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Abstract 
Changes in climate will affect conditions for species growth and distribution, 
particularly along elevation gradients, where environmental conditions change 
abruptly. Agroforestry tree (AGT) species on the densely inhabited slopes of 
Mount Kilimanjaro and Taita Hills will change their elevation distribution, 
and associated carbon storage. This study assesses the potential impacts of cli-
mate change by modelling species distribution using maximum entropy. We 
focus on important agroforestry tree species (Albiziagummifera, Mangiferain-
dica and Perseaamericana) and projected climate variables under IPCC-AR5 
RCP 4.5 and 8.5 for the mid-century (2055) and late century (2085). Results 
show differential response: downward migration for M. indica on the slopes 
of Mount Kilimanjaro is contrasted with Avocado that will shift upslope on 
the Taita Hills under RCP 8.5. Perseaamericana will lose suitable habitat on 
Kilimanjaro whereas M. indica will expand habitat suitability. Potential in-
crease in suitable areas for agroforestry species in Taita Hills will occur except 
for Albizia and Mango which will potentially decrease in suitable areas under 
RCP 4.5 for period 2055. Shift in minimum elevation range will affect species 
suitable areas ultimately influencing AGC on the slopes of Mount Kilimanja-
ro and Taita Hills. The AGC for agroforestry species will decrease on the 
slopes of Mount Kilimanjaro but AGC for Mango will increase under RCP 8.5 
for period 2055 and 2085. In Taita Hills, AGC will remain relatively stable for 
A. gummifera and P. americana under RCP 8.5 for period 2055 and 2085 but 
decrease in AGC will occur for M. indica under projected climate change. 
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Climate change will affect AGT species and the amount of carbon stored dif-
ferently between the sites. Such insight can inform AGT species choice, and 
conservation and support development by improving carbon sequestration 
on sites and reliable food production. 
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1. Introduction 

Atmospheric accumulation of anthropogenic greenhouse gases, in particular a 
doubling of CO2, is linked to the rise in global temperature estimated at an aver-
age of 1.5˚C [1]. Increase in global temperature has caused shifting of species 
distribution, population structure and abundance towards the pole [2]. Species 
on montane ecosystems with steep climate gradient are at risk from global 
warming due to potential upward shift of species ranges and habitat fragmenta-
tion [2]. Climate change is envisaged to change potential species distribution 
area and survival in the 21st century; though at present, land use by human pop-
ulation remains the main driver of species extinction and habitat loss [3].  

Climatic conditions have changed in the recent years in East Africa due to 
natural climate variability and land use change [4]. The temperatures in the re-
gion have risen by approximately 1.3˚C since 1960 [5]; similarly, rainfall distri-
bution and quantity have varied over space in the Horn of Africa [6]. Although 
an increase in average precipitation over the region is predicted [7], incidences 
of increased drought and floods have been recorded alongside seasonal variation 
of precipitation [7] [8]. Climate change projections indicate annual temperatures 
will increase by 1.8˚C to 4.3˚C by 2080 in East Africa with greatest warming oc-
curring from June to August [7]. Projected climate change is likely to affect East 
Africa’s socio-economic sectors, particularly those reliant on land. Where great-
er rainfall variability within and between seasons occurs, crop productivity will 
considerably be affected. For instance, maize and certain bean varieties may de-
cline in yield [7]. Subsistence farming is most vulnerable to climate change due 
to lack of sufficient resources to adapt to climate change [9].  

The agroforestry system is increasingly gaining importance in increasing food 
production, enhancement of crop productivity, soil enrichment and wider miti-
gation effects of climate change through enhanced carbon sequestration and 
other ecosystem services [9] [10] [11]. Agroforestry increases amount of carbon 
sequestered in the above and belowground compared to a monoculture field of 
crop plants or pasture [10] [12] [13]. Improvement of cropland management 
practices such as management of trees increases carbon sequestration [10] [14]. 
Agroforestry plays an important role in enhancement and maintenance of 
long-term soil productivity and sustainability by improving amount of organic 
matter and releasing and recycling of soil nutrients [10] [15]. Agroforestry sys-
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tems have high potential to conservation due to their structural complexity, high 
floristic diversity and close resemblance to forest ecosystems [16]. Biodiversity 
conservation by agroforestry is through provision of habitat for species and 
connectivity of scattered habitats; preservation of germplasm of sensitive species, 
and ecosystem services [10]. For instance, the shade coffee agroforestry system 
has high potential to enhance biodiversity compared to traditional agricultural 
practices [10] [17] [18].  

Less effort is directed in understanding how species of agroforestry system 
would be affected by climate change despite the attributed importance on carbon 
sequestration and biodiversity conservation. Insight is required to establish ex-
tent to which species would be affected in order to plan for their future conser-
vation and management [19]. Robust prediction models for impact of climate 
change on agroforestry systems are not available [20]; however prediction of ha-
bitat suitability can be made by models that employ species location [21] via 
species distribution modelling (SDM) which provides an alternative approach to 
projecting climate change impacts [20]. The potential species distribution areas 
are considered to possess conditions that are suitable for survival of the species 
and can be used to estimate species’ realized distribution [22]. Thus, agricultural 
systems can be evaluated with methods typically used for studying organisms.  

One challenge with exotic agroforestry trees is that they are they are often 
grown outside their normal environmental niche so the record of where these 
are found can be a challenge to fit a modelling framework. For instance, most of 
agroforestry trees consist of exotic species that are not sufficiently covered by 
most Natural History Museums/Botanical Garden herbarium collections. Thus, 
the number of sightings for the species (training examples); will often be small, a 
hundred or less [22]. When occurrence records for the species are distributed 
within a small geographic area, modeling affects accuracy of coinciding the spe-
cies realized niche and fundamental niche [23]. Lastly, existing environmental 
data does not have suitable resolution that synchronizes with the local climate 
variables [20] [24]. Bioclimatic conditions often vary widely over short distances, 
especially in mountainous terrain, which is characterized by steep gradients of-
ten not reflected in the available datasets [19] [20]. In order to solve this chal-
lenge, a high-resolution bioclimatic variable (downscaled) can be used in order 
to capture local topographic characteristics that affects climate in the moun-
tainous areas [24]. The issue of small sample size can be solved by using 
cross-validation which uses all the data for validation that makes better use of 
small data sets [23]. Accuracy for species fundamental niche along the elevation 
gradients can be improved by using data from a larger geographical extent and 
zooming along the slopes of the mountains [23].  

