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Abstract

:

Many commercial species are light-demanding and regenerate with difficulty in natural forest, which compromises the sustainability of logging. Okan, Cylicodiscus gabunensis Harms is one of the most exploited species in Central Africa and its regeneration is deficient in evergreen forest. In forest concessions, the enrichment of logging gaps with commercial species has already been tested but only for a few species. Mixed results have been obtained because the ability of seedlings to emerge from competing vegetation depends on the species, the environment and the silvicultural techniques adopted. This paper aims to determine the performance of C. gabunensis when planted in felling gaps. The impact of fertilization and biochar application on the performance of the seedlings was examined, as well as the role of predation played by large mammals. In 30 gaps, whose light levels were quantified, we planted nine seedlings and applied three treatments (fertilizer and biochar, fertilizer, control). The performance of the seedlings (survival, mammal damage and growth) was followed for 18 months. In another 30 gaps, the preferential consumption of C. gabunensis seedlings was quantified using camera traps. Seedlings had moderate and highly variable growth (1.84 cm to 2.50 cm in height and 0.201 mm to 0.267 mm in basal diameter per month, all treatments combined). Gap size and initial fertilization significantly boosted growth in diameter and survival rate. Elephants preferentially sought out C. gabunensis seedlings and after 18 months they destroyed 35% of the plants. Enrichment of logging gaps with C. gabunensis should therefore be limited to the largest gaps in forests with low elephant densities. Initial fertilization is recommended but not allowed under the sustainable management certification guidelines. We suggest that these standards should be adapted to maximize the chances of success.






Keywords:


Cylicodiscus gabunensis; Loxodonta cyclotis; logging gaps; silviculture; plantation; biochar; fertilizer; mammal predation












1. Introduction


Cylicodiscus gabunensis Harms is a light-demanding timber species of African rainforests [1]. In Central Africa, most exploited trees of C. gabunensis species are thought to have become established between 590 and 80 years before present (BP) in abandoned fields and on relatively fertile soils [2]. Nowadays, C. gabunensis suffers from a lack of natural regeneration in evergreen forests [3], while its populations are heavily exploited for timber [4,5]. Other light-demanding timber species with the same light requirements as C. gabunensis, such as Aucoumea klaineana Pierre [6], Pericopsis elata (Harms) Meeuwen, Terminalia superba Engl. and Diels, Erythrophleum suaveolens (Guill. and Perr.) Brenan, and Triplochiton scleroxylon K. Schum. [7], are also facing this issue, which is worsened by the selectivity of the timber market [8,9]. A decrease in exploitable volumes of those species in the coming decades seems inevitable, which threatens the sustainability of forest management.



A silviculture adapted to timber species ecology should be used to balance the lack of natural regeneration [10,11]. Efficient silviculture increases the probability that species will survive in the long term [4]. Hence, the plantations contribute to the maintenance and restoration of biodiversity after anthropogenic disturbances [12]. Several planting methods have been tested in tropical rainforests, but few studies were performed in Central Africa [4]. Doucet et al. [13] identified timber species whose seedlings are adapted to large open degraded areas such as T. scleroxylon and T. superba. C. gabunensis was not among those species and planting in logging gaps was suggested. In enrichment plantations with Baillonella toxisperma Pierre., Doucet et al. [10] reported a high survival rate of seedlings planted in logging gaps and a growth rate 10 times higher than in the forest understory. By assessing the performance of Pericopsis elata seedlings planted in logged forests in Cameroon, Ouédraogo et al. [14] showed that this species performed well in terms of survival and growth five years after planting. However, the performance of seedlings varied according to the type of environment (yards, logging gaps, large disturbed areas) and soil fertility. Furthermore, wildlife may cause damage to the plants, sometimes leading to their death [15,16,17].



The objective of this study was to overcome the lack of regeneration of C. gabunensis by testing the enrichment of logging considering the ecological requirements of C. gabunensis (light and soil fertility). Mainly, we aimed (i) to analyze growth rates and effects of fertilizer and biochar on the performance (growth and survival) of C. gabunensis nursery-raised seedlings; and (ii) to identify predators and the damage they cause to C. gabunensis seedlings.




