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ABSTRACT  

Mansonia altissima A. Chev., a redwood producer species in tropical Africa, occurs as one 

small, isolated population in a highly anthropized landscape in Republic of Benin. We 

accessed the landscape pattern and population status to inform restauration action for the 

species. We established 20 one-ha permanent plots divided in 320 subplots (25 m × 25 m) 

in-situ and counted and measured M. altissima plants with diameter ≥ 1cm at base and 1.30 m 

above ground (DBH) in February 2017, 2018 and 2019. Based on the main disturbance 

factors, such as fire, human-caused damage to seedlings, harvesting of wood for fuel, and 

agriculture, we assigned the plots to one of three disturbance levels: poor, moderate, and 

strong. We grouped the plants into four life stages according to diameter size (cm): seedling 

(1 ≤ DBH < 5), sapling (5 ≤ DBH < 10), premature (10 ≤ DBH < 20), and mature 

(DBH ≥ 20). We used Landsat data of years 1986, 2002 and 2017 to quantify and analyze 

landscape changes and fragmentation. Results showed that the landscape was dramatically 

changed and fragmented between 2002 and 2017 due to disturbance increase. 

Semi-deciduous forest (SDF) containing M. altissima decreased, whereas woodlands and 

savannas increased. SDF was severely fragmented and disaggregated. In plots with strong 

disturbance, mortality rate was higher, whereas in plots with poor disturbance, it was lower 

and recruitment was highest. Mortality rate differed significantly among life stages and 

disturbance levels. Experimental restoration is required to identify locations where the 

species can establish young viable populations. Fire and other anthropogenic disturbance 

have to be controlled to ensure this natural population can provide seeds for restoration and 

conservation projects. 

Keywords: remote sensing; landscape fragmentation; conservation; restoration; 

threatened species; Mansonia altissima 

 

 

INTRODUCTION 

Moist forests are very important for conservation of forest resources, regulation of 

biogeochemical cycles and carbon storage. Accelerated disappearance of these specific 

habitats, puts them on to the forefront of environmental concerns. Many plant species are 

facing the risk of extinction due to habitat fragmentation, degradation and destruction (Tang 
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et al., 2011). Fragmentation may have severe consequences as loss of viable habitat for 

shade-tolerant plant species, genetic diversity reduction and local extinctions of native 

species (Laurance et al., 2009; Mendoza et al., 2005). Anthropogenic disturbance levels and 

landscape changes are recognized like drivers of strong modifications in plant population 

structure and demographic rates (Mensah et al., 2014; Selwood et al., 2014). Demographic 

responses of species facing landscape changes due to anthropogenic disturbance give more 

proximal indication of how anthropogenic disturbance affect population viability and 

contribute to extinction risk (Selwood et al., 2014). Theoretically and empirically, the 

extinction risk is higher in smaller populations (Volis & Deng, 2019; Ellstrand & Elam, 

1993). Likely, land-use changes in forest habitats often result in changes in plant population 

size, a decrease in regeneration density and disturbance in pollination services due to changes 

in specific ecology of pollinators (Klank et al., 2010). Tree regeneration includes seedlings 

establishment and growth (Klopčič et al., 2015). Both seedlings and saplings abundance 

commonly decreases with their age and can be explained by some factors as the reduced 

availability of resources, increase competition by herbaceous layer or intra and interspecific 

competition, and exogenous mortality factors (Klopčič et al., 2015). Knowledge of the risks 

faced by small populations and the processes that lead to a decrease in their abundance and 

viability threshold allows conservation practitioners to intervene to avoid extinction and 

maintain population viability. Therefore, an assessment of the demographic structure and 

factors that affect demography and viability of small populations in changing habitats is 

a priority for conservation biology (Volis, 2018; Volis & Deng, 2019).  

Evaluation and monitoring of the established forest habitats are essential priorities for 

habitat restoration because they allow to inform success or failure of interventions and help to 

correct restoration trajectory through adaptive management (Reis et al., 2019). Remote 

sensing plays an important role in this way by quantifying ecosystem degradation, 

conservation (Cabello et al., 2012) and restoration (Cordell et al., 2018; Questad et al., 

2014). Indeed, satellite imagery is used in conservation biology for classifying and 

describing vegetation patterns and habitats of species (Pereira & Cooper, 2006). In addition, 

conservation of critically endangered species requires accurate data to support decisions at 

landscape scales (Questad et al., 2014). Remote sensing provides useful data for land-use, 

land-cover mapping from Landsat satellite imagery (Ashton et al., 2018). The supervised 

classification techniques of these high resolution images combined with an expert system are 

promising tools to monitor and assess suitable habitats for species conservation and 

restoration (Reis et al., 2019). 

