
Heliyon 9 (2023) e17405

Available online 21 June 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Predicting the potential impacts of climate change on the 
endangered endemic annonaceae species in east africa 

Elijah Mbandi Mkala a,b,c, Virginia Mwanzia d, Johh Nzei a,b,c, 
Wyclife Agumba Oluoch e, Boniface K. Ngarega b,c,f, Vincent Okello Wanga a,b,c, 
Milicent Akinyi Oulo a,b,c, Boniface K. Ngarega b,c,f, Fredrick Munyao a,b,c, 
Flory Mkangombe Kilingo g, Penninah Rono a,b,c, Emmanuel Nyongesa Waswa a,b,c, 
Elizabeth Syowai Mutinda a,b,c, Clintone Onyango Ochieng a,b,c, 
Geoffrey Mwachala h, Guang-Wan Hu a,b,*, Qing-Feng Wang a,b, 
Jacinta Kaweze Katunge a,b,c, Calmina Izabayo Victoire a,b,c 

a CAS Key Laboratory of Plant Germplasm Enhancement and Specialty Agriculture, Wuhan Botanical Garden, Chinese Academy of Sciences, Wuhan, 
430074, China 
b Sino-Africa Joint Research Center, Chinese Academy of Sciences, Wuhan, CN-430074, China 
c University of Chinese Academy of Sciences, Beijing, CN-100049, China 
d Lukenya University, Athi River, P.O Box 90-90128, Mtito Andei, Kenya 
e Center for Development Research – ZEF, University of Bonn, Genscherallee 3, 53113, Bonn, Germany 
f Centre for Integrative Conservation, Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Menglun, 666303, China 
g UNEP-TONGJI Institute of Environmental Science and Sustainable Development (IESD), Tongji University, Siping Road 1239, Shanghai, 200092, 
PR China 
h East African Herbarium, National Museums of Kenya, P. O. Box 451660-0100, Nairobi, Kenya   

A R T I C L E  I N F O   

Keywords: 
Climate change 
Conservation management 
Ecological niche modeling 
Threatened species 

A B S T R A C T   

Globally, endemic species and natural habitats have been significantly impacted by climate 
change, and further considerable impacts are predicted. Therefore, understanding how endemic 
species are impacted by climate change can aid in advancing the necessary conservation initia-
tives. The use of niche modeling is becoming a popular topic in biological conservation to forecast 
changes in species distributions under various climate change scenarios. This study used the 
Australian Community Climate and Earth System Simulator version 1 (ACCESS-CM2) general 
circulation model of coupled model intercomparison project phase 6 (CMIP6) to model the cur-
rent distribution of suitable habitat for the four threatened Annonaceae species endemic to East 
Africa (EA), to determine the impact of climate change on their suitable habitat in the years 2050 
(average for 2041–2060) and 2070 (average for 2061–2080). Two shared socio-economic path-
ways (SSPs) SSP370 and SSP585 were used to project the contraction and expansion of suitable 
habitats for Uvariodendron kirkii, Uvaria kirkii, Uvariodendron dzomboense and Asteranthe asterias 
endemic to Kenya and Tanzania in EA. The current distribution for all four species is highly 
influenced by precipitation, temperature, and environmental factors (population, potential 
evapotranspiration, and aridity index). Although the loss of the original suitable habitat is 
anticipated to be significant, appropriate habitat expansion and contraction are projections for all 
species. More than 70% and 40% of the original habitats of Uvariodendron dzombense and 
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Uvariodendron kirkii are predicted to be destroyed by climate change, respectively. Based on our 
research, we suggest that areas that are expected to shrink owing to climate change be classified 
as important protection zones for the preservation of Annonaceae species.   

1. Introduction 

Currently, climate change and anthropogenic factors are the major factors that influence species distribution and habitat on natural 
ecosystems worldwide [1–4]. Due to temporal reproductive isolation, climate change is known to have an impact on the extinction and 
regional distributions of different species [5–7]. Because of these complicated changes, species withdraw to locations with conducive 
macro- and microclimatic conditions [8]. The negative consequences of increased environmental stress become even more concerning 
when we consider the dynamic changes that are currently occurring in the native ranges of endemic species and the fraction of plant 
species that may become extinct [9–12]. A thorough understanding of species distribution is usually required before it can be rein-
troduced in any ecosystem and habitat conservation initiative [13–15]. The loss of any species could have a large impact on ecosystem 
stability and function [16]. Changes in the distribution ranges of plant species and vegetation patterns, on the other hand, will affect 
how climate change is experienced across the landscape [17,18]. Thus, for the management of vulnerable species, it is crucial to 
comprehend how species are distributed within their ecological habitat for developing conservation strategies [19,20]. 