The focus of this research was to predict the effect of climate change on agro-
forestry tree species distribution and carbon storage in montane areas (Mount 
Kilimanjaro and Taita Hills). Three agroforestry tree species selected were Albi-
ziagummifera (Albizia), Mangiferaindica (mango) and Perseaamericana (avo-
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cado), which are dominant agroforestry tree species and contribute substantial 
amount of aboveground carbon on the slopes of Mount Kilimanjaro and Taita 
Hills [25]. Mango and avocado are exotic fruit tree species that are cultivated for 
their fruits and provide local income. Albizia is an indigenous tree species that is 
preserved on the fields for shading and improve farming conditions via nitrogen 
fixation. Avocado has various cultivars that are adapted to different climatic 
conditions. Depending on the cultivar, avocado grows in area with an average 
rainfall of 800 mm for five months, mean annual temperature of 12.5˚C - 25.5˚C 
with a maximum of 32˚C and a minimum of 2˚C [26]. Mango grows in areas 
with the mean annual temperature between 24˚C - 30˚C and an average annual 
rainfall between 890 - 1015 mm. Albizia is common in lowland and upland 
rain-forest (usually at higher altitudes), riverine forest, and in open habitats near 
forests. It occasionally appears as a pioneer species in forests and in thickets. 
Modelling of the selected species used background layers of the baseline climate 
variables and projected climate change from the WorldClim2 data ensemble 
under IPCC-AR5 representative concentration pathways (RCP 4.5 and RCP 8.5) 
for mid-century 2055 (2041-2070) and the late century 2085 (2071-2100) [24]. 
The IPCC models and scenarios are used for projections of future climatology.  

2. Methodology 
2.1. Study Area 

The study sites used in this research were the Taita Hills and Mount Kilimanjaro 
(Figure 1). The Taita Hills are located in Taita-Taveta County in southeastern 
Kenya having elevation range from 800 m to 2208 m at the top of Vuria. The re-
search was carried out along a transect on the southeastern part of the hills from 
the lowlands in Mwatate (approx. 840 m) to up to 1900 m above sea level close 
to Vuria. Both Taita Hills and Kilimanjaro experience two rainy seasons in a 
year. The long rains take place from March to May and the short rains from Oc-
tober to December. In Taita Hills over 1400 m a.s.l., the average rainfall is more 
than 1300 mm annually, while the surrounding plains have between 400 to 700 
mm [27]. Due to the orographic rainfall pattern, the southeastern slopes of Taita 
Hills receive more precipitation than the northwestern slopes [28]. The Taita 
Hills experience an annual mean temperature that varies from 16˚C to 18˚C; 
while the surrounding plains have an annual mean temperature of 25˚C. Two 
types of forests are found in the Taita Hills: native montane forests and exotic 
plantation forests of eucalyptus, pine and cypress. Mixed woodlands are present 
in the hills and on the slopes. The total area of native forest is about 6 km2 within 
three main patches of which 4 km2 is forest with closed and intact canopy of 
Mbololo, Chawia and Ngangao. The other native forests, such as Vuria, Fururu, 
KinyeshaMvua, have broken and non-contiguous canopy [29] [30]. As the soils 
are favourable and precipitation is sufficient on the study transect, most of the 
land is taken for small-scale agriculture with heterogenous crops and tree species. 
Agroforestry is very typical form of farming with mangos at lower elevations and  
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Figure 1. Research transects and study plots for the above-ground carbon storage on the Mt. Kilimanjaro on the left and Taita-
Hills on the right. 

 
avocado in higher elevations. Exotic fruit trees are abundant on croplands, and 
the most typical agroforestry trees at an elevation range 1400 to 1800 m a.sl. are 
Acacia mearnsii, Cupressus lusitanica, Eucalyptus saligna, Grevillearobusta and 
Perseaamericana [31]. Most of the remaining vegetation and carbon storages are 
remaining on the slopes too steep for agriculture [32]. 

On Mt. Kilimanjaro the research was carried out along a transect on south-eastern 
slopes from 720 m to 2000 m over sea level. As noted in Taita Hills, rainfall here 
also varies along the research transect; in the highlands annual rainfall is be-
tween 1200 to 1800 mm, while in lowlands around 900 m and midlands (900 - 
1200 m) it ranges from 400 to 1200 mm∙yr−1. The montane zone above 1800 m 
receives the highest rainfall in excess of 2000 mm∙yr−1. Owing to the fertile 
soils and favourable climate, the area is densely settled and supports agricul-
ture. The transect has three distinct agro-ecological zones: the highland zone 
with predominantly coffee and banana cultivation; midlands with predomi-
nantly maize and bean growing, and lowlands with dryland agriculture [33]. 
Below the Mt. Kilimanjaro National Park, a narrow forest strip was established 
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in 1941 as a buffer zone to provide local people with wood and wood products 
[33]. 

2.2. Species Distribution Modelling 

Distribution data for Avocado, Mango and Albizia spanning over landscapes in 
Kenya and Tanzania landscape (Figure 2) were acquired from the field data and 
online database specifically from the Global Biodiversity Information Facility 
(GBIF) and PROTO. The species; Avocado had 143 sample data points, Mango 
99 data and Albizia had 159 sample data points. Environmental data consisted of 
the current (baseline) and future high-resolution ensemble climate projection 
layers for Africa acquired from WorldClim2. Climate variables included tem-
perature and moisture related variables forming a total of 61 climate variables 
(Table 1). Future climate projection layers were based on the ensembled Repre-
sentative Concentration Pathway of the IPCC-AR5 (RCP4.5 and RCP8.5) at 30 s  
 
Table 1. Climate variables that include temperature variables (tbio) and moisture va-
riables (mbio) used as background environmental variable for modelling in maxent. 