Mansonia altissima A. Chev., a tropical redwood species found in West-Central Africa, is 

recently listed as Least Concern (Botanic Gardens Conservation International and IUCN 

SSC Global Tree Specialist Group, 2018). Nevertheless, Mansonia altissima var. altissima 

A. Chev. is still listed as Endangered on the IUCN Red List, but this assessment was 

conducted more than 20 years ago (African Regional Workshop, 1998). A more recent 

assessment lists this species as Critically Endangered in Republic of Benin (Neuenschwander 

et al., 2011) because its wood has been actively used in construction (Wédjangnon et al., 

2016) and its habitat is degrading. Information on suitability of this habitat for the 

conservation of the species are practically non-existent.  

To establish a baseline of interventions for the conservation of this species, we studied 

changes inside its habitat and its population status. We expressed the hypothesis that 

anthropogenic disturbance has driven landscape changes which negatively affected the 

population status of the timber species M. altissima. We used landscape ecology and 

population dynamics approaches to inform conservation and restoration action for 

M. altissima. We used demographic variable sets such as recruitment, mortality, and 
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diameter increment rates (Ashton et al., 2018; Tang et al., 2011) to assess the population 

status of M. altissima in Benin and compared mortality and recruitment by degree of habitat 

disturbance and life stage. The following questions were addressed: What is spatial and 

temporal evolution of landscape categories in the natural habitat of M. altissima? What are 

the ecological factors of forest cover decline in the natural habitat of the species? To what 

extend degradation of this natural habitat affect the demography of the species? 

 

 

MATERIALS AND METHODS  

Study area 

Native distribution range of the natural population of M. altissima in Republic of Benin is 

a moist semi-deciduous forest (7°27'-7°29' North, 2°33'-2°35' East) in the District of 

Adakplamè in municipality of Kétou (Figure 1). This habitat is contiguous to residential and 

agricultural spaces. The forest covers about 738 ha, which is partly occupied by houses. The 

climate of study area is subequatorial with annual bimodal rainfall of about 1,300 mm. The 

rainy season starts in March and end in November with rain deficit between July and 

September.  

 

Fig. 1: Location of the sacred grove of Adakplamè 
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The dry season ranges from November to March. The average annual temperature is 

26.5 °C and average annual relative humidity is about 75 % year
-1

. The studied habitat is 

considered as sacred grove since colonial period (before 1960) because some deities were 

lodged inside since 1600 (PIFSAP, 2012). In order to protect the abode of deities, this habitat 

was protected by traditional authorities and became a refuge for some rare species from 

tropical semi-deciduous forests. However, weakness of traditional authorities due to 

emergence of monotheistic or extraneous religions led overlaps of the habitat which affected 

plant population viability (A. Wédjangnon). The breakdown of social taboos has led to 

logging, fire, and other human disturbance in the forest. One of the most threatened species is 

Mansonia altissima var. altissima A. Chev., whose population had been overexploited for 

house building (Wédjangnon et al., 2016) because its wood is valuable. 

 

Data collection 

Monitoring of forest cover changes 

We downloaded three satellite images from sensors Landsat TM (Thematic Mapper), ETM 

+ (Enhanced Thematic Mapper Plus) and OLI (Operational Land Imager) from the web site 

https://earthexplorer.usgs.gov/. These images of footprint Path/Row 192/55 were 

respectively acquired on 01/13/1986, 01/17/2002 and 02/19/2017.  

We carried out digital image pre-processing (radiometric and atmospheric corrections) 

with ENVI 5.1. We used Fast Line-of-sight Atmospheric Analysis of Hypercubes 

(FLAASH) algorithm to correct wavelengths in the visible through NIR (near-infrared) and 

the shortwave infrared (SWIR) up to 3 μm. We created a subset of each pre-processed image 

using polygon shapefile of the forest and computed Normalized Difference Vegetation Index 

(NDVI). We used NDVI band created to discriminate forest and non-forest cover types on 

the landscape (Reis et al., 2019; Buma, 2011). We used supervised classification technique 

with Maximum Likelihood algorithm to categorize forest/non-forest classes based on our 

knowledge from the forest and information provided in the forest management program 

(PIFSAP, 2012). We assigned pixels from each subset image to the landscape categories with 

a probability threshold 70 %. We carried out spectral separability analysis of landscape 

categories using Jeffries-Matusita, Transformed Divergence’s index and combined similar 

categories with index value lower than 1. We validated pre-defined landscape categories with 

185 control points sampled from the three pre-processed images. We recorded geographical 

coordinates of points and found them in the forest using global positioning system (GPS). We 

carried out field controls during both rainy (August 2017) and dry (February 2018) seasons. 