East Africa is well known for the higher number of Afromontane forests called ‘The Eastern Arc Mountains. At least 800 vascular 
plant species are endemic, with trees accounting for about 10% of these [21,22]. Hundreds of plant species are likewise endangered. 
Most Eastern Arc endemics are closed-forest specialists with ancient connections to species from West Africa, Madagascar, and even 
South America and Southeast Asia [23,24]. The existence of endemic floristic features gives this location a unique relict ecosystem that 
preserves the evolutionary history. The endemic relict flora is thought to be particularly susceptible to climate changes due to its low 
biotic complexity, which is typically followed by marginal extinction at the warm border of the range and increase at the cold edge 
[25]. As a result, climate change may endanger the geographical range and habitat appropriateness of many species with high 
extinction risk, particularly relicts of the Arcto-Tertiary forest, by eradicating their current habitat [26]. Due to the occurrence of 
indigenous plant species in mountainous regions, EA has high ecological importance. Some of the species that flourish in this area 
include the Annonaceae species. These species are in grave danger of extinction because they offer important medical characteristics, 
making their habitat extremely susceptible to exploitation by humans. In addition, overexploitation alters interspecies relationships at 
various trophic levels, which could have a cascading effect on an ecosystem [27]. The conservation of these species must consider how 
the distribution of the species may be impacted by various natural and human-caused causes under various climate change scenarios. 

The species Uvariodendron kirkii Verdc. Ann, Uvaria kirkii Oliv. Ex Hook. f., and Asteranthe asterias (S. Moore) Engl. & Diels belong to 
the family Annonaceae and are endemic to Kenya, and Tanzania (EA) [28–30]. Additionally, three newly described and named 
endemic threatened species (Uvariodendron mbagoi Dagallier & Couvreur, Uvariodendron dzomboense Dagallier, Q. Luke & Couvreur, 
and Uvariodendron schmidtii Q. Luke, Dagallier & Couvreur) have been discovered in the above-aforementioned regions [31]. The 
description of these new species emphasized how abundant the endemic species are in this area. Their natural habitat is subtropical or 
tropical dry forests. Following IUCN criteria, Uvariodendron kirkii is listed as vulnerable (VU) while Uvaria kirkii and A. asterias as near 
threatened (NT). These species are exploited for medicinal and economic uses [29,32–39]. Thus potential primary sources of new 
herbal products and medicines [40,41], contributing significantly to human health and the economy in developing countries [42,43]. 
Effective conservation measures can guarantee the long-term viability of species [27,44,45]. 

One of the fundamental strategies for protecting plant species is habitat restoration, which necessitates correct knowledge of 
species distributions in each ecosystem both current and in the future [46,47]. Therefore, one of the primary problems for ecologists is 
to comprehend how species interact with the environment and predict how they will change. To avoid the extinction of threatened 
species in response to climate change [48–50]. As a result, predicting viable habitats under climate change gives critical information 
for the conservation of rare and endangered species. 

