bioRxiv preprint doi: https://doi.org/10.1101/2021.08.12.456155; this version posted August 12, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

available under a CC-BY 4.0 International license.

Short title: Distributions of tree species under climate changes

Predicting the distributions of Pouteria adolfi-friederici and Prunus africana
iconic tree species under current and future climate change scenarios in

Ethiopia

Zerihun Tadesse'**, Sileshi Nemomissa!, Debissa Lemessa’

'Department of Plant Biology and Biodiversity Management, College of Natural and

Computational Sciences, Addis Ababa University, Ethiopia

?Department of Plant Science, College of Agriculture, Wollega University, Ethiopia

*Corresponding author: Email: zerihunbio@gmail.com, Mobile phone: 0911080458.



https://doi.org/10.1101/2021.08.12.456155
http://creativecommons.org/licenses/by/4.0/

26

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

49

50

51

52

53

54

55

56

57

58

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.12.456155; this version posted August 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under a CC-BY 4.0 International license.

Abstract

The distributions of the potential adaptive ranges of iconic plant species are not yet fully known
especially in regions such as Ethiopia where high climatic variability and vegetation types are
found. This study was undertaken to predict the distributions of the potential suitable habitats of
Pouteria adolfi-friederici and Prunus africana tree species under the current and two future
climate scenarios (i.e., RCP 4.5 and RCP 8.5 in 2050 and 2070) using MaxEnt software (version:
3.4.4.). Eleven less correlated environmental variables (r<0.7) were identified and used to make
the prediction models. Elevational shifts of the highly suitable habitats, effects of elevation, solar
radiation and topographic position in relation to the current and future climatic scenarios on the
habitats were statistically analyzed using independent t-test and linear model. Under all climate
scenarios, we found a decrease in the proportion of areas of highly suitable habitats for both
study species. High potentials of suitable habitats for Pouteria adolfi-friederici are predicted to
be confined to southwest, west central and south parts of Ethiopia in fragmented moist
afromontane forest patches, while it is in the southwest and west central parts of Ethiopia for
Prunus africana. On basis of vegetation types of the country, potential suitable habitats for
Pouteria adolfi-friederici are predicted to occur in moist evergreen forest, dry evergreen forest
and grassland complex and Combretum-Terminalia woodland vegetation types. Whereas, moist
evergreen forest, dry evergreen forest and grassland complex and riverine vegetation types are
predicted to comprise potential suitable habitats for Prunus africana, showing considerable
spatial dynamics. Overall, our results suggest that the strategies deem to design biodiversity
conservation should take into account the dynamics of the suitable niches of different species
under different future climate scenarios.

Keywords: adaptive range, climate change, Ethiopia, prediction model, habitat suitability, range

shift, species distribution.

Introduction

Plant species have their optimum range of climatic condition to survive in their ecological zones
[1]. Among others, the environmental factors limiting the adaptive range of the plant species are
altitude, temperature, moisture, and soil types [2,3]. Climate, which represents a weather
condition over a wide environment for a long period, plays important role to determine the
distribution of plant species in their suitable ecological regions [2]. Temperature and
precipitation are the most important environmental variables determining the climatic condition

of ecological regions to which plant species are naturally adapted to grow [4]. Temperature and
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moisture can change as a result of climate change and challenge populations of a species already
well adapted to the climatic conditions of ecological regions for long period [3].

However, different studies are depicting that climate change is taking place over the world due to
global warming [5—12]. Climate change is mainly caused by increasing global temperature
[13—15] that is initiated mainly due to greenhouse gas (GHG) emissions from multiple sources
[16—18]. Thus, a change in global temperature and precipitation [19,20] can affect the
distribution of global biodiversity in the future [21—23]. Plants can change their range of
distribution to respond to the climate change [24—26] and either go extinct [27] or there would be
shifting out from of their current ecological niches to new ecological areas [28,29].

Pouteria adolfi-friederici and Prunus africana tree species, which belong to Sapotaceae and
Rosaceae families respectively, are iconic trees occurring in remnant fragments of moist and dry
afromontane forests. The species are currently existing in scattered patterns with limited number
in some agricultural landscapes of Ethiopia [30-32]. Pouteria adolfi-friederici is a timber tree
that can grow up to 50 m, having a clear straight bole usually reaching over 16 m height with
narrow conical canopy in moist afromontane forests within altitudinal range of 1350-2450m a.s.I
in Ethiopia [31]. Its seeds are recalcitrant and sensitive to desiccation and need to be sown while
they are in fresh condition [33-35 and effective germination thereof demands optimum
temperature and moisture.