2. Materials and Methods


2.1. Study Area


The study area is located in south-eastern Gabon, in the concession granted to the FSC-certified Precious Woods CEB Company (0°30′ S, 12°30′ E). It is composed of three forest management units (FMU 1, FMU 2 and FMU 3) covering a total area of 596,823 ha [18]. The enrichment of logging gaps was performed in FMU 2 and 3 (Figure 1). The annual rainfall is 1700 mm [19], with two distinct rainy seasons (March to May and October to December) [20], and the mean annual temperature is 25.4 °C [21]. The topography is undulating with elevation varying between 300 and 700 m [18]. The geological substrate is formed by basement Precambrian formations [22] and the soils have been identified as ferrasols [23]. Forests in the area are mostly Atlantic inland evergreen (27%, 15% and 14% of species are Fabaceae, Burseraceae and Myristicaceae, respectively) and mixed evergreen (30%, 10% and 8% of species are Fabaceae, Olacaceae and Myristicaceae, respectively) [24].




2.2. Study Species


Cylicodiscus gabunensis (Fabaceae, Caesalpinioideae) can reach a diameter at breast height (DBH) of 300 cm and a height 60 m. It is among the most exploited timber of Central Africa because of its interesting wood technological properties such as good natural durability [3]. In the study area, C. gabunensis shows a unimodal distribution of diameters (dominated by medium-sized trees) typical of the long-lived light-demanding species that currently suffer a lack of regeneration in evergreen forests (Figure 2). It is a hermaphroditic and non-gregarious species [1] that prefers soils rich in plant nutrients (K, P) and total nitrogen [2]. The roots of the seedlings are often covered with ectotrophic mycorrhizae for a relatively short period [26]. They are probably replaced by arbuscular endomycorrhizae during later tree growth [27]. Rhizobia are absent [28]. The winged seeds are dispersed by wind [1]. Duah-Gyamfi et al. [29] observed, in logged forests in Ghana, C. gabunensis seedlings both in the forest understory, in windfalls and on skid trails.




2.3. Silvicultural Experiments


2.3.1. Performance of C. gabunensis in Logging Gaps and Effects of Fertilizers


The experiments were performed in 30 logging gaps not invaded by grasses. The logging gaps were randomly selected and were 6 months old. Each logging gap was divided into two parts: the proximal and the distal part. The proximal part of the gap, that is the area where the tree trunk had fallen down and had been off-loaded by the logging machines, and the distal part of the gap, correspond to the area delineated by the foliage crown of the tree lying on the ground. Considering that branches and leaves still covered a large part of the distal part and thus inhibited any regeneration before decomposition, only the proximal part of the gap was enriched. The proximal part of selected logging gaps was relatively small, 29 m2 (σ = 7.2 m2) in average, which limits the number of plants that can be introduced. Nine seedlings were planted in each gap, three treatments were applied: (i) control treatment (without NPK fertilizer or biochar), (ii) fertilizer and (iii) treatment with fertilizer and biochar. Each treatment was thus represented by three seedlings. The seedlings were arranged in rows of three seedlings distributed among the three treatments and spaced 2 m apart. To avoid the border effect, each row and column contained each treatment. The fertilizer and biochar protocols were adapted following de Lefebvre et al. [30]. The biochar was produced in kilns using untreated wood residues from wood processing plants at the site of operation. The biochar was ground and sieved to 8 mm to ensure particle size homogeneity. It was mixed with soil and introduced at planting, in holes, 500 g per plant. The fertilizer used was a mixture of NPK (15%-15%-15%). The fertilizer was applied once, 4–5 days after planting, in its granulated form. The fertilizer was applied to the soil in a 10 cm deep concentric furrow around the plant. The dosage applied was 30 g NPK (15%-15%-15%) per plant.



A total of 270 nursery-raised seedlings of C. gabunensis were transplanted into thirty different logging gaps in 2018. The plants were raised for 12 months in a nursery in polyethylene bags 20 cm high and 12 cm in diameter. At the time of planting, the plants were on average 64 cm (σ = 14 cm) in high and 0.5 cm (σ = 0.1 cm) in diameter (10 cm above the base of the stem).The average area of the gap was determined from the projection of peripheral tree canopies with a diameter at breast height (DBH) ≥ 10 cm and the presence of seedlings belonging to early pioneer species (e.g., Musanga cecropioides and Macaranga sp.) [4]. The planted area (16 m2) was in the proximal part of the logging gaps. It was calculated using a 2 m × 2 m grid fixed to the ground with ranging poles. Prior planting, competing vegetation, coming mainly from the soil seed bank, was totally removed using a machete and the ground was cleared of any debris. Planting was carried out according to the protocol proposed by Daïnou et al. [4]. Measurements were made every 6 months during 18 months (t = 455 days). Height and basal diameter were measured with a tape and caliper, respectively. The survival and presence of damage to seedlings were also recorded. To estimate the light availability just above the C. gabunensis seedlings, hemispherical photographs were taken at the start of the experiment after seedling establishment. The photographs were taken at sunrise or at sunset in the centre of the plantation following the protocol of Ligot and Mackels [31]. The photographs were used to calculate several indices of light availability, including the percentage of total light above the canopy (Transtot). The photographs were thresholded with PiafPhotem software version 2 [32] and the light was calculated automatically with Gap Light Analyzer software version 2.0 [33]. In studied gaps, light levels varied between 12 to 49% with an average light level per gap of 32 % (σ = 9%). No additional maintenance was applied in the logging gaps during the experiment.