The major issues facing biological science are the estimation of species diversity and the explanation of evolutionary processes [51]. 
Environmental factors and climate change have a significant impact on how species disperse, migrate, evolve, adapt, and go extinct 
[49,52]. Species Distribution Modeling (SDM) is a geographically explicit approach that integrates species occurrence data with 
environmental variables to produce spatially explicit and thorough maps that are useful for identifying regions that require the most 
conservation and management solutions [53,54]. SDM is a strong approach that has been used to predict past distributions of relict 
species in relevant regions, forecast their current prospective distribution range, and predict susceptibility to future climate change 
[55]. This model is valuable for anticipating conservation regions (particularly zones for species protection, restoration, translocation, 
and reintroductions) and for addressing questions about niche evolution trends [56]. To the best of our knowledge, no research has 
been conducted to investigate how global climate change might affect the distribution of threatened endemic Annonaceae species. 
Therefore, we utilized the power of algorithms in SDMs to develop a model to show the relationship between the species occurrence 
points and environmental predictors, and further project into future scenarios [57–59]. We shall apply two shared socio-economic 
pathways (SSPs) SSP370 and SSP585 to project the species distribution for the years 2050 (average for 2041–2060) and 2070 
(average for 2061–2080) [60]. The predictions will be made using Coupled Model Intercomparison Project 6 (CMIP6) using the 
Australian Community Climate and Earth System Simulator version 1 (ACCESS) general circulation model (GCM), a technique for 
setting the land surface temperatures within a global climate model [61]. This will enable us to; (a) investigate how climate change will 
affect the distribution of different endemic species under different climate change scenarios, (b) identify more vulnerable endemic 
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species under changing climate scenarios to prioritize conservation on a national scale, and (c) find potentially suitable areas for 
species whose main habitats are under threat from future climate conditions. 

2. Methodology 

2.1. The study area 

The Eastern Arc Mountains are home to an estimated larger number of indigenous flowering vascular plants that are vulnerable to 
climate change. Many synoptic weather stations in East Africa have recorded rising temperatures over the past several decades. The 
mean annual temperatures in the study area range from 12.4 to 24.1 C (mean, 20.7 C; WorldClim interpolated climatology; Hijmans 
et al. [62]. The Eastern Arc Mountains have a greater number of indigenous flowering vascular plants that are vulnerable to climate 
change. Increasing temperatures have been reported at several synoptic weather stations in East Africa during the previous decades. 
The warmest months are November through March, with the mean daily maximum on lower slopes topping 34 ◦C. The coolest months 
are June through August when the mean daily minimum drop below 5 ◦C at high elevations. The slopes near the Indian Ocean are 
several degrees cooler than comparable altitudes elsewhere. The temperature of the air in the understory varies with the distance from 
the forest border and the amount of solar radiation that penetrates the canopy. 

3. Materials and techniques 

3.1. Species distribution and bioclimatic information 

Distribution data for Uvariodendron kirkii, Uvaria kirkii, Uvariodendron dzomboense, and Asteranthe asterias were obtained from the 
Global Biodiversity Information Facility (GBIF), (http://www.gbif.org/; assessed on June 5, 2022) using the gbif function of the dismo 
package [62]. All entries were validated using record identifiers, and herbarium information. Six hundred and one geo-referenced 
occurrence points for the four species were acquired, and their accuracy was carefully examined visually in Microsoft Excel spread-
sheet version 16.66.1. The merged distribution data set were cleaned for inaccuracies such as coordinates projected in water bodies 
were discarded (not used in this analysis). The spThin package in R was used to spatially thin the occurrence points to a distance of 5 
km between each point to prevent spatial biases [63], since historical distribution data is typically skewed toward places that are 
convenient to reach, leading to significant geographic sampling bias [62]. We performed spatial thinning of 5 km because the number 
of species reported in this study is low. After all, the species are threatened and endemic to specific locations. Thus, performing spatial 

Fig. 1. Maps showing the distribution points for the four Annonaceae species; distributed in Kenya and Tanzania.  
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thinning over 5 km would result in less data being used for this analysis. Finally, two hundred and forty-two occurrence points (89 for 
A. asterias, 61 for Uvariodendron kirkii, and 82 for Uvaria kirkii and 10 for Uvariodendron dzomboense) were retained for further analyses 
(Fig. 1). Notably, we only included Uvariodendron dzomboense from the three newly discovered threatened species. We left U. mbagoi, 
and U. schmidti in this study because they recorded less than ten correct occurrence points (most of the coordinates reported were of the 
same location points this could lead bias our results). The bioclimatic variables (19) were obtained from the Worldclim database 
(www.worldclim.org; accessed on June 12, 2022) at a spatial resolution of 2.5 arc-min (roughly 5 km at the equator), using the getData 
function in raster package version 3.5.15 integrated into the R environment [62,64]. Four additional environmental factors including 
population density, land cover, aridity index (AI), and evapotranspiration (ET)) were incorporated in the analysis because they are 
likely to affect species distribution and their suitable habitat. In addition, land cover was included as a variable in the model, and was 
considered as a categorical in the model and hence not evaluated as a continuous variable in the model. The two shared socio-economic 
pathways (SSPs) SSP370 and SSP585 were used to project the species distribution for the years 2050 (average for 2041–2060) and 
2070 (average for 2061–2080) [60]. The predictions were made using Coupled Model Intercomparison Project 6 (CMIP6) for the 
Australian Community Climate and Earth System Simulator version 1 (ACCESS) general circulation model (GCM), a technique for 
setting the land surface temperatures within a global climate model (Ackerley and Dommenget, 2016). To obtain the 19 bioclimatic 
variables from the combined data. We used ArcGIS to extract the 19 bioclimatic variables from the downloaded compilation. We also 
used ArcGIS to define the projection of our extent before using them in our analysis. 