The other iconic tree species that has overlapping niche with Pouteria adolfi-friederici is Prunus
africana. Prunus africana, the African cherry, is a valuable timber tree growing up to 40 m high
with a diameter of Im in moist and dry afromontane forests [33]. Similar to Pouteria adolfi-
friederici, seeds of Prunus africana are recalcitrant and loose viability in a short period of time

when exposed to low moisture condition. The bark extract of this species is used to treat benign
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82  prostatic hyperplasia and has drawn a considerable commercial interest [36]. Therefore, these
83  two indigenous tree species, Pouteria adolfi-friederici and Prunus africana, were selected in our
84  study mainly for three fundamental reasons: firstly, their seeds cannot be conserved in low
85 temperature or in cold gene bank and, thus, they can only be conserved at their natural habitats or
86  niches; secondly, the species have remarkable ecological and economic significance; and thirdly,
87  Prunus africana is assessed as vulnerable [37,38] and the populations of both species are under
88  extensive overexploitations for various uses. Moreover, previous studies have focused on
89  phylogeogrpahy and medicinal uses of Prunus africana [36,39,40] and only limited study was
90 conducted on Pouteria adolfi-friederici. Afromontane forests of Ethiopia where these iconic tree
91  species are mainly confined to have been under immense threat due to deforestation problem
92  [41—43]. The deforestation has resulted in diminishing of suitable habitats of these important tree
93  species although their potential distributions in Ethiopia under climate change is not yet well
94  known. Thus, studying the potential suitable habitat distributions of the species could have
95 informed decisions for their conservation interventions. Therefore, the aim of this study was to
96 understand the distributions of Pouteria adolfi-friederici and Prunus africana tree species under
97  the current climatic condition and predict their potential suitable habitats using two climate
98  change scenarios (RCP 4.5 and RCP 8.5 in 2050 and 2070). Here, we hypothesized that, (1),
99 there are unoccupied suitable niches under the current climatic condition for both species in
100  ecosystems where previously no geographical detections were addressed, (2) there will be range
101  shifts in distributions of potential suitable habitats for both species in the future beyond the moist

102  and dry afromontane forests ecosystems, emanating from the changes in climatic conditions.

103 Materials and Methods

104 Study system
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105  The study was undertaken within the geographical area of Ethiopia, which lies between 3°24'—14°
106  53' N and 32°42'-48°12' E (Fig 1). The total area of Ethiopia is 1.13x10% square km and this is
107  approximately equal to 113,289,457 ha within the elevational range of 124 m b.s.1. to 4560 m a.s.1.
108

109  Fig 1. The current occurrences of Pouteria adolfi-friederici and Prunus africana tree species
110  across five major vegetation types of Ethiopia.

111

112 Historically, the vegetation of Ethiopia has been classified in several ways, but, recently [32] has
113 classified into 12 potential vegetation types. In the study of [44], these 12 potential vegetation
114  types have been classified into five major vegetation groups (Fig 1 and Table 1) for conservation
115  purposes, and we have used them for this study.

116  Table 1: Five major vegetation groups from the 12 potential vegetation types of Ethiopia

Grouped 5 major vegetation types Vegetation types as classified in the study [32]

Acacia-Commiphora woodland Acacia-Commiphora woodland and bushland (ACB);
Acacia wooded grassland (ACB);
Desert and semi-desert scrubland (DSS)
Combretum-Terminalia Combretum-Terminalia woodland and wooded
woodland grassland (CTW);
Wooded grassland of the Western Gambela region
(WGG)
Dry Afromontane Dry evergreen Afromontane Forest and Grassland

Forest (DAF) complex (DAF)


https://doi.org/10.1101/2021.08.12.456155
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.12.456155; this version posted August 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

Afro-Alpine vegetation (AA); and Ericaceous Belt

(EB);
Moist Afromontane Moist Evergreen Afromontane Forest (MAF);
Forest (MAF) Transitional Rain Forest (TRF)
Others Salt Pans, Saline/brackish and Intermittent wetlands

and Salt-lake Shore Vegetation (SLV/SSS);

Salt Lake open water vegetation (SLV/OW);
Freshwater marshes and swamps, Floodplains and Lake
Shore vegetation (FLV/MFS);

