (i.e., woodland development stage and treatment) on tree height growth. Linear mixed effects (LMM) models (m3.1 to m3.4) were further fitted by including different combinations of explanatory variables and compared in R-4.1 (R Core Team, 2022). The specifications of the models derived from the selected m3 optimal random model were as follows:


TABLE 1    Comparison of potential linear and mixed-effect models for tree height growth.
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-m3.1: The inclusion of Treatment, Stand Development Stage, and their interaction as explanatory variables,

-m3.2: The inclusion of Treatment and Stand Development Stage as explanatory variables, without interaction,

-m3.3: The inclusion of Treatment as the only explanatory variable,

-m3.4: The inclusion of stand development stage as the only explanatory variable.



Models’ comparison used the built-in ANOVA function to assess whether the potential models were significantly different based on the test probability “p.” When p ≤ 5%, the most complex model was selected, whereas for p > 5%, the simplest model was preferred. The criteria for model selection were also based on the AIC. The smaller their value, the better the fit (Zuur et al., 2009). The selected model was represented by the complex model m3.1 (Table 1).

Statistical analyses of the continuous variables were performed using the lme function in the nlme package of the software R-4.1. ANOVA of the linear mixed effect model was performed followed by the post-hoc test using the lsmeans function to identify the groups of models that are significantly different. The ggplot function of the ggplot2 package was used to produce the graph.

Tree height growth was calculated between two consecutive periods of data collection. An average stems’ growth per species and treatment was calculated to determine the most affected tree species by selective thinning and branch pruning for each woodland development stage. Only tree species with the three measures were considered.

Considering the short period of the experimentation, tree height growth for treatment 4 (100% clearing) was not significant to be considered in the analysis to assess treatment effect on tree growth in height.




Results


Influence of thinning intensity and branch pruning on tree density and recruitment

The Figure 3 showed the effect of thinning intensity along the three periods of measurement on the average tree density of stems ≥1 m height of the woodland development stages. Results showed no significant effect of thinning intensity and branch pruning on tree density in the woodland development stage 1 (F = 4.47; p = 0.096) (Table 2). However, a significantly higher tree density (F = 20.88; p = 7.64 × 10–3) (Table 2) was observed during the second (1977.78 ± 269.43 stems/ha) and third (2311.11 ± 167.77 stems/ha) period of measurement (Figures 3A, B).
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FIGURE 3
Boxplot showing relation between tree density (stems/ha), treatment and period of measurement of tree species with stems ≥1 m height in the woodland development stages. (A,B) Stage 1; (C,D) stage 2; (E,F) stage 3; T1: treatment 1 (no thinning and pruning); T2: treatment 2 (30% thinning and pruning); T3: treatment 3 (60% thinning and pruning); M: period of measurement of tree species. M1: first measurement; M2: second measurement; M3: third measurement.



TABLE 2    ANOVA to compare tree density according to the treatments (T1 - no thinning and no pruning; T2 - 30% thinning; T3 - 60% thinning) and the period of measurement.
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In the woodland development stage 2, thinning intensity significantly influenced trees density (F = 38.9; P = 2.39 × 10–3) (Table 2). The 30% thinning and branch pruning presented the best tree density (3355.56 ± 250.19 stems/ha) (Figure 3C). However, no significant difference of tree density was shown between the three periods of measurement (F = 5.19; p = 0.077) (Figure 3D and Table 2).

The thinning intensity (F = 27.02; P = 4.75 × 10–4) as well as the period of measurement (F = 8.52; P = 0.036) significantly influenced tree density in the woodland development stage 3 (Table 2). The 30% thinning and branch pruning presented the best tree density (3255.56 ± 772.68 stems/ha) (Figure 3E). The results showed that tree density was the highest during the third period of measurement (3111.11 ± 985.64 stems/ha) (Figure 3F).