2.3.2. Wildlife Damage in Planted Logging Gaps


To identify predators of C. gabunensis seedlings and to assess damage to plants in enriched logging gaps, 30 BolyGuard SG2060 36 MP camera traps, equipped with 32 GB memory cards and infrared sensors were deployed in 30 gaps, one camera per gap. Planting was carried out following Daïnou et al. [4]. To test if C. gabunensis is consumed selectively, plantations of C. gabunensis were created with other timber species, depending on the availability of seedlings in the nursery of the logging company. The species planted were: Lophira alata Banks ex C.F.Gaertn. (15%), E. suaveolens (18%), Distemonanthus benthamianus Baill. (32%) and Bobgunnia fistuloides (Harms) J.H. Kirkbr. and Wiersema (34%). Five seedlings of C. gabunensis and four seedlings of other species were randomly planted in each gap between December 2019 to July 2021. Gaps were 10 months old. After planting, height and diameter were measured as previously described and no additional maintenance was applied in the logging gaps during the experiment. The camera traps were placed on a tree at 30–50 cm height from the ground. The camera traps were set to local time when installed (UTC+1). They were configured to take three photos and a 60 s video per trigger at 5 s time intervals [34]. Recordings were triggered by movement. Grasses and vines in the vicinity of the cameras were reduced to avoid false triggers. They operated 24 h a day for one to three months [35].



We only focused on animals that showed interaction with the plants in the plantations (sniffing the plant or part of the plant; eating the plant or part of the plant). The recordings obtained were processed in open access databases: (1) Camera base version 1.7 [36] to assign unique identifiers to each file (photos and videos) and (2) Timelapse version 2.2.5.0 [37] for the observation of detection events and for species identification. To avoid overestimating visits of individual animal species, we considered as independent events: (i) consecutive recordings of different species, (ii) consecutive recordings of individuals of the same species taken beyond a time interval of 30 min [35,38]. A recording with multiple individuals of the same species in the same image was treated as a single individual event [34]. Each recording was viewed and all animals on the recordings were identified following Kingdon [39]. The behavior (sniffing and/or eating the plant) of each animal was recorded. The different behaviors were classified into two main categories: consumers and non-consumers. Species nomenclature followed the IUCN Red List of Threatened Species. Given the difficulties in identifying some species of the genus Cephalophus (C. leucogaster, C. nigrifrons, C. callipygus and C. dorsalis) on the recordings, we have grouped these species into a species complex (Cephalophus spp.).





2.4. Data Analysis


2.4.1. Assessing Effect of Fertility on Seedling Growth


To compare our results with other studies, the growth monitoring data were used to compute the average annual growth (AAG) in height and diameter. These ecological parameters were calculated using Equation (1):


  A A G =  (  V f − V i  )  / n d × 365.25  



(1)




where: Vf = final value (cm); Vi = initial value (mm) and nd = number of days between the two measurements).



To test the effect of fertility on seedling height and basal diameter growth, linear mixed models were fitted. They were used to: (i) calculate monthly seedling growth rates, (ii) test whether the growth rates (slopes of the model lines) depended on the treatment and, (iii) test the interaction of fertilization with time. For each variable to be explained (height and diameter), a linear mixed model with and without treatment–time interaction was modelled. The fixed factors were treatment, time, and/or treatment–time interaction and the random factors were seedlings and gaps. Site characteristics were not included in the model as fixed factors because we did not sample the gaps across a gradient of environmental variables. The gaps were thus considered as random replicates of the experiment. When a treatment–time interaction was detected, a trend comparison test was performed to compare line slopes (growth rates). Subsequently, we retrieved these same models and added as a co-variate the total radiations transmitted to test whether part of the differences in growth could be explained by radiations. The null hypothesis was that total light would not influence the growth in height and diameter of seedlings.



Next, to quantify seedlings’ survival according to treatments in logging gaps, we estimated the survival function S(t) over time using the non-parametric Kaplan–Meier estimator [40,41], which is the probability of an individual seedling surviving to time t, the time since beginning of the experiment:


  S  ( t )  =  ∏   t i  ≤ t  (  1 −  d i  /  n i   )   



(2)




where ti is the time interval, di is the number of deaths that occurred in the interval ti, ni is the number of seedlings that were alive at the end of the interval ti, and Π is the product operator across all cases less than or equal to t. We tested whether treatments significantly differed in terms of survival in logging gaps using log-rank tests.