Freshwater lakes - open water vegetation (FLV/OW)

117  Method

118  The species occurrences data of both species were collected from the National Herbarium of

119  Ethiopia and from GBIF (www.gbif.org). Moreover, geographical coordinates of species presence
120  locations were collected using a handheld Garmin GPS in west central areas of the country

121 during a field work. In total, 94 coordinates (i.e., 30 for Pouteria adolfi-friederici and 64 for

122 Prunus africana) points were used in this study.

123 As the current input data, the 19 bioclimatic variables (1970—2000) with a spatial resolution of

124  about 1 km? were downloaded from www.worldclim.org/data/worldclim21.html. Furthermore,

125  solar radiation index (sri) was downloaded from www.worldclim.org/data/worldclim21.html

126  while indices of topographic position and elevation data were downloaded from

127  https://www.earthenv.org/topography.

128  The input data for future climate scenarios of the Coupled Model Inter-comparison Project phase

129  (CMIPS5) was used as stated in the studies [45,46]. Here, the downscaled data of Representative
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130  Pathways with intermediate (RCP 4.5) and highest concentrations (RCP 8.5) of two periods

131 (2050 and 2070) were downloaded from http://www.worldclim.com/CMIP5_30s. These

132 trajectories are based on their radiative forces (w/m?) and are expected to change at the turn of

133 the centurey [47,48].

134 Data analysis

135  Environmental variables were clipped into Ethiopian boundary shape file using ArcGIS (version:
136  10.5) and converted into ASCII format using SDMToolbox 2.4 [49]. The multicollinearity (i.e.,
137  the unnecessary correlation among the predictor variables) was checked for the current data of 19
138  bioclimatic variables using the pairwise correlation matrix with Pearson correlation analysis

139  (Table in S1 Table). Eleven variables that are less correlated (r<0.7) were included in prediction
140  models and this cut-off point was commonly applied to fit models to bioclimatic data [50—52].
141 The 11 bioclimatic variables used in the prediction models are mean monthly temperature,

142  isothermality, temperature seasonality, mean temperature of coldest quarter, precipitation

143  seasonality, precipitation of driest quarter, precipitation of warmest quarter, precipitation of

144 coldest quarter, elevation, solar radiation index and topographic position index.

145  The species distribution modelling was run with MaxEnt software (version: v.3.4.4., R Core

146  Team, 2021). The modelling was performed with a random test percentage at 25%,

147  regularization multiplier 1, maximum background points of 10,000, maximum iterations at 5000,
148  convergence threshold held at 0.00001 and 10 replicates with averaged results. The model was
149  evaluated by calculating the AUC of ROC graph [53—56]. Concerned average value of AUC

150  graph <0.7 is bad, 0.7—0.8 is good and 0.9-1 is excellent for the species distribution modelling

151  as explained in the study [57].
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152  To analyze habitat suitability, the output maps of 10 replicate runs (0.0—1.0 categories) were

153  used in ArcGIS. Accordingly, five habitat suitability classes were identified as highly suitable
154  (0.85—1.00), suitable (0.69— <0.85), moderately suitable (0.54— <0.69), less suitable (0.38—

155  <0.54) and unsuitable (0.0— <0.38), based on range values of band categories. The area extents
156  were computed in hectare (ha) from the number of pixels counts for each suitable habitat classes.
157  The change in the proportion of the habitats under current and future climate change scenarios
158  (RCP 4.5 and RCP 8.5) was analyzed by overlying MaxEnt output maps over the shape files of
159  the vegetation classes of Ethiopia. Predicted geographic areas in Ethiopia were extracted from
160  Ethiogis database and the area of each was calculated using ArcGIS (version: 10.5).

161  Model performance evaluation

162  The model outputs for both Pouteria adolfi-friederici and Prunus africana tree species indicated
163  that all the test omission rates averaged over ten replicate runs were close to the predicted

164  omission on the training and test rates under the current and future conditions. The average AUC
165  for Pouteria adolfi-friederici showed great model fit under the current (0.926), RCP 4.5 (0.911,
166  0.903) and RCP 8.5 (0.901, 0.910) scenarios, at 2050 and 2070. Average AUC for Prunus

167  africana also indicated very good model fit under the current (0.887), RCP 4.5 (0.868, 0.880)
168 and RCP 8.5 (0.885, 0.896) scenarios, at the 2050 and 2070.