While there was a significant decrease in tree recruitment (F = 10.92; P = 0.04) with an increasing thinning intensity in stage 2, no effect was observed in both stage 1 (F = 1.96; P = 0.28) and stage 3 (F = 4.14; P = 0.14) of the woodland development stages (Appendix 1). Tree recruitment is higher with no thinning and pruning (T1: 883.33 ± 212.13 stems/ha) and 30% thinning and pruning (T2: 383.33 ± 164.99 stems/ha) than 60% thinning and pruning (Figure 4 and Appendix 1).
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FIGURE 4
Boxplot showing effect of thinning intensity on tree recruitment (stems/ha). T1: treatment 1 (no thinning and no pruning); T2: treatment 2 (30% thinning and pruning); T3: treatment 3 (60% thinning and pruning).




Influence of thinning intensity and branch pruning, and woodland development stage on tree height growth

Tree height growth was significantly influenced by thinning intensity (F = 6.46; p = 0.0016), woodland development stage (F = 228.82; p < 0.0001), as well as the interaction between thinning intensity and woodland development stage (F = 3.21; P = 0.0124) (Table 3).


TABLE 3    ANOVA to compare the mixed-effect and fixed-effect candidate models for tree growth in height.
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Table 4 presents the results of the post-hoc analysis of average woodland tree growth in height as a function of the thinning intensity. Groups with the same letters indicate no significant difference in tree growth in height inside the groups. Despite the absence of significant differences in average tree growth in height between thinning intensities (T1: no thinning and pruning, T2: 30% thinning and pruning and T3: 60% thinning and pruning) in woodland development stage 1 (Table 4), the results from pairwise analysis indicated the highest value was with treatment 2 (Figure 5). However, in woodland development stage 2, there was a significant increase in tree height growth with an increasing thinning intensity, with the highest value recorded for treatment 3. Similarly, in stage 3, treatment 3 presented significantly higher tree height growth compared to treatment 1 and 2 (Figure 5 and Table 4).


TABLE 4    Post-hoc test on average tree height growth across woodland development stages.
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FIGURE 5
Boxplot of the relation between tree growth in height (mm), treatment and woodland development stages. St1: woodland development stage 1; St2: woodland development stage 2; St3: woodland development stage 3; T1: treatment 1 (no thinning and pruning); T2: treatment 2 (30% thinning and pruning); T3: treatment 3 (60% thinning and pruning).




Most affected tree species by thinning intensity and branch pruning in woodland development stages

Tree species are variably affected by thinning intensity and branch pruning along woodland development stages (Table 5).


TABLE 5    Average tree growth in height in woodland development stage 1 by thinning intensities and branch pruning after 6 months.
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-Stage 1

The best tree growth in height in woodland development stage 1 was observed with Terminalia leiocarpa (DC.) Baill. and T. avicennioides Guill. & Perr. The average growth in height for the two tree species after 6 months was, respectively 44 ± 0.24 mm (with 30% thinning and pruning) and 40 ± 0.04 mm (in the absence of thinning and pruning). However, in the absence of thinning and pruning (treatment 1) Philenoptera laxiflora (Guill. & Perr.) Roberty (39.7 ± 0.09 mm) and Acacia sp (38.8 ± 0.04 mm) presented the best average growth in height after T. avicennioides. After 30% thinning (treatment 2), Acacia gourmaensis (37.5 ± 0.07 mm) and Terminalia sp (37.8 ± 0.37 mm) presented the best average growth in height after T. leiocarpa. Average tree growth in height was globally low with 60% thinning. The three species with the best growth were T. avicennioides (24.5 ± 0.1 mm), Combretum collinum (23.5 ± 0.05 mm) and T. leiocarpa (20 ± 0.01 mm).