We used the software ArcGIS 9.3.1 for GIS applications.  

 

Sampling design and demographic data collection 

We established 20 one-ha permanent plots containing M. altissima within the Adakplamè 

District forest and further divided each plot into 16 subplots (25 m × 25 m). We recorded 

M. altissima trees with diameter ≥ 1 cm. We marked plants with diameter at breast height 

(DBH) ≥ 5 cm using stencil painting and tagged plants with collar diameter between 1 cm 

and 5 cm. We carried out censuses and measurements in dry season, each and only in the 

month of February 2017, 2018 and 2019. We counted all plants of M. altissima within 

subplots and measured them using an electronic Vernier caliper (Kreator Stainless Hardened) 

for juveniles and a pi tape for adult trees. We also marked all plants recruited between 

February 2017 and 2019. We assessed recruitment for only two life stages: seedling (1 ≥ 

DBH < 5 cm) and sapling (5 ≥ DBH < 10 cm). We considered seedlings like plant 

establishment stage, and saplings like plant emergence stage. As field data collection term 
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coincided with the fruit ripening period of M. altissima, we recorded all trees having fruited 

at least once during the three censuses. 

We also used GPS to record geographical coordinates of trees in order to find and identify 

them during successive censuses. We also recorded trees on plot edges and eliminated 

creepers on the stem. All trees marked at the first census were alive. We supplemented DBH 

measurements with indications of conditions under which the measurement was carried out, 

such as the stem’s shape at the location of the painting line and some global peculiarities of 

trees. To measure population factors, we used codes such as NORM: no particular 

abnormality of the stem, INCL: tree inclined, making an angle of at least 20° with the 

observer, REJ: tree stump reject, MORI: dying tree, CHAB1: tree fallen or broken due to 

strong winds, CHAB2: fall caused by another tree. We measured anthropogenic disturbance 

factors within each plot using codes, such as FEU: tree hit by fire, BLE: tree injured or peeled 

by people, BRUL: totally burnt tree, MORT: dead tree standing, EXPL: tree logged by 

people, TUE: tree killed to extend agricultural area. 

 

Data analysis 

Landscape change and fragmentation analysis 

To quantify changes among the landscape categories we used the transition matrix from the 

three different periods, 1986, 2002 and 2017. We determined the gain intensity and loss 

intensity for each category using Pontius’ intensity analysis program ‘‘IntensityAnalysis03 

.xlms’’ (Aldwaik & Pontius, 2012). We determined the rate of land cover change using the 

algebraic model (1) (Puyravaud, 2003). It given the percentage of change in each category 

annually.  
 

             ⁄         ⁄          Eq. (1) 
 

R: rate of land cover change per year; A1, A2: surface of the category at the period t1 

(1986) and t2 (2017); ln: natural logarithm. We assessed the landscape pattern from class 

metrics computed with FRAGSTATS v4.2 (McGarigal et al., 2012) for each classified image 

individually using eight landscape pattern indices (Table 1). 
 

Table 1: Metrics computed to assess landscape pattern in the sacred groves of 

Adakplamè 
Metrics Description Units 

NP Number of patches of the category of the corresponding landscape. We computed it with 

8-neighbor rule for delineating patches. 

None 

LPI Largest Patch Index is the percentage of landscape area comprised by the largest patch % 

nLSI Normalized Landscape Shape Index, is ranged from 0 to 1. When the landscape consists of a 

single square nLSI = 0 and becomes increasing when the category becomes increasingly 

disaggregated  

None 

MPS Mean Patch Size ha 

CV Patch size coefficient of variation, measures relative variability of patch size about the mean. None 

PAFRA

C 

Perimeter-Area Fractal Dimension, measures patch shape irregularity and is ranged from 1 to 2. 

PAFRAC value greater than 1 indicates an increase in patch shape complexity. PAFRAC is 

undefined as the number of patches is < 10 

None 

AI Aggregation Index, measures frequency of patch adjacencies. Increase of AI value indicates an 

increase aggregation 

% 

ENN Euclidean Nearest-Neighbor Distance, is the distance from a patch to nearest neighboring patch 

in the same category 

m 

Full definitions of these indices are provided in the user guidelines of FRAGSTATS v4.2 (McGarigal et al., 

2012). 
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Analysis of population demographic variables of M. altissima 

Based on the main anthropogenic disturbance factors, such as fire, damage of human 

activities on seedlings, harvesting of wood for fuel, and agriculture extent, we assigned 1-ha 

plots to three disturbance levels: poor, if none of these main disturbance factors was noted 

(7 plots); moderate, if the main disturbance factor was damage of human activities on 

seedlings (4 plots); strong, if the main disturbance factors were fire and agriculture (9 plots). 