Temperature (tbio) 

[BIO1] Mean annual temperature (˚C ×10, Int16) 

[BIO2] Mean diurnal range in temp (˚C×10, Int16) 

[BIO3] Isothermality (˚C ×10, Int16) 

[BIO4] Temperature Seasonality [4] (˚C ×10, Int16) 

[BIO5] Max temp warmest month (˚C ×10, Int16) 

[BIO6] Min temp coolest month (˚C ×10, Int16) 

[BIO7] Annual temperature range [5] (˚C ×10, Int16) 

[BIO10] Mean temp warmest quarter [6] (˚C ×10, Int16) 

[BIO11] Mean temp coolest quarter [6] (˚C ×10, Int16) 

[PET] Potential evapotranspiration [7] (mm, UInt16) 

 

Moisture (mbio) 

[BIO12] Mean annual rainfall [8] (mm, UInt16) 

[BIO13] Rainfall wettest month (mm, UInt16) 

[BIO14] Rainfall driest month (mm, UInt16) 

[BIO15] Rainfall seasonality [4] (mm, UInt16) 

[BIO16] Rainfall wettest quarter [6] (mm, UInt16) 

[BIO17] Rainfall driest quarter [6] (mm, UInt16) 

[MI] Annual moisture index [9] (×100, UInt16) 

[MIMQ] Moisture index moist quarter [6] (×100, UInt16) 

[MIAQ] Moisture index arid quarter [6] (×100, UInt16) 

[DM] Number of dry months [10] (months, Byte) 

[LLDS] Length of longest dry season [11] (months, Byte) 
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Figure 2. Distribution points of Albizia, Mango and Avocado trees in the landscape of 
Kenya and Tanzania. 
 
resolution were used for prediction in the mid-century 2055 (mean over 
2041-2070) and late-century 2085 (mean over 2071-2100). 

Maximum entropy technique was used for modelling the distribution of Avo-
cado, Mango and Albizia. This is because the technique has advantages over 
other techniques, namely: it uses present-only data with the environmental va-
riable in the background; it uses both continuous and categorical data, and lastly; 
it can incorporate interactions between different variables [23].  

Maxent was set to run under customized settings: random test point (25), 
Replicates (7), Replicate type (subsample), Replicated run type (crossvalidate), 
Maximum iteration (5000). Cross-validation has an advantage of using all data 
for validation, thus making better use of small data sets [23]. Other parameters 
were set at maxent default values. Fewer numbers of parameters were used for 
calibration since tuning large numbers of parameters for modelling often poses 
several challenges for instance, it may be prohibitive and time consuming to 
tune the method on each species separately. Besides, model accuracy is affected 
by several settings that determine the type and complexity of dependencies on 
the environment that maxent tries to fit [23]. Relative influence of the climate 
variables was assessed for each species in each climate models (baseline, RCPs 
and periods). This is performed by examining the contribution of each predictor 
to the final regularized training gain when all variables of the particular model 
were included in the Maxent run [34]. Maxent model performance was meas-
ured by the test omission rate which is considered good when the omission rate 
is close to the predicted omission. The area under the ROC curve (AUC), was 
used for measuring the performance of the maxent model. 

2.3. Species Above-Ground Carbon Calculation 

Biometric data for avocado, mango and Albizia were extracted from plot carbon 
data that were collected from the research transects. The plot carbon data were 
generated using a standard size plot of 1 ha [35] within which heights and diameter  
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at breast height (dbh) ≥ 10 cm of woody trees were sampled. A number of 12 
Plots were established randomly within 20 km long transects in Taita Hills and 
Kilimanjaro in 2012 (Figure 1) [25]. The initial step of estimating the above-
ground carbon is determining the aboveground biomass using the tree parame-
ters (DBH & height) measured on a plot and the wood density for each species 
(g/cm3). We retrieved the wood densities for each species, genus or family from 
the Global Wood Density Database [36] [37]. An allometric model developed by 
Chave et al., (2014) [38] was used for estimating the above-ground biomass 
(AGB) (Equation (1)). 

( )0.9762AGB 0.0673 D Hρ= × ×                    (1) 

where ρ is the Wood Specific Gravity, D is the dbh, and H is the height of the 
tree. After deriving the AGB for each tree, data was aggregated to plot level from 
which 50% of AGB was assumed to be carbon sequestration in a plot [25] [38] 
[39]. 

2.4. Prediction of Suitable Area and Carbon Storage 

Selection of suitable areas for Albizia, Mango and Avocado on the inhabited 
slopes of Mount Kilimanjaro and Taita Hills was performed on the probability 
distribution layers at probability ≥ 0.6. The probability value of ≥0.6 was selected 
as a threshold value based on the predicted baseline probability value of first oc-
currence point for Albizia on the slope of Mount Kilimanjaro. Once suitable 
areas for the species are derived with a threshold 0.6 probability distribution, 
potential shift of minimum elevation range for the species were assessed within 
transect buffer of 16,970 ha along the elevation. The elevation at the minimum 
suitable elevation range of a species suitable contiguous or fragmented polygon 
areas of the species were used to determine the shift of species distribution along 
the elevation. Shift in minimum suitable elevations range of the species was de-
rived from the difference in predicted minimum suitable elevation range of pro-
jected climate change, IPCC-AR5 (RCP 4.5 and RCP 8.5) in the mid-century 
2055 and late-century 2085, from the baseline prediction. While, change in area 
of distribution was indicated by percentage of increase or decrease in area of 
prediction of projected climate change, IPCC-AR5 (RCP 4.5 and RCP 8.5) in the 
mid-century 2055 and late-century 2085, and the baseline prediction.  

The above-ground carbon (AGC) was predicted on assumption that the aver-
age species plot AGC on the slopes of Mount Kilimanjaro and Taita Hills will 
not vary under climate change. However, the total species carbon storage will 
only be affected by changes in suitable areas induced by the future climate 
change on the slopes of mountains. Thus, if baseline climate does not change 
then the total species AGC would remain the same in future on the slopes of the 
two mountains. An increase in suitable area would result into an increase in the 
total amount of species AGC in the area, and the converse is true. From 12 plots 
sampled, less number of plots would occur within the decreased suitable areas 
along the slopes of the mountains. Following this, species AGC were analyzed 
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from suitable areas derived from the baseline climate conditions, RCP 4.5 and 
RCP 8.5 for periods 2040-70 and 2070-2100. Species plot AGC occurring within 
the suitable areas were used to generate the average species plot AGC (Equation 
(2)). The total amount of species AGC depends on the average species plot AGC 
and the total area predicted as suitable on the slope of the mountains. Thus, total 
amount of AGC is normalized by the total area of the transect buffer to derive 
predicted mean species AGC on the slopes of Mount Kilimanjaro and Taita Hills 
(Equation (3)). 