-Stage 2

The best tree growth in height in woodland development stage 2 was observed with Acacia sp and Daniellia oliveri (Rolfe) Hutch. & Dalziel (Table 6). The average stem growth in height for the two tree species after 6 months of experimentation was, respectively 44 ± 0.24 mm, observed with 60% thinning (treatment 3) and 57.38 ± 0.04 mm observed with no thinning (treatment 1). In the absence of thinning (treatment 1), the best tree growth in height in woodland development stage 2 was observed with Combretum collinum (47.5 ± 0.12 mm) and Pteleopsis suberosa Engl. & Diels (34.12 ± 0.23 mm) after D. oliveri (57.38 ± 0.13 mm). The average tree growth in height was globally low after 30% thinning (treatment 2). Crossopteryx febrifuga (Afzel. ex G.Don) Benth. (28.75 ± 0.20 mm), Gymnosporia senegalensis (Lam.) Loes. (28.19 ± 0.07 mm) and P. suberosa (27.88 ± 0.16 mm) expressed the best average growth in height. The average tree growth in height after 60% thinning was globally high. Tree species with the best growth were D. oliveri (43.55 ± 0.53 mm), C. collinum (43 ± 0.24 mm) after Acacia sp. (61.5 ± 0.59 mm).




TABLE 6    Average tree growth in height in woodland development stage 2 by thinning intensities and branch pruning after each 6 months.
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-Stage 3

The best tree growth in height in woodland development stage 3 was recorded with Terminalia avicennioides and Pteleopsis suberosa (Table 7). The average growth in height for the two tree species after 6 months was, respectively 105.5 ± 1.05 mm observed with 30% thinning and pruning (treatment 2) and 61.75 ± 0.67 mm with 60% thinning and pruning (treatment 3). In the absence of thinning (treatment 1), the best tree growth in height in woodland development stage 3 after 6 months was obtained with Combretum collinum (51 ± 0.13 mm), Pericopsis laxiflora (Benth. ex Baker) Meeuwen (49.25 ± 0.46 mm) and Terminalia albida (45.37 ± 0.16 mm). The average tree growth in height after 30 % thinning (treatment 2) was globally high. Daniellia oliveri (59.19 ± 0.59 mm), Gymnosporia senegalensis (49.5 ± 0.41 mm) expressed the best average growth in height after Terminalia avicennioides (105.5 ± 1.05 mm). After 60% thinning (treatment 3), tree species with the best growth were Pteleopsis suberosa (61.75 ± 0.67 mm), Daniellia oliveri (61 ± 0.47 mm) and Terminalia albida (59.50 ± 0.33 mm) presented the best growth in height.




TABLE 7    Average tree growth in height in woodland development stage 1 along thinning and pruning intensities after 6 months.
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Discussion


Influence of thinning and pruning intensity on tree density, height growth, and recruitment

In contrast to the woodland development stage 2 and 3, no thinning intensity and branch pruning effect was observed on tree density in stage 1. The question of what determines the distribution and abundance of woody plants in Sudanian woodlands has been widely investigated in plant ecology (Burrows et al., 1985; Archer, 1995). The opening of the canopy at stage 2 and 3 would have a significant impact on tree recruitment especially the 2 m > height ≥ 1 m. Tree density is driven by the process of stem recruitment (Comita et al., 2010). In the same way, the recruitment of new tree stems plays a key role in determining tree density in forest ecosystems and this process can be affected by a range of factors, including soil conditions, disturbance events, and competition with other plants (Garcia-Barrios et al., 2009; Valencia et al., 2014). After selective thinning and pruning, there would be the redistribution of growth resources in the soil allowing a better tree growth (both in height and diameter) (Assédé et al., 2015). This also results in increased tree recruitment, which translates into increased density. In stage 2 and 3, the 30% thinning and pruning significantly influenced the density of stems ≥1 m in height suggesting a better tree response with this treatment in these two woodland development stages. However, the observed tree density through the experimentation period would be predetermined by the initial tree density of each studied plot, which differ between plots of a woodland stage. During the experimentation, several stems were damaged by uncontrolled factors including the wind, rainfall, insects and small mammals directly, which may have affected tree density of the different plots. In order to improve accuracy, future studies should include all these factors. Whatever the disturbance on a vegetation unit, plant response will always reach an equilibrium depending on the intensity of the disturbance. The decrease in the tree density after a year during the third measurement could be attributed to the establishment of a new equilibrium between plant species. In general, tree density is driven by factors including soil characteristics and disturbances such as fire, browsing, tree harvesting and natural tree death (Comita et al., 2010), and how these factors affect tree density may differ with species and vegetation unit. In this context, tree recruitment may be a better variable to explain the effect of thinning and pruning intensity on woodland development stage as it refers to the increase in the number of stems ≥1 m height between two periods of data collection. A significantly higher stem recruitment at stage 2 with 30% thinning was not surprising because of an existing potential of stems ≤1 m height for the recruitment under this management regime. Several studies discussed the relationship between canopy openness, light penetration, and tree recruitment in forests (Ding and Zang, 2021; Barreto et al., 2022; Mahayani et al., 2022). They provided evidence that increase canopy openness can lead to greater light penetration and better recruitment of trees in forests. However, this may depend on the existing potential for recruitment, the vegetation structure and composition (de Avila et al., 2015, 2017; Barreto et al., 2022) explaining the decrease in stem recruitment at 60% thinning. In stage 1, the canopy cover is not as dense as in stage 2, while in stage 3 there would be few stems <1 m height with the close canopy. Therefore, in these two contexts, there is not a significant difference in the average tree recruitment regardless of the treatment regime. Tree recruitment linked to factors including height growth (Fischer et al., 2021). In the advanced to mature secondary forest, thinning at 60% results in better tree height growth. Both Hall (2011) and Yu et al. (2022) agreed that exposure of the tree crown to full sunlight through tree harvesting is critical for recruitment of remaining tree individuals in the forest understory (Yu et al., 2022). Clearance treatments and targeted gap openings provide and enhanced light environment for regeneration and recruitment (Hall, 2011), thus favor tree growth.