3.2. Environmental variable considerations 

While minimizing inter-variable correlation to reduce the impact of highly linked variables, we selected 23 parameters while 
reserving 10 variables that are likely to have a direct physiological effect on the species. Considering the pairwise correlation between 
the predictors, we used two correlation metrics to analyze the relative variable importance for all bioclimatic variables for the species 
independently (Pearson Correlation and Area under the Curve (AUC)) to analyze the relative variable importance for all bioclimatic 
variables for the four Annonaceae species. This is significant since these species are found in the tropical region, and their significant 
water loss and conservation are linked to the environmental condition of the region, thus this element was taken into account. We 
chose the environmental predictors that were most likely to limit the species distribution from among the factors that passed the two 
correlation measurements. These factors included population density, aridity index (AI), and evapotranspiration (ET). To minimize 
inter-variable correlation we performed variance inflation factor (VIFstep: r = 10) using the usdm r package in R [65]. This process was 
repeated until all VIF scores were under 10. The variables analyzed for the environment were selected to reflect the circumstances 
faced by the species. The four interactive bioclimatic variables mean temperature of the wettest quarter (bio 8), mean temperature of 
the driest quarter (bio 9), precipitation of the warmest quarter (bio18), and precipitation of the coldest quarter (bio19) were not 
excluded before this analysis. Thus, included these variables in our analysis, which did not contain any unusual spatial patterns were 
retained in our analysis. The bioclimatic variables were then used for the subsequent analysis. Among the 23 variables analyzed, 13 
were retained and considered to have a direct physiological effect on the species (Table S1-S4). The relative variable contribution of 
the selected variables to the models was accessed among the three species independently using Pearson Correlation and Area under the 

Table 1 
Mean model performance of the species according to MaxEnt, generalized linear model, boosted regression trees, Random Forest and support vector 
machines algorithms for the AUC, correlation (COR), and TSS, as well as the deviance, are reported. The average value for each method is displayed.  

Species Methods AUC COR TSS Deviance 

Uvariodendron kirkii Rf 0.94 0.64 0.82 0.18 
Maxent 0.94 0.43 0.83 0.41 
glm 0.93 0.36 0.79 0.22 
brt 0.93 0.55 0.77 0.21 
svm 0.73 0.37 0.6 0.3 

Total Average  0.89 0.47 0.76 0.26 
Asteranthe asterias Rf 0.96 0.65 0.86 0.2 

Maxent 0.93 0.49 0.76 0.46 
glm 0.9 0.43 0.71 0.3 
brt 0.94 0.61 0.8 0.27 
svm 0.85 0.42 0.67 0.35 

Total Average  0.91 0.52 0.76 0.31 
Uvaria kirkii Rf 0.89 0.56 0.76 0.2 

Maxent 0.89 0.37 0.69 0.46 
glm 0.84 0.23 0.61 0.27 
brt 0.89 0.43 0.73 0.24 
svm 0.8 0.4 0.69 0.3 

Total Average  0.86 0.39 0.69 0.37 
Uvariodendron dzombense Rf 0.99 0.7 0.99 0.04 

Maxent 0.98 0.42 0.98 0.14 
glm 0.98 0.27 0.97 0.05 
brt 0.98 0.32 0.97 0.06 
svm 0.99 0.29 0.99 0.09 

Total Average  0.98 0.4 0.98 0.076  
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curve (AUC) metrics. The data sources and code used (GitHub link) for this analysis are included in the supplementary material (S. A1 
and S.A2). 