Total Species Plot AGC in Predicted AreaAverage Species AGC
Total Number of Plots in Transect

=      (2) 

Average Species AGC Predicted AreaPredicted Mean Species AGC
Total Area of Transect Buffer

∗
=    (3) 

2.5. Statistical Analysis 

The area under the ROC curve (AUC), was used for measuring the performance 
of the maxent model. The AUC is the probability that a randomly chosen pres-
ence site will be ranked above a randomly chosen absence site [23]. A random 
ranking has an average AUC of 0.5, and a perfect ranking achieves the best 
possible AUC of 1.0; models with values above 0.75 were considered potentially 
useful [40]. Suitable areas and AGC for a species were compared between pro-
jected baseline species distribution and future projected periods using Chi2 test. 
Tables and map models were used for presentation of analysis of suitable areas, 
elevation shift of species and carbon storage for the species on the slopes of the 
mountains. 

3. Results 
3.1. Species Distribution Modelling 

The prediction model for Albizia, Mango and Avocado under the projected cli-
mate change for baseline conditions, and RCP 4.5 and RCP 8.5 for periods of 
2041-2070 and 2085 has the omission rate closer to the predicted omission; 
however, the prediction models show variations on the omission rate. The 
Maxent model performed well in predicting the distribution of the agroforestry 
tree species in the baseline prediction, RCP 4.5 and 8.5 projections for the pe-
riods 2041-2070 and 2000-2085. This is indicated by the Receiver Operating 
Characteristics (ROC) curve for the model that has very high average test Area 
Under Curve (AUC). Under baseline projection, Albizia has AUC 0.94, Mango 
0.98, and Avocado 0.99. ROC AUC for the species under RCP 4.5 and 8.5 for the 
period 2041-2070 and 2085 for Albiziais 0.93, and Avocado is 0.99. The model 
for Mango under RCP 4.5 for the period 2041-70 has ROC AUC of 0.97. RCP 4.5 
projection for period of 2085, RCP 8.5 for period 2055 and 2085 has ROC AUC 
of 0.98.  

The performance of maxent models was contributed by various climate va-
riables as indicated by Jackknife test of regularized training gain and test gain. 
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The maximum temperature for September increased the gain highly when used 
in isolation on Albizia under: RCP 4.5 for period 2055 and 2085, respectively 
and; RCP 8.5 for period 2085. However, the mean temperature of warmest quar-
ter (Bio 10) increased the gain highly when used in isolation on Albizia under 
RCP 8.5 for period 2055. Conversely, the monthly precipitation for December 
decreased gain when it was omitted from modelling Albizia for baseline climate 
and RCP 4.5 for 2055. In modelling the distribution of Mango under baseline, 
and RCP 4.5 for periods 2055 and 2085, the November precipitation increased 
gain highly when it is used in isolation. The mean temperature warmest quarter 
increase gain highly when used in isolation on Mango under RCP 8.5 for period 
2055. Climate variables that decreased gain when omitted from modelling Man-
go were the: February precipitation in baseline climate model, RCP 4.5 model for 
period 2055, and; mean temperature of warmest quarter for period 2085. In 
modelling Avocado for periods 2055 and 2085 under RCP 4.5, January tempera-
ture increased gain highly when used in isolation. The mean temperature of 
warmest quarter (Bio10) increased gain highly when it is used in isolation under 
RCP 8.5 for period 2055. Variables that decreased gain the most when omitted in 
modelling Avocado were: the monthly precipitation for February and May under 
baseline climate model; monthly precipitation for February under RCP 4.5 for 
period 2055, and; the mean temperature of warmest quarter (Bio10) under RCP 
8.5 for period 2085. 

The model predicted the species well in areas data points occur including 
areas away from data points (inside white circles) as the potential distribution 
areas (Figure 3). The predicted distribution by climate models shows the distri-
bution of most of the species occurs in Kenya mostly around the highlands. Al-
bizia has a wider distribution area in Kenya while in Tanzania, its distribution 
occur around Mount Kilimanjaro and the Arc Mountain areas. The distribution 
of Avocado and Mango is apparently conspicuous around Kenya highlands than 
in Tanzania. 

3.2. Species Elevation Shift 

The three species have relatively different lower suitable elevation limits under 
current climatic conditions; Albizia has the lowest lower suitable elevation range 
in Kilimanjaro while in Taita Hills, Mango has lowest lower suitable elevation 
range than Albizia and Avocado (Table 2). The lower predicted suitable baseline 
elevation range of the species are significantly different across the sites (Chi2: DF 
= 2, p = 0.000): the lowest predicted suitable baseline elevation range for Mango 
and Avocado in Kilimanjaro is 290 m and 372 m higher than the lower elevation 
of counterparts in Taita Hills. Albizia has the lowest predicted suitable baseline 
elevation range across the two sites. A potential shift in the minimum suitable 
elevation range for the three agroforestry tree species will occur on the slopes of 
Mount Kilimanjaro and Taita Hills in response to the projected climate change. 
Climate change under projection of RCP 4.5 will potentially cause an upward  
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Figure 3. The images show the point-wise mean of the 7 output grids of projected climate (baseline, RCP 4.5 and 8.5 for 2055 and 
2085) for A. gummifera, M. indica, and P. americana. The red colour areas indicate high probability occurrence of the species 
while the blue indicate the low probability distribution areas for the species 
 
Table 2. Species shift along elevation 4 km width transects (Kilimanjaro transect buffer area 16,213 ha, 10 plots; Taita Hills tran-
sect buffer area 16,970 ha, 12 plots). The rate of shift with –ve sign means downshift while +ve means upshift along the elevation. 