A general increase in tree growth for height is observed with thinning intensity and analyses revealed significant differences among treatments and woodland developmental stages. At high thinning intensity (60% thinning), tree density in the stand may decrease, allowing a better light penetration. However, because stem size is inherently included in thinning treatments, there is already variation in the absolute size of the remaining trees (Saarinen et al., 2020). With the increasing intensity of thinning, many trees were removed, which benefited the remaining trees for available resources, allowing them to secure their height growth (Saarinen et al., 2020). So, the increase in height growth with thinning intensity can be explained by the increase in light intensity in the stand after thinning for the benefit of the remaining tree community (Valinger et al., 2019). Studies developed by Akouehou et al. (2018) indicated that the basal area of tree species in the logged or thinned stand increased significantly compared to the control stand during the first 4 years following the silvicultural treatment (thinning or logging). Without a clear information on the intensity of thinning, the results of Akouehou et al. (2018) are consistent with the results found in our study. However, the absolute size and diameter of the trees were not considered in our study. In contrast, studies in Pinus populations found that thinning intensity reduces tree height growth to promote diameter growth (Nguyen et al., 2017; Deng et al., 2019).

However, most ecological theories have been applied to dense forest tree species (Wright, 2002) and their application to Sudanian woodland ecosystems is questionable. Under Sudanian forest conditions, canopy cover did not strongly affect light penetration, with the exception of stage 4 with a narrow canopy. Variation in recruitment limitation (Hubbell et al., 1999) and resource heterogeneity across a range of ecosystems have been highlighted as important factors determining tree growth and forest productivity. Although efforts were made to select homogeneous stands, in addition to the treatment effect, there was still soil or environmental heterogeneity at a finer scale which could need more attention for further studies.



Species the most affected by thinning and pruning intensity

We found that the height growth is highly diverse between species and may be correlated to the combined effect of treatment and uncontrolled disturbances like wind and rainfall. Terminalia avicennioides, T. leiocarpa, Pteleopsis suberosa, Daniellia oliveri and Combretum collinum, stand out with the best growth performance in the different woodland development stages. This explains their dominance in the vegetation landscape of the study area (Assèdé et al., 2021). The two most dominant tree genera in the Biosphere Reserve of Pendjari are Terminalia and Combretum with fourteen and six species, respectively (Assédé et al., 2012). The highest tree height growth was recorded with T. avicennioides (105.5 mm after 6 months) in stage 3 with 30% thinning. The physiognomy of the vegetation of the Biosphere Reserve of Pendjari is defined by T. avicennioides (Assédé et al., 2012). Several Terminalia tree species were known as fast growth species, especially T. leiocarpa recorded as one of the three highly productive tree species of Sudanian woodland (Hérault et al., 2020). In stage 3, the lowest tree recruitment favored a better growth in height for some species like T. avicennioides. However, there is paucity of relevant and updated information on growth performance of most tree species of the study area. Tree species in the same area may be differently affected by management treatment regimes. Understanding the inter and intra-species functional characteristics of tree species in the different woodland development stages, that contribute to the growth-survival trade-off is a prerequisite for sustainable woodland management (Fayolle et al., 2015). A deep root system may grant better access to subsoil water and great resistance to water stress (Ouédraogo-Koné et al., 2007) especially in dry season. As observed in previous studies in Sudanian woodland, local species showed remarkable productivity performance in mixed stand (Assèdé et al., 2021), a typical characteristic of the vegetation of the study area. The observed negative growth is mainly attributed to stem breaking either by the wind, rainfall and/or small rodents.