3.3. Modeling technique 

Several modeling techniques have been applied in the modeling processes to assess species distribution and habitat preferences [66, 
67]. These algorithms completely depend on the level of complexity, appropriateness, predictive power, and capability to incorporate 
presence-only data because of limited access to absence data. In this study, we used five modeling methods; Generalized Linear Models 
(GLM), Boosted Regression Trees (BRT), Multivariate Adaptive Regression Splines (MARS), Maximum Entropy (MaxEnt), and Random 
Forest (RF) for their performance [68] in R environment [65], to identify the methods with the highest statistical accuracy. The models 
were then ensembled per species using the sdm package version and weighted average (Table 1) [65]. 

3.4. Model evaluation 

For all models, evaluation data was gathered using the getEvaluation function from sdm package in the R environment. To evaluate 
the predictive effectiveness of the ecological niche modeling, we measured the area under the receiver operating characteristic curve 
(AUC-ROC) and the true skills statistic (TSS) (Table 1; Fig. S2) [69–71]. TSS was used to see if our results confirm with AUC- ROC. AUC 
values varying from 0 to 1 with 0.5–0.6 indicate poor model performance, 0.7–0.9 represent good performance, and >0.9 show 
excellent model performance [56]. TSS values below 0.40 indicate poor model performance, 0.40 to 0.75 indicate good model per-
formance, and above 0.75 indicate outstanding model performance [56]. The TSS measure also ranges from - 1 to +1 [72]. These 
methods are the true measure of excellent results and have been widely used to calibrate and identify fundamental model requirements 
in numerous studies [73,74]. Each modeling approach was tested 2 times, using 30% of the data for testing and 70% of the data for 
training. We ran 20 ecological niche models (ENMs) with 2 algorithms and 10 replicates for each species’ dataset to evaluate the 
models. Model averaging was carried out by weighting individual model projections by their AUC values after excluding models with 
an AUC of below 0.6 an approach that has shown to be very resilient [75]. An ensemble model was created using a TSS-weighted 
average [69]. 

3.5. Changes in distribution within binary models 

The current and future output raster files were converted to binary file format using SDMTools extension in ArcGIS version 10.8 
[64], using 10% training points criteria as the most precise and cautious threshold for differentiating between suitable and unsuitable 
regions [76,77]. The binary maps were therefore used to access the suitability habitat change for the two SSPs and periods, by 
calculating the difference between the SSPs and the current maps to generate change maps including stable habitat, habitat gain, 
habitat loss, and unsuitable habitat SDMTools extension in ArcGIS version 10.8 [64]. 

4. Results 

4.1. Species distribution map in east africa 

The colours represent the species distribution in the background map of East Africa as indicated with arrows: green (Uvariodendron 
kirkii), brown (Asteranthe asterias), blue (Uvaria kirkii) and pink (Uvariodendron dzombense). 

4.2. Bioclimatic variables affecting suitable habitat distribution of the species 

According to vif scores, variables; evapotranspiration (ET), aridity index (AI), population density (population), mean diurnal range 
(Mean of monthly (maximum temperature - minimum temperature)) (bio 2), isothermality (bio 3), temperature seasonality (bio4), 
Minimum Temperature of Coldest Month (bio6), the maximum temperature of the warmest month (bio 5), temperature annual range 
(bio7), mean temperature of warmest quarter (bio 10), annual precipitation (bio 12), precipitation of the wettest month (bio 13), 
precipitation of the driest month (bio14), precipitation seasonality (bio15), precipitation of driest quarter (bio 17), Precipitation of 
Warmest Quarter (bio18), Precipitation of Coldest Quarter (bio19) were selected variably among the species for building the models 
(Table S1-S4). The AUC values and TSS values above (0.7) indicated the models performed (Table 1). In addition, the relative variable 
contribution varied across the species and between correlation metrics and the AUC metric (Table S1-S4). Based on the averaged 
correlation metric the current distribution model for Asteranthe asterias indicated a greater contribution of bio19 (34.9%), followed by 
bio15 (26.3%) and AI (14.2%), for Uvariodendron kirkii; bio19 (48.9%)) bio15 (13.9%), and AI (19.2%), for Uvaria kirkii; population 
(30.2%), bio7 (19.9%), bio14 (15.1) and bio15 (14.9%), for U. dzombense; bio6 (68.4%), evapotranspiration (33.3%), bio4 (33.6%) 
and population (26.7.2%) were the major contributors to the model (Table S5). The combined metric relative contribution of the 
variables is shown (Fig.S1). 