We grouped all plants censured into four life stages according to biological variables, such as 

minimum flowering and fruiting diameter (Ouédraogo et al., 2018) and annual growth rate 

(De Madron, 2003): seedling (1 ≤ DBH < 5), sapling (5 ≤ DBH < 10), premature (10 ≤ DBH 

< 20), and mature (DBH ≥ 20). 

We estimated trees growth rates among the life stages from the diameter increment of trees 

using algebraic model (2) (Dionisio et al., 2018; Favrichon et al., 1998). We determined the 

diameter increment with plants have no particular abnormality and were living between the 

three successive censuses (Favrichon et al., 1998). We estimated the plant mortality and 

recruitment rates using algebraic models (3) and (4) (Dionisio et al., 2018; Gross et al., 

2018).  

 

                ⁄           Eq. (2) 

 ̂   (  [             ⁄ ]
 

 )            Eq. (3) 

 ̂   (  [         ⁄  ]
 

 )             Eq. (4) 

 

     : diameter increment (cm year
-1

);   : diameter at initial census;   : diameter at last 

census; T: time interval (yr) between initial and last census;  ̂: mortality rate (% year
-1

);   : 

number of living plants recorded at initial census;   : number of surviving plants until last 

census;  ̂: recruitment rate (% year
-1

);     : number of plants both recruited and living until 

last census. 

We used binary logistic regression analysis (family binomial, link probit) to test the link 

between mortality, disturbance level, and life stage. We performed same analysis for 

recruitment according to the disturbance levels. We analyzed differences in annual diameter 

increments in relation to the life stages and disturbance levels using the Kruskal-Wallis’ test. 

We also analyzed the correlation among diameter increment and initial DBH using the 

Spearman's rank correlation test. We performed all analyses using the software R v3.4.4 

(Core Team, 2018). 

 

 

RESULTS 

Spatial and temporal evolution and change in forest extent 

We identified distinctly four forest/non-forest categories from forest landscape of which, 

three forest categories (semi-deciduous forests, woodlands, and savannas) and a non-forest 

category, which combined both agriculture and residential spaces. Spatio-temporal evolution 

curves (Figure 2) showed regressive trends in semi-deciduous forests (SDF), whereas 

woodlands and savannas showed progressive trends. The area from non-forest category 

remained quasi permanent (Figure 3). SDF and woodlands dominated the forest in 1986 with 

243.7 ha and 297.0 ha respectively, but after three decades (1986 to 2017), SDF decreased 

dramatically with only 103 ha against 362.9 ha woodlands and 233.6 ha savannas.  
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Fig. 2: Spatial and temporal evolution of landscape categories from 1986 to 2017 
 

 

Table 2 shows inter-category transition matrix and rate of land cover change in landscape 

categories. In terms of gain, the inter-category transition matrix showed that among the four 

categories only woodlands replaced SDF when they gained during the period 1986 to 2002 

(Figure 4). During this period, the quantity of change from SDF to woodlands (7.3 % of the 

total landscape area) and woodlands to SDF (5.3 % of the total landscape area) were lower 

and could be qualified like swap. However, dramatic changes occurred since 2002 with 

important loss in SDF estimated to 25.2 % of the total landscape area in 2017. This important 

loss occurred mainly from SDF to woodlands (23.4 %) and savannas (1.8 %) suggested that 

expansion of woodlands was the major cause of SDF loss (Figure 4). Only 6.1 % of the total 

landscape area remained in SDF. Non-forest category (agriculture and residential spaces) did 

not replace SDF during the period 1986 to 2017.  

 

Table 2: Inter-category transition matrix and rate of change in the forest from 1986 to 

2017 
 

Period Land category SDF Woodlands Savannas Non-forest Gain Loss R(% year-1) 

1986 - 2002 SDF 25.6 7.3 0 0 1.1 1.4 -0.2 

 

Woodlands 5.3 29.1 5.5 0.3 1.9 1.7 0.1 

 

Savannas 0.5 5.1 12.3 3.3 2.6 2.6 0.03 

 

Non-forest 0 0 3.4 2.3 3.8 3.7 0.1 

2002 - 2017 SDF 6.1 23.4 1.8 0 3.7 5.4 -2.6 

 

Woodlands 7 21 11.5 2 3.8 3.3 0.5 

 

Savannas 0.8 4.5 15 1 3.5 2.0 1.3 

 

Non-forest 0 0 3.3 2.3 3.7 4.0 -0.3 

SDF = semi-deciduous forest; Values are expressed in percent (%) of the entire landscape (738.8 ha) 

 

The rate of land cover change showed that the forest cover in SDF decreased over the three 

decades (Table 2). During the period 1986 to 2002, alone SDF decreased (R = -0.2 % year
-1

) 

in the entire landscape. The period of the largest decline in forest cover was 2002 to 2017 

(R = -2.6 % year
-1

). During this period, although change from SDF to woodlands was 

important, the forest cover changed mainly from forests to savannas (R = -1.3 % year
-1

). The 

loss intensity was highest in SDF during the period 2002 to 2017, whereas the gain intensity 

was highest in woodlands (Table 2).  
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The gain intensity and the loss intensity were highest in non-forest category due to its small 

size (5.8 % of the total landscape area). Changes in SDF followed up on regressive dynamic, 

whereas changes in woodlands and savannas followed up on progressive dynamic (Figure 4). 