Site 
Climate  

Projection 
Species 

Mean Species AGC 
in study area (Mg 

C/ha.) 

plots in 
Predicted 

Area 

Suitable  
Predicted 
Area (ha.) 

Predicted 
mean AGC 
(Mg C/ha.) 

Minimum 
elevation (m) 

Rate of shift in 
elevation (m) 

Kilimanjaro 

Baseline 

Albizia 9.25 6 6315 3.60 982 

 Mango 1.84 5 4523 0.51 1067 

Avocado 3.71 4 5803 1.33 1196 

RCP 4.5, 2055 
m 

Albizia 6.67 5 5206 2.14 1167 3.4 

Mango 0.06 5 4438 0.02 792 −5 

Avocado 3.37 4 3755 1.08 1092 −1.9 

RCP 8.5, 2055 

Albizia 7.08 6 5974 2.61 1047 1.18 

Mango 1.80 4 5376 0.66 803 −4.8 

Avocado 3.00 2 2304 1.11 1459 4.78 

RCP 4.5, 2085 
Albizia 9.66 7 6571 3.91 1009 0.32 

Mango 0.06 4 4267 0.02 811 −3.01 
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Continued 

 

 
Avocado 1.60 2 2987 0.65 1429 2.74 

RCP 8.5, 2085 

Albizia 9.25 6 5974 3.41 1066 0.99 

Mango 3.63 7 9558 1.34 757 −3.65 

Avocado 3.71 4 5120 1.37 1146 −0.59 

Taita Hills 

Baseline 

Albizia 0.03 3 13,048 0.02 923 

 Mango 3.24 6 11,427 2.18 777 

Avocado 1.13 9 10,660 0.71 824 

RCP 4.5, 2055 

Albizia 0.03 3 12,707 0.02 923 0 

Mango 2.67 3 10,745 1.69 777 0 

Avocado 1.08 8 11,683 0.81 777 −0.86 

RCP 8.5, 2055 

Albizia 0.03 3 13,644 0.02 906 −0.31 

Mango 2.67 3 12,536 1.97 777 0 

Avocado 1.08 8 11,001 0.70 940 2.11 

RCP 4.5, 2085 

Albizia 0.03 3 13,559 0.02 910 −0.15 

Mango 2.67 3 12,195 1.92 777 0 

Avocado 1.08 8 10,660 0.68 940 1.37 

RCP 8.5, 2085 

Albizia 0.03 3 15,009 0.02 777 −1.72 

Mango 2.67 3 13,559 2.13 777 0 

Avocado 1.08 9 11,001 0.70 924 1.18 

 
shift in Albizia distribution at a rate of 3.4 m/year for period 2000 to 2055 in Ki-
limanjaro, and a rate of 2.74 m elevation per year for Avocado for the period 
2000 to 2085 (Table 2). Downward shift in elevation is potentially observed for 
Mango at 5 m∙yr−1 in 2055 and 3.01 m∙yr−1 in 2085; while Avocado would shift 
down at 1.9 m∙yr−1 in 2055 on the slopes of Mount Kilimanjaro. Projection under 
similar RCP until the year 2085 will only affect downward shift of Mango in Ki-
limanjaro (Table 2). Significance difference is observed on the elevation shifts 
between the period 2000-2055 and 2000-2085 under RCP 4.5 (Ch2: DF = 2, p = 
0.000); most species will shifts in elevation mostly in the period 2000-2055.  

Climate change projected at RCP 8.5 will cause a potential upshift in predicted 
suitable areas for Albizia and Avocado in Kilimanjaro; the latter will experience 
great upshift at 4.78 m/yr for the period 2000-2055 (Table 2). In Taita Hills, the 
distribution of Avocado will experience considerable upshift (2.11 m/year) 
among other species. Downward shift at a rate of 4.8 m/yr will be experienced by 
Mango; while similar shift is observed with Albizia in Taita Hills but very neg-
ligible (Table 2). Projection of RCP 8.5 to the period 2000-2085 see Mango 
mostly affected by downshift at 3.65 m/yr; while, Albizia will similarly affected 
by downshift at 1.72 m/yr. The effect of RCP 8.5 on projection periods has sig-
nificantly difference on species elevation shift between the periods 2055 and 
2085 on the slopes of Mount Kilimanjaro (Chi2: DF = 2, p = 0.023) and Taita 
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Hills (Chi2: DF = 2, p = 0.000). However, no significant difference was observed 
on predicted elevation shift between RCP 4.5 and 8.5 in each site for the pro-
jected periods. 

3.3. Change in Suitable Areas and Above-Ground Carbon Storage 

An estimated area of 77% of the transect area is potentially suitable for Albizia 
followed by Avocado (69%) and Mango (67%) under the baseline prediction in 
Taita Hills. In Kilimanjaro, species that had highest potential suitable area along 
the slope was Albizia with 39% of the area, followed by Mango (36%) and Avo-
cado (28%). Under the climate change projection based on the RCP 4.5 (2055) in 
Taita Hills, Albizia has about 75% of the transect area suitable for distribution; 
while the least, Avocado has 58%. In Kilimanjaro area, Albizia has 32% of the 
transect area suitable for distribution with the least being Avocado having 15% 
potentially suitable. RCP 8.5, 2055 Climate Projection estimated large area of 
80% in Taita Hills to be potentially suitable for Albizia, Mango (74%) and Avo-
cado (65%). An estimated 37% of the transect area in Kilimanjaro is potentially 
suitable for Albizia, 33% for Mango and 14% of the area potentially suitable for 
Avocado. An estimated 80% of the transect area in Taita Hills is predicted under 
the RCP 4.5, 2085 Climate Projection as potentially suitable for Albizia, Mango 
(72%), and Avocado (63%), while, in Kilimanjaro, largest potential area of 41% 
is suitable for the distribution of Albizia followed by Mango (26%) and Avocado 
(18%). RCP 8.5, 2085 Climate Projection predicts 88% of the transect area in 
Taita Hills as potentially suitable for the distribution of Albizia, Mango (80%) 
and Avocado (65%). In Kilimanjaro slope, 37% of the transect area is predicted 
potentially suitable for Albizia, Mango apparently has the highest area in the 
transect (59%) predicted potential for distribution with Avocado having low area 
of 32% predicted for potential distribution.  