Conclusion

Tree response (density, recruitment and height growth) to selective stem thinning and branch pruning is species-specific and varied with thinning intensity and woodland development stages. Findings showed a significant increase in tree density after 30% thinning in woodland development stage 2 and 3. The best tree growth in height is recorded with 30% thinning in woodland development stage 1 and 60% thinning in woodland development stages 2 and 3. A remarkable recruitment of stems ≥1 m height is observed in the absence of thinning and with 30% thinning in woodland development stage 2, while no effect is observed in both stage 1 and 3. Terminalia avicennioides and Pteleopsis suberosa showed the highest average growth in height after 6 months with 30% and 60% thinning and pruning in the woodland development stage 3 respectively. Future long-term studies should test the combined response of trees in terms of diameter and height growth to selective stem thinning. A clear understanding of how climate, pedology of the area, and fauna affect tree growth will allow for a better planning of the management of the developmental stages of Sudanian woodland. This will inform future interventions to improve productivity, ecosystem services including especially provisioning to meet the needs of the local population, biodiversity conservation and ultimately ensuring sustainable resource use and management.
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Appendix


Appendix 1    Anova to compare average tree recruitment along treatments in vegetation development stages.
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Species H2-H1 (mm)* H3-H2 (mm)* Mean (mm)

Treatment 1

Terminalia avicennioides Guill. & Perr. 43.00 37.00 40.00 0.04
Philenoptera laxiflora (Guill. & Perr.) Roberty 33.50 46.00 39.75 0.09
Acacia sp 36.33 41.33 38.83 0.04
Pterocarpus erinaceus Poir. 20.00 40.00 30.00 0.14
Crossopteryx febrifuga (Afzel. ex G.Don) Benth. 16.75 21.50 19.13 0.03
Terminalia leiocarpa (DC.) Baill. 29.50 7.00 18.25 0.16
Combretum collinum Fresen. 28.22 6.78 17.50 0.15
Prosopis africana (Guill. & Perr.) Taub. 11.00 16.00 13.50 0.04
Acacia gourmaensis A.Chev. Kyal. & Boatwr 7.67 11.67 9.67 0.03
Gymnosporia senegalensis (Lam.) Loes. 9.00 7.33 8.17 0.01
Combretum glutinosum Perr. ex DC. 6.00 6.50 6.25 0.00

Treatment 2

Terminalia leiocarpa (DC.) Baill. 27.00 61.00 44.00 0.24
Acacia gourmaensis A.Chev. Kyal. & Boatwr 42.50 32.50 37.50 0.07
Terminalia sp 11.00 63.00 37.00 0.37
Terminalia albida Scott-Elliot 24.00 47.00 35.50 0.16
Combretum molle R.Br. ex G.Don 19.00 44.00 31.50 0.18
Detarium microcarpum Guill. & Perr. 25.00 33.00 29.00 0.06
Terminalia macroptera Guill. & Perr. 4.50 48.50 26.50 0.31
Combretum collinum Fresen. 25.33 24.22 24.78 0.01
Combretum glutinosum Perr. ex DC. 30.50 9.00 19.75 0.15
Crossopteryx febrifuga (Afzel. ex G.Don) Benth. 7.00 22.00 14.50 0.11
Terminalia avicennioides Guill. & Perr. 6.00 20.00 13.00 0.10
Piliostigma thonningii (Schumach.) Milne-Redh. 6.00 12.00 9.00 0.04
Gymnosporia senegalensis (Lam.) Loes. 14.00 0.00 7.00 0.10
Philenoptera laxiflora (Guill. & Perr.) Roberty 3.00 1.00 2.00 0.01