 

Fig. 3: Spatial and temporal distribution of landscape categories in the sacred groves of 

Adakplamè. The black triangles are sampling points of M. altissima 
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Fig. 4: Spatial and temporal distribution of changes in the three forest categories from 

the sacred groves of Adakplamè. SDF = semi-deciduous forest 
 

   

 

Landscape spatial pattern in the sacred groves of Adakplamè 

The number of patches (NP) in the forest generally increased between 1986 and 2017 

although there was a decrease between 1986 and 2002 (Table 3). The greatest reduction in 

mean patch size (MPS) and the greatest increase in the number of patches occurred between 

2002 and 2017, which revealed that the forest had undergone severe landscape fragmentation 

during this period. The lowest number of patches was observed for SDF in 2002 (NP = 6), 

likewise the largest number of patches was observed in the same category in 2017 (NP = 32), 

which revealed that SDF had undergone more severe fragmentation between 2002 and 2017. 

The largest patch index (LPI) in SDF decreased from 23.1 % to 5.3 %, whereas it increased 

in the other forest categories. These results also revealed that SDF was dramatically 

fragmented. In this category normalized landscape shape index (nLSI) decreased from 0.06 in 

1986 to 0.04 in 2002, and aggregation index (AI) increased from 94.4 % in 1986 to 96.3 % in 

2002. After 2002, nLSI strongly increased (nLSI = 0.18), whereas AI decreased from 96.3 % to 

82.3 %. These indices revealed that SDF category, more aggregated between 1986 and 2002, 

became increasingly disaggregated. Thus, both fragmentation and disaggregation in SDF 

became more severe after 2002. Likewise, nLSI and AI showed similar trends in woodlands 

and non-forest, but with smaller values, whereas savannas became increasingly aggregated. 

The mean nearest-neighbor distance (ENN_Mean) generally decreased between 1986 and 

2017 except SDF category where ENN-Mean increased from 79 m in 1986 to 114 m in 2002. 

The ENN coefficient of variation (CV) increased in each category between 1986 and 2017, 

which revealed an irregular distribution of patches mainly in SDF and woodlands where the 

coefficient of variation was the highest in 2017. In SDF category, the ENN_Mean decreased 

from 114 m in 2002 to 85 m in 2017, whereas the coefficient of variation increased from 0.21 in 

2002 to 0.31 in 2017, which corroborated patch isolation and increase. These results revealed 

that there was strong increase of anthropogenic disturbance during the period 2002 to 2017, 

which drove the close forests to open forests. The patch size coefficient of variation was high in 
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each landscape category from 1986 to 2017, which revealed the presence in each category 

patches with larger size and patches with smaller size than the average. This larger variability in 

patch size was also confirmed like an increase in patch shape complexity (PAFRAC > 1) in 

each category, which also revealed strong increase of anthropogenic disturbance.  

 

Table 3: Landscape spatial pattern indices in the sacred groves of Adakplamè 
 

Landscape  

category 
NP LPI (%) nLSI MPS (ha) CV PAFRAC AI (%) 

ENN (m) 

Mean CV 

SDF 10 23.1 0.06 24.4 281.9 1.3 94.4 79 0.19 

SDF 6 22.9 0.04 38.6 220.4 N/A 96.3 114 0.21 

SDF 32 5.3 0.18 3.4 282.4 1.3 82.3 85 0.31 

Woodlands 14 27.1 0.1 24.3 284.4 1.4 89.9 169 0.2 

Woodlands 7 34.0 0.08 49.7 238.6 N/A 92.3 121 0.2 

Woodlands 18 33.2 0.1 21.4 352.1 1.4 90.2 84 0.33 

Savannas 12 12.7 0.13 25.2 178.9 1.5 87.8 111 0.2 

Savannas 13 18.8 0.11 20.4 248.2 1.4 89.3 110 0.19 

Savannas 17 17.7 0.1 22.1 242.4 1.4 90.1 112 0.26 

Non-forest 18 2.1 0.12 6.3 91.8 1.2 86.8 220 0.08 

Non-forest 13 8.6 0.09 11.9 190.8 1.3 90.8 197 0.1 

Non-forest 21 4.6 0.16 6.2 173.3 1.2 88.5 155 0.19 

From top to bottom the results per landscape category in 1986, 2002 and 2017 

 