Comparison of suitable areas between Kilimanjaro and Taita Hills predicted 
under the baseline climate condition for Albizia, Mango and Avocado shows 
significant difference (F = 153.17, p = 0.01). While, no significant difference was 
observed among the three species on suitable areas within site. Under the RCP 
4.5, 2055 Climate Projection comparison of the suitable areas for the three spe-
cies between Kilimanjaro and Taita Hills was significantly different (F = 303.76, 
p = 0.00); while no significant difference was observed among the three species 
on suitable areas in each sites. The projection of climate change based on the 
RCP 8.5, 2055 show suitable areas for each species between Kilimanjaro and 
Taita Hills differed significantly (F = 216.96, p = 0.00). While no significant dif-
ference was observed among the suitable areas for the three species in each sites. 
Suitable areas for Albizia, Mango and Avocado in Kilimanjaro and Taita Hills 
significantly differed in size (F = 393.02, p = 0.00) based on the projection of 
climate change based on the RCP 4.5, 2085. Also, significant difference (F = 
28.12, p = 0.03) was observed among the three species on suitable areas in each 
sites. Based on RCP 8.5, 2085, potentially suitable areas for Albizia, Mango and 
Avocado in Kilimanjaro and Taita Hills do not differ significantly in size, and; 
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no significant difference was observed among the species in each site.  
Change of predicted suitable areas analyzed against predicted baseline area 

and AGC shows decrease in areas for most of the species on the slopes of Mount 
Kilimanjaro for the RCPs and periods of climate change projection. The slopes 
of Taita Hills will experience increase of predicted areas for the agroforestry tree 
species (Figure 4) but AGC will apparently decrease in size (kg/ha./yr) except 
for Avocado that will increase in Taita Hills. Avocado will decrease in suitable 
areas more than other species in Kilimanjaro under RCP 4.5 for periods 2055, 
2085 and RCP 8.5 in 2055 (Figure 4). AGC for Avocado will as well decrease in 
size in the same RCP and periods. However, much decrease in AGC will occur in 
2055 and 2085 under RCP 4.5 for Albizia on the slopes of Mount Kilimanjaro. 
Considerable suitable areas will increase for the species under RCP 4.5 and 8.5  
 

 
Figure 4. Changes in suitable area for Albizia, Mango and Avocado on the slope of Mount Kilimanjaro and the Taita Hills under 
RCP 4.5 and 8.5 for the average period of 2055 and 2085. 
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for projected periods 2055 and 2085 (Figure 4). This is with exception for Albi-
zia and Mango that will have percentage decrease in area under RCP 4.5 in pe-
riod 2055, and; Avocado in 2085 where great decrease in area will be experienced 
(Figure 4). Despite some increase in suitable areas on the slopes of Taita Hills, 
Mango and Avocado will increase in AGC per hectare. The predicted AGC differ 
significantly in the distribution on the slope of Mount Kilimanjaro among spe-
cies within baseline projection, 2055 and 2085 periods under RCP 4.5 (ANOVA, 
F = 21.59, p = 0.0072) and RCP (ANOVA, F = 40.67, p = 0.0022). Similar distri-
bution pattern will be observed in Taita Hills where the variation in distribution 
of predicted AGC among species in Taita Hills will be significantly different 
within periods (RCP 4.5: ANOVA, F = 109.47, p = 0.00032, and RCP 8.5: 
ANOVA, F = 864.61, p = 0.000005). Projected climate change under RCP 8.5 
will cause more variation in the distribution of AGC among agroforestry species 
on the inhabited slopes of Taita Hills than the implication of RCP 4.5. In overall, 
variation of predicted AGC among the species will be less on the slope of Mount 
Kilimanjaro than on the slopes of Taita Hills. While, no significant difference 
will be observed among periods for each species under RCP 4.5 and 8.5 in 
Mount Kilimanjaro and Taita Hills.  

4. Discussion 

Agroforestry system supplement carbon sequestration in the above and below 
ground sectors [41]. The system; however has less carbon than indigenous and 
plantation forest but they certainly have more carbon than in agricultural 
cropped land [25] [42]. Besides, the system provide an array of products includ-
ing fruit food, timber for building, fuelwood, and ecosystem services [43]. The 
broader cropland on the slopes of Mount Kilimanjaro and Taita Hills are pre-
served with indigenous and planted agroforestry trees that contribute to long-term 
local carbon storage [13] [25]. The selected agroforestry trees in this study play 
an important role in carbon sequestration on the slopes of Mount Kilimanjaro 
and Taita Hills. Both Avocado and Mango provide fruit food and socio-economic 
income to the local people; while Albizia is used for shading of coffee on the 
slopes of Mount Kilimanjaro. In both sites, Mango is grown in the lower eleva-
tion but farming of Avocado overlaps with Mango at the mid elevation in the 
inhabited areas and transcend upwards to the edge of the forests. The distribu-
tion of the trees along the slopes is influenced by the variation of climatic va-
riables and inherent tolerance range of the species to the physical variables. The 
projected climate change which is expected to cause changes in temperature and 
precipitation will affect the ecological requirements of the agroforestry tree spe-
cies in the region. This study demonstrates the response of these species to the 
projected climate change in terms of species elevation shifts, change on size of 
suitable area and change in carbon storage.    

The global mean surface temperature is projected to increase between 1.5˚C 
and 5.8˚C by 2100; where Africa will be much warmer than the global annual 
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mean warming. The mean annual temperature of the Sub-Saharan Africa is pro-
jected to range between 26.4˚C - 27.6˚C by late century under RCP 4.5 or 27.9˚C 
- 29.8˚C under RCP 8.5 [24]. The projected climate at a local scale of the slopes 
of Mount Kilimanjaro and Taita Hills shows a relative increase in the mean an-
nual temperature and precipitation with the highest occurring under RCP 8.5 in 
2085 (Table 3). Even though precipitation is expected to increase in East Africa 
in the late century from the current 5% to about 20% [24], variation will occur 
across the landscape. These variations will affect how species will respond to 
climate change at a local scale. Based on current observations the baseline min-
imum elevation range for each species are different between the slopes of Mount 
Kilimanjaro and Taita Hills; the minimum elevation range are higher in Kili-
manjaro for each species but lower in Taita Hills. This indicates that the baseline 
environmental conditions are already different between the sites creating differ-
ence on the observed suitable minimum baseline elevations. Despite increased 
warmer annual conditions causing upshift in species, Platts et al., (2013) [44] 
predicted that some species will shift downslope and this will be driven by 
changes in seasonality and water availability.  