4.3. Model performance according to the algorithms applied 

Species distribution models for current distribution predicted regions of climatic suitability for Asteranthe asterias, Uvariodendron 
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Fig. 2. Currently projected habitat suitability maps indicate the distribution of the species along Kenya and Tanzanian coastlines.  
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Fig. 3. The projected future suitable habitat distribution areas for the four Annonaceae species in East Africa (Kenya and Tanzania) projected using 
SSPs scenarios (SSP370 and SSP585) for the averaged years in 2050 (average for 2041–2060) and 2070 (average for 2061–2080). Suitable habitats 
for the species are shown; with green color, unsuitable habitats (contraction) with red color, and expansion is shown with yellow color. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

E.M. Mkala et al.                                                                                                                                                                                                      



Heliyon 9 (2023) e17405

8

kirkii, U. dzombense, and Uvaria kirkii with 100% run success for 20 models. The AUC score for each of the species modeling was above 
0.8, indicating that models of these data sets performed better than a randomly chosen absence site indicating a high model perfor-
mance (Table 1). The best algorithms, which performed perfectly well for all species, were the Maxent, Random forest, and boosted 
regression trees. The other two methods support vector machines and generalized linear model performed poorly (Fig.S2). 

4.4. The current potential suitable habitats areas for the four annonaceae species 

(Fig. 2). The models project higher distribution in Tanzania, especially for Asteranthe asterias (Fig. 2a), Uvaria kirkii (Fig. 2b), 
Uvariodendron kirkii (Fig. 2c) compared to Uvariodendron dzombense (Fig. 2d). Suitable habitats for the species are indicated with green 
color and no occupancy is indicated with brown color. 

4.5. The projected habitat distribution change for the annonaceae species 

Changes in habitat suitability in the future for the four Annonaceae species is projected in (Fig. 3). Notably habitat suitability 
change is projected in both SSPs. The future projections indicate that Uvariodendron dzombense will be highly affected by climate 
change in the future, followed by U. kirkii, A. asterias, and lastly by Uvaria kirkii, scenarios for U. dzombense, indicate more habitat loss 
(color red) in both Kenya and Tanzania than habitat gain (yellow color). For the U. kirkii, it will also experience high habitat loss at the 
periphery and the center between Kenya and Tanzania, and there will be more habitat loss in SSP5854160 and SSP5856180. In 
addition, habitat gain for U. kirkii is projected in all scenarios at the periphery of Kenya and shall be minimal. The projection for the 
A. asterias indicates more habitat loss (contraction) also at the periphery of Tanzania compared to Kenya in SSP5854160 and 
SSP5856180 compared to SSP3704160 and SSP3706180 (Table S6). However, the future projection indicates a persistent gain of 
suitable habitats compared to habitat loss in SSPs (SSP3704160 and SSP5856180) compared to SSPs (SSP3706180 and SSP5854160). 
Lastly, the projections for Uvaria kirkii indicate in all SSPs it will experience persistent gain of suitable habitats in Tanzania compared to 
Kenya. The percentage habitat loss is projected to be above 70% for Uvariodendron dzombense, whereas Uvariodendron kirkii (30%), A. 
sterias (14%), and Uvaria kirkii (6.25%) in both SSP370 and SSP585 (2050). Uvaria kirkii and A. sterias suitable habitats are likely not to 
be affected by climate change compared to the Uvariodendron dzombense and Uvariodendron kirkii species, which indicate high 
contraction. The percentage of expansion of Uvaria kirkii was found to be highest (35.5%), followed by A. sterias (16.5%) when 

Fig. 3. (continued). 
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compared with Uvariodendron dzombense and Uvariodendron kirkii in all averaged SSPs (Fig. S3). Finally, the species habitat projection 
further indicates to have future greater habitat suitability areas in Kenya compared to Tanzania. In addition, they will colonize new 
areas in the west and north of Kenya and Tanzania respectively. 