Population status of M. altissima in the sacred groves of Adakplamè 

Table 4 shows demographic parameters (abundance, diameter increment, recruitment and 

mortality) of the population according to the life stages. Mortality rate was 6.79 % year
-1

 in 

the population. Between initial (February 2017) and last (February 2019) censuses, 

abundance in sampled plots decreased from 625 to 599 plants. Similarly, recruitment and 

mortality rates were respectively 3.14% year
-1

 and 3.92 % year
-1

 at the seedling stage, 2.19 % 

year
-1

 and 1.05 % year
-1

 at the sapling stage. Both seedling and sapling stages displayed a net 

change of -0.78 % and 1.14 % in abundance respectively. Mortality rates at premature and 

mature stages were 1.29 % year
-1

 and 0.40 % year
-1

 respectively. Thus, abundance decreased 

in all the life stages except sapling stage where abundance between initial and last censuses 

increased from 34.08 % to 37.90 % of the population.  

 

Table 4: Demographic parameters according to the life stages of M. altissima 
 

 

N0 = abundance at initial census (% year-1); Nt = abundance at last census (% year-1); Dincr = diameter 

increment (cm year-1). 

 

Diameter increment rate after the three censuses was 0.71 cm year
-1

 in the population. 

Diameter increment is larger at early growth. Negative correlation was displayed between 

diameter increment and initial DBH (r = -0.37, p < 0.000). Seedlings and saplings showed 

diameter increment rates of 0.80±0.19 cm year
-1

 and 0.81±0.24 cm year
-1 

respectively. After 

both seedling and sapling stages, diameter increment rate decreased from 0.68±0.23 cm 

Life stages N0 Nt Dincr Recruitment Mortality 

Seedling 19.04 16.69 0.80±0.19 3.14 3.92 

Sapling 34.08 37.90 0.81±0.24 2.19 1.05 

Premature 31.84 30.55 0.68±0.23  1.29 

Mature 15.04 14.86 0.50±0.23  0.40 

P-value (Kruskal-Wallis' test) < 0.000   
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year
-1

 to 0.50±0.23 cm year
-1 

in both premature and mature stages respectively. Diameter 

increment rates among life stages differed significantly (p < 0.000; Table 4), but disturbance 

levels did not (p = 0.14; Table 5). Diameter increment rates were 0.71±0.27 cm year
-1

 (poor 

disturbance), 0.76±0.25 cm year
-1 

(moderate disturbance) and 0.69±0.23 cm year
-1

 (strong 

disturbance). 

 

Table 5: Demographic parameters of M. altissima according to the disturbance levels in 

the forest 
 

Disturbance levels N0 Nt Dincr Recruitment Mortality 

Poor 41.76 45.74 0.71± 0.27 2.54 0.48 

Moderate 14.08 13.02 0.76± 0.25 0.42 0.80 

Strong 44.16 40.23 0.69± 0.23 2.37 5.43 

P-value (Kruskal-Wllis' test) 0.14   

N0 = abundance at initial census (% year-1); Nt = abundance at last census (% year-1); Dincr = 

diameter increment (cm year-1). 

 

Mortality rate was higher at strong disturbance level 5.43 % year
-1 

(Table 5). At moderate 

and poor disturbance levels, mortality rates were
 

0.80 %
 

year
-1

 and 0.48 % year
-1

 

respectively. By contrast, recruitment rate was higher at poor disturbance level 2.54 % year
-1

. 

Thus, disturbance levels increased mortality rates of M. altissima (Table 6). However, 

recruitment among disturbance levels did not differ significantly (Table 7). Mortality 

decreased significantly when diameter size increased (sapling z = -6.40, p <0.000; premature 

z = -4.73, p <0.000; mature z = -5.36, p <0.000), but increased significantly when disturbance 

levels increased (moderate z = 3.75, p <0.00; strong z = 6.59, p <0.000 Table 6). Mortality 

and recruitment of M. altissima among interaction life stages and disturbance levels did not 

differ significantly.  