This study highlights a relative increase in temperatures on the slopes of 
Mount Kilimanjaro and Taita Hills. However, there is difference in precipitation 
between the two sites where Taita Hills will experience relatively higher amount 
of precipitation than in Kilimanjaro (Table 3). This means there will be more 
water available in Taita Hills than on the slopes of Kilimanjaro. On the other 
hand, a potential increase of the mean annual temperature on the slope of 
Mount Kilimanjaro will be accompanied by a relatively stable precipitation ex-
cept in 2085 under RCP 8.5 when precipitation will be relatively high (Table 3). 
Plants that will be in areas with an increased warming but relatively stable preci-
pitation will be affected adversely on growth and restricted distribution. Water 
availability is the primary determinant of vegetation distribution across the land-
scape due to its importance on the growth of plant species [45]. The increased  
 

Table 3. Projected climate variables on the transect buffers on the inhabited slopes of Mount Kilimanjaro and Taita Hills under 
RCPs 4.5 and 8.5 for the periods 2055 and 2085. 

Site Climate Variables 
Climate Projections 

Baseline RCP4.5, 2055 RCP4.5, 2085 RCP8.5, 2055 RCP8.5, 2085 

Kilimanjaro 

Mean Annual Temperature 20.4 22.2 22.6 23.0 24.4 

Temperature Range 16.1 - 23.8 18.0 - 25.8 18.4 - 26.2 18.7 - 26.4 20.2 - 28.0 

Mean Annual Precipitation 1138 1178 1198 1151 1287 

Precipitation Range 619 - 1859 655 - 1857 672 - 1894 653 - 1819 727 - 2009 

Taita 

Mean Annual Temperature 20.3 22.0 22.4 22.7 24.0 

Temperature Range 16.7 - 24.0 18.5 - 25.8 18.8 - 26.2 19.1 - 26.4 20.5 - 27.9 

Mean Annual Precipitation 1130 1212 1230 1231 1313 

Precipitation Range 765 - 1442 846 - 1531 864 - 1554 854 - 1542 942 - 1639 
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warming in Taita Hills accompanied by increased precipitation will provide wa-
ter for ecological growth and distribution on the landscape. Due to this pheno-
menon, most of the agroforestry tree species are observed increasing in suitable 
areas of distribution in downslope and upslope on the slope of Taita Hills. Based 
on observation on this study, projected increase in temperature without com-
pensation of precipitation will cause potential upshift of the selected agroforestry 
tree species. The response of the selected agroforestry species is associated with 
the climate gain and loss on the slope of mountains. Upshift of species is asso-
ciated by the gains of temperature and loss of precipitation related variables; 
which is mostly observed with Albizia and Avocado on the slopes of Mount Ki-
limanjaro (Table 4). In Taita Hills, upshift occurs only with Avocado where the 
temperature related variables gain mostly. Downshift of the agroforestry species 
is experienced where some precipitation variables will gain mostly while others 
loss in all sites (Table 4); these include Avocado and Mango in Kilimanjaro and 
Avocado and Albizia in Taita Hills (Table 4).  

The spatial patterns of woody covers and other vegetation are strongly con-
trolled by the frequency, extreme events of precipitation and the amount of 
rainfall [45]. In this study, carbon storage of the selected agroforestry trees is al-
so observed responding to the gains and loss of climate variables. Carbon storage  
 

Table 4. Climate gain and loss under RCPs 4.5 and 8.5 for periods of 2055 and 2085 and indication of direction of shift for species 
along the inhabited slopes of Mount Kilimanjaro and Taita Hills. Downshift (↓) and upshift (↑) and No shift (-) 

Climate  
Projection 

Species Climate gained Climate lost 

Kilimanjaro Taita Hills 

Species 
shift 

AGC Mg C/ha 
(change) 

Species 
shift 

AGC Mg C/ha 
(change) 

RCP 4.5, 2055 

Albizia 
September maximum 

temperature 
December precipitation ↑ 2.14 (−1.46) - 0.02 (0.00) 

Mango November precipitation February precipitation ↓ 0.02 (−0.49) - 1.69 (−0.49) 

Avocado 
January minimum  

temperature 
February precipitation ↓ 1.08 (−0.25) ↓ 0.81 (+0.10) 

RCP 8.5, 2055 

Albizia 
Mean temp warmest 

quarter 
Mean temp warmest quarter ↑ 2.61 (−0.99) ↓ 0.02 (0.00) 

Mango 
Mean temp warmest 

quarter 
Mean temp warmest quarter ↓ 0.66 (+0.15) - 1.97 (−0.21) 

Avocado 
Mean temp warmest 

quarter 
Mean temp warmest quarter ↑ 1.11 (−0.22) ↑ 0.7 (−0.01) 

RCP 4.5, 2085 

Albizia 
September maximum 
monthly temperature 

December precipitation ↑ 3.91 (+0.31) ↓ 0.02 (0.00) 

Mango November precipitation December precipitation ↓ 0.02 (−0.49) - 1.92 (−0.26) 

Avocado January temperature January & May precipitation ↑ 0.65 (−0.68) ↑ 0.68 (−0.03) 

RCP 8.5, 2085 

Albizia 
September maximum 
monthly temperature 

December precipitation ↑ 3.41 (−0.19) ↓ 0.02 (0.00) 

Mango November precipitation February precipitation ↓ 1.34 (+0.83) - 2.13 (−0.05) 