169  The differences in elevational shifts of the habitat suitability categories under current and future
170  climatic scenarios were tested using independent t-test as implemented in R version: 4.1.0. [58].
171  Moreover, three environmental variables, namely, elevation, solar radiation index and

172 topographic position index, the values of which do not vary across the climatic scenarios, were
173 used to statistically analyze their effect on the different categories of habitat suitability using

174  linear model in R.
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Results

Habitat suitability mapping and modelling

The environmental variables significantly contributing to the distributions of habitat suitability of
Pouteria adolfi-friederici were solar radiation, precipitation of warmest quarter, precipitation of
driest quarter, precipitation seasonality, mean temperature of coldest quarter and elevation.
Similarly, solar radiation, precipitation of warmest quarter, mean temperature of coldest quarter
and mean monthly temperature significantly contribute to determine the distribution of Prunus
africana under the current (1970—2000) and future (2050 and 2070) climate scenarios (Table 2).

Table 2: The contributions of environmental variables (%) in spatial prediction models of

suitable habitats under the current and future climate scenarios of 2050 and 2070 periods.
Variable Pouteria adolfi-friederici Prunus africana
Current RCP 4.5 RCP 8.5 Current RCP 4.5 RCP 8.5

climate 2050 2070 2050 2070 climate 2050 2070 2050 2070

Sri 512 39.1 508 46.7 5l1.1 64 575 62.1 635 585
Bio 18 163  13.8 16 11.7 10.2 6 10.6 10.1 57 45
Bio 15 10.5 133 82 7.8 85 0.2 0.1 03 02 0.1
Bio 11 7.4 19 38 3.6 4 12.4 96 105 12.6 13
elev 5.5 1.2 1.5 1.5 21 4.7 33 32 33 33
Bio 04 3.1 2.9 2 07 0.6 0.7 05 04 07 03
Bio 19 2.8 24 25 1.7 33 3 56 33 1.8 75
Bio 02 1.5 85 63 58 52 14 105 7.1 9.8 10.2

Bio 17 1.2 138 67 17.7 124 1.1 0.6 1.2 08 0.7
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tpi 0.3 04 02 0.1 0.4 0.4 1.3 0.5 04 04

Bio 03 0.1 2.7 2 27 22 6.2 0.4 1.4 1.1 1.6

185  *elev: elevation, sri: solar radiation index, tpi: topographic position index.

186  Response curves are good informative and indicators for environmental variables contributing to
187  the high probability of the occurrence of habitat suitability for species. The occurrence of highly
188  suitable habitats of Pouteria adolfi-friederici was predicted in the range of 15,400—16,200 nm
189  solar radiation, 30—50 mm of Precipitation Seasonality, 170—250 mm Precipitation of Driest

190  Quarter and 500—700 mm Precipitation of Warmest Quarter (Fig 2).

191

192 Fig 2. Response curves of four top contributing variables to distribution of Prunus adofi-
193  friederici: solar radiation, precipitation of warmest quarter, precipitation of driest

194  quarter and precipitation seasonality.

195

196  Similarly, highly suitable habitat for the distribution of Prunus africana was predicted between
197  15,400—16,200 nm of solar radiation, 7.5—15.5°C mean temperature of coldest quarter, 400—700
198  mm precipitation of warmest quarter and elevation in 2250—2700 m a.s.l. (Fig 3).

199

200  Fig 3. Response curves of four top contributing variables to distribution of Prunus

201  africana: solar radiation, mean temperature of coldest quarter, precipitation of warmest

202  quarter and elevation.
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203

204 Habitat suitability mapping under the current climate conditions (1970-2000)

205  Five habitat suitability classes were identified, i.e., highly suitable, suitable, moderately suitable,
206  less suitable and unsuitable with different area proportions mapped for the two study species.
207  Both moderately and less suitable habitats are areas with unfavorable conditions for both species
208  under the current climate conditions. The distributions of highly suitable and suitable habitats of
209  Pouteria adolfi-friederici are largely concentrated in southwest and with a relatively smaller

210 amount in the southeastern part of Ethiopia (Fig 4). For Prunus africana, highly suitable and
211  suitable habitats cover most of the central, eastern and western highlands of Ethiopia (Fig 5).
212

213 Fig 4. Spatial prediction models of the distributions of habitat suitability for Pouteria

214 adolfi-friederici under current and future climate scenarios.