4.6. Ecological niche 

The four species’ two-dimensional ecological niche maps were created using the niche function in sdm package version 1.1–8 and 
the first two most contributing predictor variables (Fig. 4). The map indicates the distribution of the species in the environmental 
space. The ecological niche model showed significant correlations between the predicted environmental suitability and the actual 
distribution of the simulated species, which was constructed using the locations of the original occurrence, indicating good model 
performance (Fig. 4). 

Fig. 4. The two-dimensional ecological niche visualization for Uvariodendron dzombense, Uvaria kirkii, Uvariodendron kirkii, and Uvaria kirkii, using 
the most contributing variables; Isothermality (bio6), evapotranspiration, mean Diurnal Range (bio4), temperature annual range (bio7), population, 
precipitation seasonality (bio15), aridity index (AI), and precipitation of the coldest quarter (bio19). The availability of combinations of envi-
ronmental variable space (with a scale between 0 and 286) globally is indicated by the red outline, and the grey and blue color mixtures projected 
the suitable environmental space habitable by the species. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

E.M. Mkala et al.                                                                                                                                                                                                      



Heliyon 9 (2023) e17405

10

5. Discussion 

5.1. Model performance evaluation for predicting species distribution 

We can conclude from our findings that the models used in this study are useful for identifying suitable habitats for the four 
endemic Annonaceae plant species distributed in EA. The models accurately predicted the current and future distribution of these 
species. Many studies have demonstrated the use of species distribution models to identify suitable areas for the presence of plant 
species [78,79]. However, using simply bioclimatic variables could lead to biased conclusions [80], as human activities and dispersal 
restrictions are important factors in forecasting the future ranges of these species [81]. Research has demonstrated that SDMs are 
almost accurate models to predict the geographic distribution of rare and endemic species even when considering future climate 
change, despite certain uncertainties [82–84]. Even while such data are occasionally lacking in places like our research area (for 
example other aspects like productivity, dispersal, etc.) are unexplored in this study, the accuracy of SDMs depends on the quality of 
the data, especially when accounting for human activities and interactions with other species. In addition to the conventional 
bioclimatic factors, added additional environmental variables to our models in this work to boost their accuracy. 

5.2. Environmental factor’s effects on habitat suitability 

Precipitation and temperature are two climatic variables that are known to have a significant impact on plant community dynamics 
due to their wide spatial and temporal variability, particularly in the Afromontane region in EA [85,86]. Our modeling approach shows 
that the distribution of the four Annonaceae species was highly influenced by min temperature of the coldest month (bio6), precip-
itation of the coldest Quarter (bio19), temperature seasonality (bio4), precipitation seasonality (bio15), bio6 (68.4%), bio19 (34.9%), 
bio4 (33.6%), bio15 (26.3%), respectively. The higher contribution of temperature than precipitation highlights these preferences. 
Recent research by Wilson et al. [87] also showed that temperature, water availability, humidity, rainfall, wind, and precipitation are 
typically critical environmental variables for delimiting vegetation types and species distribution in Africa. Besides, precipitation and 
temperature variables, in this study population, aridity index (AI), and evapotranspiration (ET) play a significant role in the distri-
bution patterns of the Annonaceae species. Previous research has identified anthropogenic activities as additional factors that may 
influence species distribution ranges [88,89]. There are several other ecological factors that, alone or in combination with climate 
change, influence species distribution patterns, for example, rapid population growth has resulted in excessive logging, conversion of 
forestlands to farmland, urban development programs, and over-exploitation [90,91]. Similar ecological disturbances have been 
documented in EA, where mining and agricultural products account for the majority of people’s income [92,93]. These ecological 
factors, along with climate change, may be sufficient to explain the distribution pattern of the endemic Annonaceae species along the 
EA coastline. This is consistent with previous studies, which reported that land use patterns, population growth, tourist industry 
expansion, infrastructure development, conversion of natural forest to monocropping vegetation, and short generation times can 
reshape species diversity [94]. The species habitat suitability in this study was also selective to the climatic variables thus the indicated 
difference in variable contribution (Fig.S2), which rhymes with the previous findings [95,96]. 