Treatment 3

Terminalia avicennioides Guill. & Perr. 34.00 15.00 24.50 0.13
Combretum collinum Fresen. 27.38 19.63 23.50 0.05
Terminalia leiocarpa (DC.) Guill. & Perr. 19.00 21.00 20.00 0.01
Acacia gourmaensis A.Chev. Kyal. & Boatwr 12.00 22.00 17.00 0.07
Gymnosporia senegalensis (Lam.) Loes. 8.00 20.50 14.25 0.09
Detarium microcarpum Guill. & Perr. 1.00 18.00 9.50 0.12
Combretum glutinosum Perr. ex DC. 8.50 8.00 8.25 0.00
Crossopteryx febrifuga (Afzel. ex G.Don) Benth. 2.00 3.00 2.50 0.01

*Average tree growth in height between two consecutive periods of measurement; SE, standard error; H, tree height; treatment 1: no thinning and no pruning; treatment 2: 30% thinning;
treatment 3: 60% thinning.
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Treatment 1

Daniellia oliveri (Rolfe) Hutch. & Dalziel 66.50 48.25 57.38 0.13
Combretum collinum Fresen. 56.00 39.00 47.50 0.12
Pteleopsis suberosa Engl. & Diels 50.53 17.71 34.12 0.23
Terminalia leiocarpa (DC.) Baill. 38.50 22.50 30.50 0.11
Terminalia albida Scott-Elliot 32,67 20.33 26.50 0.09
Gympnosporia senegalensis (Lam.) Loes. 28.50 16.10 22.30 0.09
Piliostigma reticulatum (DC.) Hochst. 41.86 243 22.14 0.28
Terminalia avicennioides Guill. & Perr. 10.71 29.57 20.14 0.13
Acacia sp 7.33 26.00 16.67 0.13
Hymenocardia acida Tul. 21.00 8.00 14.50 0.09
Combretum glutinosum Perr. ex DC. 24.00 4.50 14.25 0.14
Combretum molle R.Br. ex G.Don —20.20 18.20 —1.00 0.27
Pericopsis laxiflora (Benth. ex Baker) Meeuwen —27.67 24.67 —1.50 0.37

Treatment 2

Crossopteryx febrifuga (Afzel. ex G.Don) Benth. 42.00 15.50 28.75 0.19
Gympnosporia senegalensis (Lam.) Loes. 33.38 23.00 28.19 0.07
Pteleopsis suberosa Engl. & Diels 3925 16.50 27.88 0.16
Combretum molle R.Br. ex G.Don 25.00 30.00 27.50 0.04
Pterocarpus erinaceus Poir. 14.67 35.33 25.00 0.15
Lannea acida A Rich. 31.00 18.00 24.50 0.09
Daniellia oliveri (Rolfe) Hutch. & Dalziel 12.00 36.20 24.10 0.17
Combretum glutinosum Perr. ex DC. 29.50 10.50 20.00 0.13
Strychnos spinosa Lam. 29.50 9.00 19.25 0.14
Terminalia avicennioides Guill. & Perr. 32.00 1.67 16.83 0.21
Sterculia setigera Delile 16.00 12.00 14.00 0.03
Combretum collinum Fresen. 16.50 11.00 13.75 0.04
Piliostigma reticulatum (DC.) Hochst. 21.00 2.00 11.50 0.13
Pericopsis laxiflora (Benth. ex Baker) Meeuwen —8.91 26.45 8.77 0.25
Terminalia albida Scott-Elliot —13.71 21.29 3.79 0.25
Acacia gourmaensis A.Chev. Kyal. & Boatwr 0.00 3.00 1.50 0.02
Acacia sp —62.00 41.00 —10.50 0.73
Prosopis africana (Guill. & Perr.) Taub. —175.00 16.50 —79.25 1.35