¨ 

Table 6: Plant mortality according to the life stages of M. altissima and disturbance 

levels in the forest 
 

 Estimate Std. Error Z value Pr > z 

(Intercept) -1.44 0.20 -7.25 4.12e-13 

Sapling -1.19 0.19 -6.40 1.54e-10 

Premature -0.87 0.18 -4.73 2.23e-06 

Mature -1.37 0.26 -5.36 8.10e-08 

Moderate 1.00 0.27 3.75 0.000176 

Strong 1.39 0.21 6.59 4.37e-11 

 

Table 7: Plant recruitment according to the life stages of M. altissima and disturbance 

levels in the forest 
 

 Estimate Std. Error Z value Pr > z 

(Intercept) -0.53 0.15 -3.66 0.000256 

Sapling -0.57 0.16 -3.67 0.000242 

Moderate -0.40 0.28 -1.41 0.16 (ns) 

Strong -0.19 0.16 -1.19 0.23 (ns) 

                   ns: not significant probability 
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The fruiting rate computed for M. altissima between the three censuses showed that 

25.37 % of premature plants (10 ≤ DBH < 20 cm) and 88.35 % of mature plants (DBH ≥ 20 

cm) had fruited at least once. The minimum fruiting diameter recorded was 14.5 cm. 

 

 

DISCUSSION 

Change and spatial pattern of the landscape in the sacred groves of Adakplamè 

The changes observed in the forest can be characterized by two fundamental concepts of 

forest dynamics: deforestation and forest degradation. Deforestation is the result of a land 

cover dynamic in that forest categories are replaced by other land cover types such as 

agricultural spaces and savannas, while forest degradation is a process of change in the forest 

that negatively affects the landscape pattern and its composition (Bamba, 2010; Simula, 

2009). The latter concerns more the attribute and running of the forest and generally followed 

by plant cover reduction, in particular the trees (Simula, 2009). Thus, transition from 

semi-deciduous forest (SDF) to forest woodland describes SDF degradation.  

The transition matrix analysis revealed an increase of extent for woodlands and savannas 

between 1986 and 2017 and a decrease of semi-deciduous forest. The SDF, natural habitat of 

M. altissima, underwent dramatically reduction which revealed a weak protection of the 

forest. This landscape category was more fragmented with patches increasingly isolated and 

large variability in patch size. The sacred groves of Adakplamè, formerly dense forest declined 

to forest woodlands and savannas indicated by increase of their extent and the largest patch 

index (LPI). Based on the analyses of the transition matrix and landscape pattern metrics, we 

understood that anthropogenic disturbance in the forest increased severely between 2002 and 

2017. The main factors of fragmentation and change of the close forests to open forests were 

fire, harvesting of wood for fuel and logging (Figure 5). Dramatically increase of 

anthropogenic disturbance could be explained by the conflict of forest ownership between the 

local populations since the adoption of the forest management plan which unfortunately could 

not be implemented due to the conflict. Although non-forest category gained highly did not 

replace SDF category during the study period. This change dynamic revealed that residential 

and agricultural overlaps were not the main processes of changes in SDF. However, their 

adjacency and non-conservative practices such as fire, wood logging and harvesting of 

non-timber forest products by the local population were main threat factors identified. The 

anthropogenic disturbance in the landscape despite its status of sacred groves could also be 

a consequence of animist beliefs disappearance by a few years because of the monotheistic or 

extraneous religions. Currently with the emergence of other religions, the weakness of 

traditional authorities and beliefs, prohibitions have broken, which led the majority of the 

sacred groves to the decline and emblematic species are prone to disappearance (Alohou 

et  al., 2016). The forest degradation in the closest forest islands must worry conservationists 

who should exert efforts for the conservation of these particular forest ecosystems in order to 

attenuate the century’s challenge that is climate change. 

 

Implications of anthropogenic disturbance in the population status of M. altissima  

In Benin, the small remaining population of M. altissima is affected by habitat degradation 

caused by fire, human-caused damage to seedlings, and agriculture. Mortality was higher in 

plots disturbed strongly while recruitment of seedlings and samplings was higher in plots 

poor disturbed, but diameter increment did not vary with anthropogenic disturbance levels. 

Recruitment in plant population ecology refers to the presence of new plant individuals 

within existing population (Eriksson & Ehrlén, 2015) or the transition of plant individuals 

beyond a certain size threshold (Lexerød & Eid, 2005; Favrichon et al., 1998; Helms, 1998). 
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However, several recruitment studies in plant communities only consider seedlings because 

they are usually small and subject to various abiotic and biotic factors causing higher 

mortality rates (Eriksson & Ehrlén, 2015). Nevertheless, seedling recruitment is assessed 

arbitrarily in population studies due to the difficulties to define a size limit for seedlings of 

any plant species (Kitajima & Fenner 2000; Favrichon et al., 1998). In this study, we used 

abundance of seedlings and saplings to assess the recruitment of M. altissima and we found 

that recruitment was lowest in seedlings due to their highest mortality rate. Disturbance 

levels did not significantly affect recruitment, but did significantly affect mortality rate. 