2.4.2. Identification of Consumers of C. gabunensis Seedlings in Logging Gaps


A generalized linear mixed-effects model was fitted to test whether C. gabunensis seedlings were subject to directed predation. The variable to be explained was damage. The model had a fixed factor (seedling species) and a random factor (gaps). A Tukey post hoc test was performed in case of significant p-values.



The records obtained from pictures and videos allowed some descriptive analyses. The number of independent records per photo-captured species was recorded in each logging gap to calculate the average number of visits per species. The behavior associated with the species was described in detail and allowed the calculation of proportions by type of behavior for a given species. The duration of visits involving seedling consumption was calculated according to Tosso et al. [42].



All statistical analyses were performed within the open-source environment R (R version 4.1.2) [43]. The ‘lmer’ and ‘glmer’ functions of the ‘lme4’ package were used, for the fitting of mixed models [44] and for the fitting of generalized mixed effect models [45], respectively. The t-values were computed to test the significance of a fixed factor, with the p-values provided by the ‘lmerTest’ package [46]. The slope comparisons and post hoc analysis of the Tukey method were performed using the ‘emmeans’ package [47], with the ‘emtrends’, ‘pairs’ and ‘emmeans’ functions, respectively.






3. Results


3.1. Performance of C. gabunensis in Logging Gaps and Impact of Fertilizer


All treatments considered, the average annual growth rate was 31.7 cm.yr−1 (σ = 37.4 cm) in height and 3.4 mm.yr−1 (σ = 2.4 mm) in basal diameter. The height growth rate of the control plants averaged 1.84 cm per month, while it was 2.08 and 2.50 cm per month for the fertilized and fertilized with biochar treatments, respectively, but the differences were not significant (chi-square = 4.184, Df = 2, p = 0.123) (Figure 3; Table A1 and Table A2). The diameter growth rates were 0.201 mm, 0.267 mm and 0.259 mm per month for control, fertilized and fertilized with biochar treatments, respectively. They were significantly different (chi-square = 11.87, Df = 2, p = 0.003). The differences were significant between the control seedlings and the seedlings that had received fertilizers alone (t = −3.178, Df = 672, p = 0.004) and between control and biochar fertilized seedlings (t = −2.779, Df = 676, p = 0.015). No significant difference was observed between seedlings with fertilizer and those with fertilizer and biochar (t = 0.4, Df = 671, p = 0.916) (Table A1 and Table A3). We tested whether the addition of the transmitted radiation in the models could explain part of the seedling growth rates. The null hypothesis was accepted for the height growth rate (chi-square = 0.183, Df = 1, p = 0.669) suggesting that total transmitted radiation does not have a significant impact (Table A4). Conversely, the null hypothesis was rejected for the growth rate in diameter (chi-square = 25.027, Df = 1, p < 0.001). This means that light had an effect on the growth rate in diameter. Furthermore, the time–light interaction coefficient was positive. This indicates a positive effect of light on the diameter growth of the plants (Table A5).




3.2. Survival of C. gabunensis Seedlings in Logging Gaps


At the end of the experiment (18 months), we observed that seedling mortality increased over time for all treatments. C. gabunensis seedlings combined with fertilizer or fertilizer and biochar had better survival rates compared to the control C. gabunensis seedlings (Figure 4). There was a significant difference in overall seedling survival depending on the treatment (Figure 4: Fertilizer vs. control: log-rank test Χ2 = 8.1 with p = 0.004; Fertilizer plus biochar vs. control: log-rank test Χ2 = 4.6 with p = 0.03). The use of NPK fertilizer with or without biochar seems to contribute to a better survival of seedlings. C. gabunensis seedlings with fertilizer and fertilizer plus biochar (each with 61 out of 90 (67.8%) showed significantly higher survival than control C. gabunensis seedlings with 56 out of 90 (62.2%) surviving plants.