Treatment 3

Acacia sp 103 20.00 61.50 0.59
Daniellia oliveri (Rolfe) Hutch. & Dalziel 81 6.00 43.50 0.53
Lannea acida A.Rich. 60 26.00 43.00 0.24
Combretum glutinosum Perr. ex DC. 34 27.00 30.50 0.05
Terminalia macroptera Guill. & Perr. 30 30.50 30.25 0.00
Pteleopsis suberosa Engl. & Diels 42.2 15.50 28.83 0.19
Pterocarpus erinaceus Poir. 21 23.00 22.00 0.01
Terminalia avicennioides Guill. & Perr. 39 3.00 21.00 0.25
Crossopteryx febrifuga (Afzel. ex G.Don) Benth. 14 17.00 15.50 0.02
Piliostigma thonningii (Schumach.) Milne-Redh. 15 0.00 7.50 0.11
Gympnosporia senegalensis (Lam.) Loes. 0 11.00 5.50 0.08
Prosopis africana (Guill. & Perr.) Taub. —67 30.00 —18.50 0.69
Gnidia kraussiana Meisn. —131 39.00 —46.00 1.20

*Average tree growth in height between two consecutive periods of measurement; SE, standard error; H, tree height; treatment 1: no thinning and no pruning; treatment 2: 30% thinning;
treatment 3: 60% thinning.
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Species H2-H1 (mm)* H3-H2 (mm)* Mean SE

Treatment 1

Combretum collinum Fresen. 60 42 51 0.13
Pericopsis laxiflora (Benth. ex Baker) Meeuwen 81.5 17 49.25 0.46
Terminalia albida Scott-Elliot 57 33.75 45.37 0.16
Daniellia oliveri (Rolfe) Hutch. & Dalziel 61.62 26.5 44.06 0.25
Pteleopsis suberosa Engl. & Diels 57.88 25.82 41.85 0.23
Acacia sp 36 395 37.75 0.02
Gymnosporia senegalensis (Lam.) Loes. 474 7.8 27.6 0.28
Grewia mollis Juss. 37 7A 22 0.21
Combretum molle R.Br. ex G.Don 19 11 15 0.06
Lannea acida A Rich. 0 18 9 0.13
Terminalia sp 0 2 1 0.01

Treatment 2

Terminalia avicennioides Guill. & Perr. 180.00 31.00 105.50 1.05
Daniellia oliveri (Rolfe) Hutch. & Dalziel 100.63 17.75 59.19 0.59
Gymnosporia senegalensis (Lam.) Loes. 78.33 20.67 49.50 0.41
Terminalia albida Scott-Elliot 74.00 15.00 44.50 0.42
Combretum collinum Fresen. 90.00 —4.00 43.00 0.66
Pericopsis laxiflora (Benth. ex Baker) Meeuwen 46.50 24.90 35.70 0.15
Combretum molle R.Br. ex G.Don 17.00 29.00 23.00 0.08
Pterocarpus erinaceus Poir. 17.00 23.50 20.25 0.05
Combretum glutinosum Perr. ex DC. 31.50 6.50 19.00 0.18
Sterculia setigera Delile 12.50 22.50 17.50 0.07
Piliostigma reticulatum (DC.) Hochst. 20.00 13.00 16.50 0.05
Pteleopsis suberosa Engl. & Diels 26.67 6.00 16.33 0.15
Bridelia ferruginea Benth. 20.00 8.00 14.00 0.08
Crossopteryx febrifuga (Afzel. ex G.Don) Benth. 20.00 8.00 14.00 0.08
Acacia sp —167.00 31.00 —68.00 1.40

Treatment 3

Pteleopsis suberosa Engl. & Diels 109.00 14.50 61.75 0.67
Daniellia oliveri (Rolfe) Hutch. & Dalziel 94.00 28.00 61.00 0.47
Terminalia albida Scott-Elliot 83.00 36.00 59.50 0.33
Pterocarpus erinaceus Poir. 75.00 12.00 43.50 0.45
Acacia sp 54.00 14.00 34.00 0.28
Grewia mollis Juss. 24.00 26.00 25.00 0.01
Terminalia sp 0.00 38.00 19.00 0.27