Anthropogenic disturbance by fire and agricultural practices about the forest significantly 

increased seedlings mortality rate and contributed to the continuous population decline. This 

result showed that natural regeneration contributed by samplings was greater in disturbed 

population of M. altissima and will create long-term imbalance within the population. Fire 

not only devastate seedlings and mature plants (Figure 5.e,f) but also facilitates establishment 

of invasive weeds like Chromolaena odorata (L.) that inhibit seedling establishment and 

survival. The presence of dead plants of M. altissima in agricultural spaces (Figure 5.g) is an 

indicator of agricultural overlaps inside the forest.  

 

Fig. 5: Effects of anthropogenic disturbance in the forest landscape at Adakplamè, (a) 

residential, (b) agricultural overlap, (c, d) harvesting of firewood and establishment of 

invasive weeds after fire, (e, f, g) effects of fire and agricultural overlaps on M. altissima 
 

 

a b c 

d 

e f g 
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Apart from anthropogenic disturbance, young seedlings (plants with diameter < 1 cm) were 

also affected by water deficiency during the dry season due to the period of germination. 

Young seedlings appear between July and August, but a prolonged drought during five 

months from November to March could create them hard live conditions increasing the 

mortality rates in plants with diameter < 1 cm. Anthropogenic disturbance associated with 

strong drought during data collection period could also explained the reduced proportion of 

the seedlings.   

The landscape fragmentation and forest cover reduction affect the population viability 

because of changes in seed germination and seedling establishment conditions (Uriarte et al., 

2010). They also contribute to the decline in pollinator’s population, which could reduce seed 

production (Gόmez et al., 2010; Aguilar et al., 2006), while literature reported that M. 

altissima seems to be pollinated by insects despite lack of appropriate study on the 

pollination biology in the species (Akinnagbe et al., 2019). They negatively affect genetic 

diversity of non-pioneer tree species occurring in closed forests (Akinnagbe et al., 2019). If 

some plant species like Ceiba pentandra (L.) Gaertn and Triplochiton scleroxylon K. Schum. 

found in the same habitat maintain their genetic diversity even in changing landscape 

because of their ability to colonize open landscapes, M. altissima to the contrary shows lower 

genetic diversity in disturbed landscapes and its regeneration is very poor in open landscapes 

(Akinnagbe et al., 2019). This suggests that the population of M. altissima in Benin could 

subject to genetic erosion, which could pose a serious threat for their future viability. The 

lowest abundance in each life stage would be insufficient to maintain permanent this 

population of M. altissima in view of its lower genetic diversity in disturbed landscapes. 

 

Management strategy of the population and its native habitat 

Forest degradation and fragmentation in habitats can have severe consequences for 

biodiversity conservation, including local extinctions of native species dependent to some 

particular forest habitats. This situation raises a critical question for management of rare 

species occurring as small and isolated population in a highly anthropized landscape. While 

access to the communal forests cannot be avoided due to their medicinal, food, economic and 

social roles, they should be protected from forest destruction to avoid rare species 

extinctions, which are important for local populations. Conservation strategies of the forest 

should seek to manage peacefully the conflict of forest ownership and observed impacts, 

including reforestation of degraded area using threatened native species in the forest like 

M.  altissima and other species having similar demography in the forest and listed in Benin’s 

red list (Neuenschwander et al., 2011) rather than exotic species, in order to restore the 

ecological functions of this forest. It is also needed to reinforce the traditional management 

system to restrict public access to the forest. 

 

 

CONCLUSIONS 

Forest degradation in the natural habitat of Mansonia altissima in Benin, caused by 

anthropogenic disturbance factors, such as, fire, damage of human activities on seedlings, 

harvesting of wood for fuel, and agriculture extent increased population mortality of the 

species. The population of M. altissima had no germination problem, but the lack of 

population recruitment was caused by the highest mortality in seedlings and semi-deciduous 

forest decline. Since the population cannot be completely protected due to the status of sacred 

groves and the fact that the habitat is surrounded by agricultural and residential spaces, we 

strongly suggest translocation of the species for its conservation in protected forests within 

their potential niche. Translocation of M. altissima will enable to increase the survival chance 
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of the species. Experimental restoration in protected forests outside distribution range of the 

species is required in order to identify locations where the species can establish young viable 

populations for an efficient management of M. altissima in Benin. Additionally, fire and 

other anthropogenic disturbance in the forest must be controlled to ensure this natural 

population can provide seeds for restoration and conservation projects. Impacts of 

anthropogenic disturbance factors (forest degradation, fragmentation and destruction) 

combined with ongoing and future climate change indicate that experimental restoration is 

not only required for M. altissima, but also other tree species with similar population 

dynamics and growing in weak protected forest habitats in West Africa. 
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