3.3. Predation of C. gabunensis Seedlings in Logging Gaps


Assessing the effect of herbivory in enriched logging gaps showed that the consumption of C. gabunensis seedlings and other species was statistically different. C. gabunensis seedlings were consumed more than seedlings of other species (Z = 5.7, p < 0.0001). The 1406 camera-days yielded 418 independent detection events, split between photos and videos (5% photos and 95% videos). The detections included 12 terrestrial mammal and one bird species (Table A6). The detected mammal species included taxa with strong conservation concerns, such as the critically endangered elephant (Loxodonta cyclotis Matschie, 1900), gorilla (Gorilla gorilla gorilla Savage, 1847), chimpanzee (Pan troglodytes troglodytes lumenbash, 1775) and buffalo (Syncerus caffer nanus Boddaert, 1785; near threatened) which were also detected. Species that showed at least one interaction with seedlings in the gaps were: (i) the Cephalophus species complex with 146 detections, (ii) Cephalophus silvicultor Afzelius, 1815 (76 detections), (iii) Gorilla gorilla (14 detections) and (iv) Loxodonta cyclotis (64 detections). Species of the Cephalophus complex visited the plantations the most, with an average of 4.87 visits (σ = 4.39) per plantation and spent about 1.5 min per visit. C. silvicultor visited the plantations, with an average of 2.57 visits (σ = 3.18) per plantation and spent about 3.4 min per visit consuming the plants. The gorilla (Gorilla gorilla) had the lowest number of visits (0.47 on average; σ = 0.73), with an average time of 1.25 min. Compared to the other species detected, Loxodonta cyclotis did not have a very high average number of visits (2.13 visits on average; σ = 1.57) but it spent more time in the plantations (about 6 min) (Table 1).



Loxodonta cyclotis was the most damaging species in the plantations (Figure 5 and Figure 6). In 39% of the cases, it consumed plants of C. gabunensis and other species. Damage ranged from complete leaflet tearing and stem breakage to complete soil tearing of C. gabunensis seedlings (Table A7; Figure 5). The other species detected were only interested in the leaflets of C. gabunensis seedlings. Cephalophus sp., Cephalophus silvicultor and Gorilla gorilla consumed seedling leaflets during 1.37%, 6.58% and 28.57% observation events, respectively (Figure 5).





4. Discussion


4.1. Growth and Mortality of C. gabunensis Seedlings in Logging Gaps


In logging gaps, we obtained average annual growth rates of 31.7 cm and 3.4 mm in height and diameter, respectively. These values were rather low. Doucet et al. [13] introduced the species in multispecies plantations (subplots of 25 plants) in south-east Cameroon. These plantations were carried out in areas of degraded forest where the forest understory was removed by machete and only a few large trees were retained. Under moderate shade, mean diameter growth (after 690 days of observation; number monitored: n = 102) was 5.1 mm.yr−1 (σ = 0.8 mm). In the same country, in a nursery, in bags with enriched forest soil substrates, C. gabunensis seedlings show growth in height between 30 and 40 cm after 8 to 10 months [4]. The results of this study showed that the height growth rate of C. gabunensis seedlings was higher when fertilizer was applied in combination with biochar, although these results were not significantly different from the control treatment (Table A1 and Table A2). Neither the application of fertilizers alone nor the mixture of fertilizer and biochar had a significant influence on the height growth of C. gabunensis seedlings. The lack of significance of the growth rate in height in our study could probably be explained by the variability of heights because of wildlife breaking the stems of the plants, which could confuse the signal (Figure 3; Table A1). It is also possible that fertilizers may not influence height growth of the seedlings [48], but this seems unlikely for C. gabunensis seedlings, which prefer relatively fertile soils for their establishment [2]. The effect of light on the growth of C. gabunensis seedlings followed the same path as the effect of fertilization in this study. The light had no significant effect on the growth rate in height, while for the growth rate in diameter the effect was significant. This means that the growth in diameter tended to increase with increasing light. In evergreen forest, Daïnou et al. [4] suggest annual height growth is less than 50 cm in logging gaps, whereas it is higher in plantations on log yards where annual height growth is between 50 and 100 cm. This suggests that the conditions for plant growth are better in this type of environment. In Cameroon, P. elata, a light-demanding species established as a result of past human disturbance similar to C. gabunensis [2,49], was introduced into logging gaps that were either left without maintenance or cleared [14]. Over a period of 5 years, seedlings in gaps without any maintenance showed a relatively lower average annual growth in diameter (2.8 mm.yr−1, σ = 1.4 mm) compared to that obtained in our study over a relatively short period. Meanwhile, the height performance of the seedlings was much better (44.8 cm.yr−1 σ = 23.5 cm) in both the sites with and without maintenance [14].