*Average tree growth in height between two consecutive periods of measurement; SE, standard error; H, tree height; treatment 1: no thinning and no pruning; treatment 2: 30% thinning;
treatment 3: 60% thinning.
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Treatment Mean sd F P-value (ANOVA)
Stage 1
T1 566.6 3299 1.9 0.3ns
T2 466.6 141.4
T3 9333 2357
Stage 2
T1 883.3 212.1 10.91 0.04*
T2 383.3 165
T3 150 70.7
Stage 3
T1 450 259.3 4.14 0.14ns
T2 12333 4243
T3 4333 2357

E fisher statistic; P-value: probability value; sd, standard error; T1: treatment 1 (no thinning and pruning); T2: treatment 2 (30% thinning and pruning); T3: treatment 3 (60% thinning and

pruning); ns, not significant; *significant at 0.05.
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Model df AIC LoglLik Test p-value
Random models
m0 2 1831.825 —913.9124 - -
ml 4 1798.764 —895.3819 ml vs. m0 <le™*
ml vs. m2 <le
m2 3 1826.573 —910.2868 m2 vs. m0 7.1e73
m2vs. m3 NA
m3 3 1794.117 —894.0587 m3 vs. m0 <le™*
m3 vs. ml 0.1038
Models including explanatory variables
m3.1 11 1424.873 —706.4366 - -
m3.2 7 1425.666 —705.8331 m3.2vs. m3.1 0.877
m3.2vs. m3.3 <le
m3.3 5 1798.511 —894.2555 m3.3 vs. m3.4 NA
m3.3 vs. m3.1 <le™*
m3.4 5 1437.141 —713.5708 m3.4vs. m3.1 0.03
m3.4vs. m3.2 404

Df, degree of freedom; AIC, Akaike Information Criterion; vs., versus; p-value, probability value; NA, not applicable.
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ol Sum square Mean square F-value P(>F)
Woodland development stage 1
Treatment 2 219506 109753 447 0.097
Period of measurement 2 1026173 513086 20.88 7.64 x 1073
Residuals 4 98272 24568
Woodland development stage 2
Treatment 2 3841728 1920864 38.90 2.39 x 1073**
Period of measurement 2 512840 256420 5.19 0.07™
Residuals 4 197531 49383
Woodland development stage 3
Treatment 2 4049136 2024568 27.02 4.75 x 1070
Period of measurement 2 1277284 638642 8.522 0.03*
Residuals 4 299753 74938

df, degree of freedom for number of observations; F-value, fisher statistic; P, probability value; ns, not-significant; *significant at 0.05; **significant at 0.01; ***significant at 0.001.
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numDF | denDF F-value P-value

(Intercept) 1 1228 187.43 <lemdoex
Treatment 2 1228 6.46 1.6 30
Stage 2 1228 228.82 <le e+
development

Treatment: stage 4 1228 321 1.24e2**

numDE degree of freedom for number of observation; denDF, degree of freedom for
tree density; F-value, fisher statistic; P-value, probability value; **significant at 0.01;
***significant at 0.001.
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Treatment Upper.CL

Woodland development stage 1

T1 0.45 0.08 2 0.12 0.77 a
12 0.54 0.08 2 0.20 0.87 a
T3 0.40 0.09 2 0.02 0.77 a

Woodland development stage 2

T1 0.87 0.07 2 0.56 1.17 a
T2 1.01 0.07 2 0.70 1.32 b
T3 1.09 0.08 2 0.74 1.44 b

Woodland development stage 3

T1 1.08 0.07 2 0.77 1.38 a
T2 117 0.07 2 0.85 1.48 a
T3 1.29 0.09 2 0.92 1.67 b

smean, least squares means; SE, standard error; df, degree of freedom; T1, treatment 1 (no thinning and no pruning); T2, treatment 2 (30% thinning and pruning); T3, treatment 3 (60%

thinning and pruning); CL, confidence level.