Avocado February precipitation January precipitation ↓ 1.37 (+0.04) ↑ 0.7 (−0.01) 
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of the selected agroforestry trees species is predicted to decrease where: 1) there 
will be gains of temperature and loss of precipitation variables, and 2) probably, 
where some important precipitation variables loss and less important variable to 
species growth gain. In these scenarios, reduction in species carbon storage will 
take place whether there is upshift or downshift, or no shift in species distribu-
tion. The projected increase in species carbon storage will occur due to gains in 
precipitation variables and the minimum temperatures. The projected upslope 
movement of Avocado is associated with the gains in temperature variable which 
probably causes reduced cold condition in higher elevation of the inhabited 
slopes. This creates optimal growth temperature condition in the upland but in-
creases the minimum suitable elevation, reduces suitable areas in the lower ele-
vations and causes species carbon storage to decrease. The response of species to 
climate is also observed by Platts et al., [44] that forest cover will increase in 
uplands due to increased temperature; however lower limits of cover is not ex-
plained. Some of the findings contradicts observation that phenomenal species 
shift induced by climate change is likely to affect adversely the area for species 
distribution, the conservation and agricultural crop in tropical montane areas 
[9]. Increase in temperatures with a relatively stable or increased precipitation in 
the lowland will cause downshift of Mango on the slopes of the mountains 
(Table 4) which increase the population and production of the species. A con-
trasting response of species to climate change is observed on Albizia between Ki-
limanjaro and Taita where the species will shift upwards and decrease in carbon 
storage in Kilimanjaro probably due to the gains in temperature variables in the 
upland. In contrast, Albizia will shifts downwards in the lowlands of Taita Hills 
with relatively stable carbon storage due to the gains in monthly maximum 
temperature in Taita Hills (Table 4).  

The choice for agroforestry tree species for improvement of carbon storage on 
the slopes of Mount Kilimanjaro and Taita Hills will depend on the species re-
sponse to the projected climate change scenario. Species that increases in carbon 
storage under the two scenario and periods would be a good candidate for far-
mers. While considering that upshift and downshift of species is inevitable; the 
main objective would be to choose species that no matter what, carbon storage 
will improve on the slopes of the mountains. The future potential priority spe-
cies for increasing carbon storage on the slopes of Taita Hills in both uplands 
and lowland is Avocado which shows potential relative increase in suitable areas 
under RCP 4.5 in 2055. Climate change under scenario RCP 8.5 will provide the 
inhabited slopes of Mount Kilimanjaro with a potential increase in carbon sto-
rage for Mango in 2055 and 2085. Species that will increase in suitable areas 
where precipitation variables will gain but show no shift in elevation can im-
prove carbon sequestration by additional land management techniques (Table 
4). The selected agroforestry tree species for modelling restricted choice of spe-
cies for carbon sequestration on the inhabited slopes of Mount Kilimanjaro and 
Taita Hills under different climate change scenario. Consideration of several 
species with varied contribution of carbon sequestration will provide a holistic 
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strategy for managing carbon storage on the slopes. The success in modelling of 
the agroforestry tree species therefore provide information that potentially con-
tribute to conservation and development of agroforestry resources for improve-
ment of carbon sequestration. In addition, local farmers would be able to adjust 
and putting up appropriate measures for ensuring reliable food security and in-
come from agroforestry trees.  

The use of species occurrence data and climate model variables in this study 
potentially present uncertainty in interpretation of the results. Dataset acquired 
from observations and herbarium often shows strong geographic bias (sampling 
bias) due to some areas being visited more often than others because of their ac-
cessibility [46] [47]. The availability of presence distribution data for species 
poses challenge as most of herbaria in the region lack sufficient data for model-
ling [47]. Such challenges has however been overcome by use of cross-validation 
in maxentmodelling technique which uses few data points. Species occurrence 
data can be biasedly distributed on the landscape which can contribute to local 
biasness and over-smoothing affecting reliability of the model [46] [48]. We, how-
ever, rely on maxent ability in using jackknifing to achieve a robust new estima-
tor, called jackknife kriging, which retains ordinary kriging simplicity and global 
unbiasedness while at the same time reducing local bias and over-smoothing 
tendency [48]. The climate model consist of potentially highly correlated va-
riables; however, maxent can only select one of variables in a pair of highly cor-
related variables and still model performance is not affected [22] [34]. However, 
the selection of variables by maxent is associated with the risk of diminishing 
importance of other predictor in the pairs of variables [22] [34]. It is also impor-
tant to note that there are confounding factors that may affect the distribution of 
agroforestry tree species on the slopes of Mount Kilimanjaro and Taita Hills. 
These factors include but not limited to soil, market forces and land use plan and 
management. 

5. Conclusion  

Climate change will cause an increase in the mean annual temperature across the 
landscape of Kilimanjaro and Taita Hills under RCP 4.5 and 8.5 by the period 
2055 and 2085. The inhabited slopes of Taita Hills will, however, experience rel-
atively higher precipitation but the slope of Kilimanjaro will be relatively stable 
in precipitation. These phenomenal changes in climate will cause some species 
to shift upslope, downslope or no directional shift along the slopes. Variations in 
gain and loss of particular climate variable at local scale will induce a unique 
difference in the response of agroforestry tree species. In particular, the upshift 
of species distribution is associated with the reduction in species carbon storage 
on the slopes of Mount Kilimanjaro and Taita Hills which apparently is ex-
plained by the gains in temperature variables. An exception is observed on Albi-
zia in Kilimanjaro which shift upslope but increases in carbon storage. Down-
shift of species is mostly associated with the gain in precipitation; however spe-
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cies carbon storage would increase or reduce on the slopes of Mount Kilimanja-
ro, or no change in species carbon storage. Avocado will shift upwards under 
RCP 8.5 and 4.5 in 2055 and 2085, respectively. The upshift will cause reduction 
in area of distribution which will adversely affect species carbon storage in Kili-
manjaro and Taita Hills. While under RCP 4.5, avocado will shift downslope in 
Kilimanjaro and Taita Hills by 2055 though species carbon will decrease in the 
former but increase in the latter. Response of species to other RCPs and period 
contrast between the two sites. Upshift of agroforestry species will cause decrease 
in carbon storage and affect adversely livelihood of local population that depend 
on the agroforestry resources on the slopes of the mountains. 
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