The rate of seedling diameter growth increased significantly under the addition of fertilizer alone or with biochar. By examining the survival and growth of two tropical tree species in Amazonia under six nursery treatments over a six-month period, Lefebvre et al. [30] showed a positive effect of the addition of biochar and fertilizer on the height and diameter growth of the seedlings of Guazuma crinita Mart. and Terminalia amazonia (JF Gmel.) Exell. Similar patterns were also observed in southern Africa [50]. In combination with unsterilized forest soil, NPK fertilizers and foliar fertilizer (a solution consisting of: 41.5 g/L N, 58.2 g/L P, 1409 mg/L Zn, 1409 mg/L Cu, 2818 mg/L Fe, 1409 mg/L Mn, 198 mg/L Mo, 2818 mg/L B, 2.2 mg/L Auxin and 0. 006 mg/L Cytokinins) Sileshi et al. [50] showed the positive effect of artificial fertilizers inputs on the growth in height, diameter and biomass allocation of Uapaca kirkiana seedlings in a nursery after 11 months. Román-Dañobeytia et al. [51] demonstrated, in Amazonia, that the addition of a biofertilizer (a macro- and micronutrient-rich solution resulting from the fermentation of organic and mineral matter at a rate of 55 and 555 L/ha) significantly increased monthly seedling growth in height and diameter during annual monitoring of the growth of native species in former gold mining areas. For one of the species studied (Ceiba pentandra), growth rates in seedling diameter and height were improved by adding dilute or pure biofertilizer in both bare-root planting and transplanting methods. However, in their study, the authors treated the plants with biofertilizer every 15 days for the first 6 months, whereas the increase in growth observed in our study was based on a single application of fertilizer after transplanting the plants in logging gaps. The combination of fertilization and cleaning after planting would thus probably improve the growth performance of C. gabunensis seedlings in logging gaps, as has been achieved for other tree species [14,30,52].



Plant survival was significantly lower in control seedlings compared to plants with fertilizers alone and with fertilizer plus biochar in the logging gaps. Indeed, it has been shown in previous studies that fertilizer inputs to the soil reduce the probability of plant mortality compared to substrates without fertilizers [50]. In a study carried out in south-eastern Cameroon, Doucet et al. [13] introduced C. gabunensis seedlings into multispecies plantations (in plots of 25 seedlings). These plantations were established in degraded forest areas under moderate shade, with a survival rate of 83% after 690 days (number of plants monitored: n = 102). In our study, the survival rate was close to 80% at 455 days for the fertilizer only and fertilizer plus biochar treatments, while it was lower for the control treatment. Field observations revealed that mortality was mainly caused by wildlife damage within the plantations, as observed by many authors in plantations of varying ages [53,54].




4.2. Predators of C. gabunensis Seedlings in Logging Gaps


Very little information is available on the damage caused by wildlife to vegetation of African moist forest. For example, little is known about the damage caused by elephants in their biotope compared to their role as seed dispersers [55]. Some studies mentioned the damage caused by wildlife in plantations [4]. Brunck [15], for example, reports that antelopes were damaging several tree species in plantations in Congo. This damage, described as severe, could lead to the death of plants in plantations/plots when caused by elephants and/or buffalo in Gabon [15,17]. In the same country, Brunck et al. [16] found that in some plantations four to five years old, mortality due to elephants affected more than half the plants. Fayolle et al. [54] also observed high mortality of Milicia excelsa (Welw.) C.C.Berg stems in plantations that could be linked to herbivory. In addition, Leroy-Deval [53] reported significant damage by elephants in five to six-year-old Okoumé (A. klaineana) plantations in Gabon. The results of this study show that C. gabunensis seedlings were significantly more consumed than other species in logging gaps. In addition, indirect observations identified four main animal species involved in predation on C. gabunensis seedlings: Cephalophus sp., C. silvicultor, G. gorilla and L. cyclotis. In this study, L. cyclotis was the main consumer of seedlings and preferentially consumed those of C. gabunensis. Loxodonta cyclotis took longer in the plantations and caused more impetuous damage to the plants than other species. Based on the evidence from our photographic and video observations, the consumption of C. gabunensis seedlings by L. cyclotis was not always systematic. Some individuals sniffed the C. gabunensis plants without consuming them. Because adult C. gabunensis trees are frequently debarked by L. cyclotis [56], it is likely that the pachyderm has a particular interest for C. gabunensis. Scalbert et al. [57] listed C. gabunensis among the most frequently debarked species and Holvoet [58] attributed this behavior to self-medication. It is likely that the animals consumed the seedlings of this species as a parasite killer because C. gabunensis is frequently used in traditional medicine for this purpose [3]. Studying the ecophysiology of forest elephants in Gabon, Ngama [59] showed that parasitized forest elephants had a diet heavily dominated by the leaves of plant species whose medicinal properties are recognized by local human populations. This suggests that the forest elephant selects its food not only for its nutritional value, but also for its medicinal properties, as suggested by our study. In western Uganda, elephants regularly frequent logging gaps, resulting in a slower regeneration than in unlogged areas [60,61]. In such areas the direct impact of elephants is greater than that of herbaceous plants [62]. It is likely that within logging gaps, elephants trample seedlings [63,64] and break stems [65]. Seedlings that manage to survive this damage may experience a slowdown in growth. Indeed, felling gaps and skidding trail networks caused by logging operations could encourage the proliferation of herbaceous plants and facilitate the movement of elephants in the logged areas [60]. This would probably increase breakage of seedlings and saplings and slow their growth. Therefore, in areas with high wildlife densities, a balance must be struck between stimulating plant growth by clearing and preserving wildlife damage. In temperate forest managed for production, this is also a crucial issue [66,67,68,69].