5.3. Effect of climate change on the annonaceae species range 

We also investigated the prospective influence of climate change on the distribution of suitable Annonaceae habitats. Our simu-
lations showed that the range of the four Annonaceae suitable habitats will expand and decline (Fig. 3). The fluctuation in precipitation 
and temperature variables because of climate change was predicted to cause different habitat suitability among the species in the 
projected SSPs. Because of climate change, there is a projected increase in habitat loss for Uvariodendron dzombense, followed by 
U. kirkii, A. asterias, and lastly by Uvaria kirkii in all SSPs. Besides, A. asterias and lastly by Uvaria kirkii are likely to shift to newly 
suitable habitat areas rapidly compared to Uvariodendron dzombense and U. kirkii. Stable environments play a key role in ensuring the 
species survive adverse conditions. Over the last century, the temperature rise is approximated to be 0.74 + 0.18 ◦C and is expected to 
rise to between 2.0 ◦C and 4.5 ◦C over the next 100 years [97,98]. Thus, climate change and the expansion of climate belts are likely to 
allow tropical and subtropical species to expand their ranges significantly [99]. Many species, which are unable to cope with the 
change will therefore, be compelled to change and adapt to new ecosystems or face threats to extinction [100,101]. 

5.4. Climatic suitability and species adaptability 

In addition, climate suitability and species adaptability are attributed to the loss and gain of species-suitable habitat areas in a 
specific region over time. The adaptability characteristics help the species to overcome geographic barriers, especially when colonizing 
new regions and ensuring they can thrive in a wide range of environmental conditions [1,102]. As a result, the expansion of suitable 
Annonaceae habitats should be prioritized for three reasons. To begin with, Annonaceae species have therapeutic potential [29,36, 
103], and are important in the region [32,37]. If plant species die in their natural environment due to climate change, it may take a 
long time to recover their economic importance to Africans and the ecological value of linked biocoenosis [104,105]. Second, our 
modeling predicts the expansion of suitable habitats based solely on climate data and a few environmental variables; however, other 
factors such as human activities, geological conditions, and biological interactions may limit this habitat expansion [106]. Third, most 
of the Annonaceae plant species in EA generally occur in a restricted range thus, Annonaceae habitats are prone to fragmentation due 
to the loss of their original habitat. 
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5.5. Environmental conservation and restoration implications 

Medicinal plants are essential to ecosystems and have a major impact on human health. Restoration and conservation of medicinal 
plants have become increasingly important in managing terrestrial ecosystems globally in recent decades. Thus, models of species 
distribution are helpful tools that aid in the conservation and restoration of rare, and threatened endemic species [46,83,107]. 
Therefore, our study proposes that the conservation and management measures should largely concentrate on the endemic medicinal 
Annonaceae species in EA. Furthermore, developing new and updated ecosystem management standards should be seen as a pre-
liminary measure to understanding the adaptability of the species under future climate change scenarios. For example, aided migration 
could be an alternative for evaluating the adaptability of the species in various locations than its existing range. It is obvious that 
human interference, particularly changes in land use, may amplify the adverse effects of climate change, which are undoubtedly 
getting worse. According to recent research, human activities have an impact on plant distribution in addition to climate, and they 
must be taken into account before beginning conservation efforts. 

6. Conclusion 

Based on two shared socioeconomic pathways (SSPs)—SSP370 and SSP585—our analysis projected the probable distribution of 
Uvariodendron kirkii, Uvaria kirkii, Uvariodendron dzomboense, and Asteranthe asterias for the present and the future (2050 and 2070). 
Kenya and Tanzania are among the biodiversity hotspots in EA, with a diverse and rich species variety, serving as the ideal habitat. 
However, the observed decrease in biodiversity is due to several climate change-related factors. Our findings indicated that as the 
climate changes in the next years, the potential distribution range of habitats that are good for Uvariodendron dzombense and Uvar-
iodendron kirkii will continue to shrink. The expansion will be greater for Uvaria kirkii and Asteranthe asterias. This study is unique in 
that it defines ideal growing regions for the Annonaceae species. As a result, the maps created might be viewed as the target species 
baseline data. To maintain its current classification as endangered and prevent its potential extinction in the future, this species would 
need an all-encompassing conservation strategy. Such conservation methods would require coordinated efforts from many stake-
holders, including the forest departments, governmental organizations, research institutes, and the local population. 
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