5. Conclusions


In this study, we obtained moderate growth rates of C. gabunensis in logging gaps. Impacts of elephants were important and, by breaking or consuming the most vigorous stems, they reduce the average growth rates of the population. We also emphasized a positive influence of the light on the seedling performance. The planting of C. gabunensis should thus be only recommended in large gaps and in areas with low elephant densities. Numerous studies have shown that without plantings, populations of many light-demanding species populations will collapse in the next decades. In central Africa, very few logging companies implement planting programs in natural forests and most of them are FSC-certified. The use of fertilizer in forests is not allowed by the FSC standards. In our experiment, we showed that a single application of fertilizer at the start of the experiment significantly increased survival and diameter growth of C. gabunensis while an additional impact of biochar was not detected. We therefore suggest that current certification standards should be revised to tolerate local applications of fertilizer in high-value timber species plantations.
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Table A1. Average height and diameter and associated standard errors as a function of time steps. F and C = Fertilizer and biochar.






Table A1. Average height and diameter and associated standard errors as a function of time steps. F and C = Fertilizer and biochar.





	Treatment
	Time (Months)
	Mean Height (cm)
	Standard Error
	Mean Diameter (cm)
	Standard Error





	Control
	0
	64.04
	1.65
	0.49
	0.01



	Fertilizer
	0
	63.00
	1.40
	0.49
	0.01



	F and C
	0
	66.17
	1.37
	0.51
	0.01



	Control
	6
	69.18
	2.83
	0.64
	0.02



	Fertilizer
	6
	77.19
	3.95
	0.75
	0.03



	F and C
	6
	81.44
	3.43
	0.81
	0.03



	Control
	12
	84.48
	4.75
	0.78
	0.02



	Fertilizer
	12
	91.31
	4.69
	0.91
	0.04



	F and C
	12
	92.65
	4.26
	0.92
	0.03



	Control
	18
	99.05
	6.52
	0.85
	0.03



	Fertilizer
	18
	100.87
	5.22
	0.96
	0.04



	F and C
	18
	113.84
	5.76
	0.97
	0.04
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Table A2. Effect of treatment on the growth rate in plant height.
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	npar
	AIC
	BIC
	logLik
	Deviance
	Chisq
	Df
	Pr(>Chisq)





	m0
	6
	8645.6
	8674.3
	−4316.8
	8633.6
	/
	/
	/



	m1
	8
	8645.4
	8683.8
	−4314.7
	8629.4
	4.1841
	2
	0.1234
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Table A3. Effect of treatment on the growth rate in plant diameter.
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	npar
	AIC
	BIC
	logLik
	Deviance
	Chisq
	Df
	Pr(>Chisq)





	m2
	6
	−334.86
	−306.07
	173.43
	−346.86
	/
	/
	/



	m3
	8
	−342.73
	−304.34
	179.36
	−358.73
	11.87
	2
	0.002645
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Table A4. Effect of light on the growth rate in plant height.
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	npar
	AIC
	BIC
	logLik
	Deviance
	Chisq
	Df
	Pr(>Chisq)





	m4
	7
	8647.0
	8680.6
	−4316.5
	8633.0
	/
	/
	/



	m5
	8
	8648.8
	8687.2
	−4316.4
	8632.8
	0.183
	1
	0.6688
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Table A5. Effect of light on the growth rate in plant diameter.
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	npar
	AIC
	BIC
	logLik
	Deviance
	Chisq
	Df
	Pr(>Chisq)





	m6
	7
	−346.23
	−312.64
	180.11
	−360.23
	/
	/
	/



	m7
	8
	−369.25
	−330.87
	192.63
	−385.25
	25.027
	1
	5.652 × 10 −7
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Table A6. List of detected species with the IUCN status (‘Least Concern’ [LC], ‘Near Threatened’ [NT], ‘Vulnerable’ [VU], ‘Endangered’ [EN], or ‘Critically Endangered’ [CR]), and number of detections by species.






Table A6. List of detected species with the IUCN status (‘Least Concern’ [LC], ‘Near Threatened’ [NT], ‘Vulnerable’ [VU], ‘Endangered’ [EN], or ‘Critically Endangered’ [CR]), and number of detections by species.





	Species
	IUCN Status
	No. of Detections





	Philantomba monticola simpsoni Thunberg, 1789
	LC
	4



	Cephalophus ogilbyi crusalbum Grubb, 1978
	NT
	9



	Cephalophus silvicultor Afzelius, 1815
	NT
	76



	Cephalophus sp.
	/
	146



	Pan troglodytes Btroglodytes Blumenbash, 1775
	NT
	47



	Civettictis civetta Schreber, 1776
	LC
	20



	Loxodonta cyclotis Matschie, 1900
	CR
	64



	Genetta sp.
	/
	15



	Gorilla gorilla gorilla Savage, 1847
	CR
	14



	Unidentified bird species
	/
	4



	Panthera pardus pardus Linnaeus, 1758
	VU
	2



	Potamochoerus porcus Linnaeus, 1758
	LC
	4



	Syncerus caffer nanus Boddaert, 1785
	NT
	13
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Table A7. List of detected species with their behaviors.






Table A7. List of detected species with their behaviors.





	Behaviours
	C. silvicultor
	Cephalophus sp.
	L. cyclotis
	G. gorilla





	Pulling up a C. gabunensis plant and eat their leaves
	-
	-
	1
	-



	Circulating
	24
	27
	9
	8



	Interacting with camera
	3
	8
	2
	-



	Playing
	-
	-
	1
	-



	Eating other vegetation
	33
	71
	20
	1



	Eating C. gabunensis leaves and breaking the plant
	-
	-
	5
	-



	Eating C. gabunensis leaves without breaking the plant
	5
	2
	13
	4



	Sniffing other plants and eating their leaves
	-
	1
	-
	-



	Sniffing other plants without eating
	-
	1
	2
	-



	Sniffing C. gabunensis plants and eating their leaves
	-
	-
	6
	-



	Sniffing C. gabunensis plants without eating their leaves
	3
	6
	3
	-



	Sniffing vegetation on the ground
	8
	30
	1
	-



	Staying static
	-
	-
	1
	1
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Figure 1. Location of the enrichment plantings in a logging concession in Gabon (black stars); FS: fertilizer study and WS: wildlife study. The background map corresponds to the tree cover (grey) [25]. 
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Figure 2. Diameter distribution of C. gabunensis stems (DBH > 20 cm) in the FMUs 2 and 3 (398,169 ha) managed by Precious Woods CEB logging company in south-eastern Gabon; (i) the x-axis shows 14 central values of the diameter classes ([20–30], [30–40], …, [150–160] cm), (ii) the y-axis represents the probabilities of the normal distribution for each diameter class. 
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Figure 3. Height growth trajectory related to the installation date (between 2018 and 2020) for each seedling of C. gabunensis in logging gaps according to treatment; (a) control seedlings, (b) seedlings with fertilizer and (c) seedlings with fertilizer and biochar (F and B). Number of monitored seedlings (ind) and total number of measurements (obs) are given for each treatment. The discontinuous height trajectory for several seedlings is due to stem break events. 
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Figure 4. Kaplan–Meier estimates survival over time of C. gabunensis seedlings with their 95% confidence limits, as a function of treatment in logging gaps. (a) C. gabunensis seedlings with fertilizer vs. control C. gabunensis seedlings; and (b) C. gabunensis seedlings with fertilizer and charcoal vs. control C. gabunensis seedlings. 
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Figure 5. Distribution of behavior for each species of interest. 
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Figure 6. Consumers of C. gabunensis seedlings in plantations; (a–e): L. cyclotis; (f): G. gorilla. 
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Table 1. List of detected species involved in seedling consumption with: the number of detections, number of visits (average ± SD) and duration of consumption on the visits (average ± SD) within the plantations.
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	Species
	Total Number of Detections
	Average Number of Visits
	Average Duration of Visits (min)





	Cephalophus sp.
	146
	4.87 ± 4.39
	1.5 ± 0.71



	Cephalophus silvicultor
	76
	2.53 ± 3.18
	3.4 ± 2.88



	Gorilla gorilla
	14
	0.47 ± 0.73
	1.25 ± 0.5



	Loxodonta cyclotis
	64
	2.13 ± 1.57
	5.8 ± 4.64
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