215

216  Fig 5. Spatial prediction models of the distributions of habitat suitability for Prunus

217  africana under current and future climate scenarios.

218

219  Under the current climatic conditions, the less suitable and moderately suitable habitats cover
220  larger areas compared to highly suitable and suitable habitats for both Pouteria adolfi-friederici
221 and Prunus africana (Fig 6 and 7).

222

223 Fig 6. Relative area proportion (%) of suitable habitat categories of Pouteria adolfi-

224 friederici under current and future climate scenarios.

225
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226  Fig 7. Relative area proportion (%) of suitable habitat categories of Prunus africana under

227 current and future climate scenarios.

228

229  Prediction of habitat suitability under future climate scenarios

230  The prediction of the distributions of habitat suitability of both study species under future

231  climatic scenarios has shown a similar pattern to the current climate conditions. However, there
232 are variations in terms of the percent of the relative areas across the future climate change

233 scenarios, mainly for the three suitability classes, i.e., less suitable, moderately suitable and

234  suitable habitats (Fig 4 and 5). Unlike these three suitability classes, the relative area of the

235  highly suitable habitats for both tree species does not significantly vary across these scenarios
236 (Fig6 and 7).

237  The distribution patterns of habitat suitability in the major vegetation types

238 (A) Pouteria adolfi-friederici

239  The relative proportion of the distribution of highly suitable habitat is higher under the current
240  climate conditions in MAF when compared with the future climate change scenarios. However,
241  there is a declining trend of this habitat class for this species in MAF under both future climate
242 change scenarios (Fig 8). The proportion of suitable habitats of this species have shown a

243 decreasing trend in all major vegetation types from the current conditions to future climate

244  change scenarios for 2050 and 2070 but their proportions vary among the types (Fig 8). Both
245  ACW and OTHERS (e.g. riverine vegetation) are not favorable for both species.

246

247  Fig 8. Relative area proportion (%) of suitable habitats of Pouteria adolfi-friederici by

248  major vegetation types under current and future climate scenarios.
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249

250  (B) Prunus africana tree species

251  The highly suitable habitats of Prunus africana tend to decline from the current to under future
252 climate change scenarios in 2050 and 2070 (Fig 9). These habitats class will be useful for this
253 species in CTW until 2050 for RCP 4.5, but it will be fully non-existent in 2070 and for RCP 8.5.
254  There will also be suitable habitats in DAF for Prunus african despite DAF will be with less

255  favorable habitats for this species than MAF and OTHERS. But the OTHERS vegetation type,
256  mainly riverine, will have more favorable habitats for this species under both future climate

257  change scenarios for 2050 and 2070 than at the current climate conditions.

258

259  Fig 9. Relative area proportion (%) of suitable habitats of Prunus africana by major

260  vegetation types under current and future climate scenarios.

261

262  The result of the independent t-test indicated that there is significant elevational shift in range of
263 highly suitable habitats for Prunus africana between the current and future climate scenarios
264  (Table 3) while similar trend was seen for Pouteria adolfi-friederici except under the RCP 4.5 at
265 2070, which indicated insignificant result. Moreover, the result of the linear model analyses

266  indicated that the topographic position index has significantly affected all the three habitat

267  categories of both study tree species (P<0.001, Table 4 and 5), and is the most influential

268  variable to determine the distribution of potential suitable habitats for Pouteria adolfi-friederici
269  and Prunus africana.

270 Table 3: The elevational range shift status of highly suitable habitats between the current

271 and future climate scenarios.
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Species Current Future 2050 2070 P-values

scenario scenario 2050 2070

Pouteria adolfi-
friederici 1871.4+£246.5 RCP4.5 1841.45£160.9 1874.9£156.8 0.02 0.78

RCP 8.5 1934.05+142.7 1911.9+143.1 <0.001 0.003

Prunus. 0.034 <0.001
africana 2248.5+168.4 RCP4.5 22209+199.5 2330.3+187.8

RCP 8.5 2291.7+188.6  2346.4+168.1 <0.001 <0.001

272
273 Table 4. The linear models (lowest AIC and higher Adjusted R?) of the five habitat suitability
274  categories for Pouteria adolfi-friederici under the current, 2050 and 2070 years predicted by

275  three bioclimatic factors generated from the freely accessible Global Bioclim data.

Suitability
class Model  Variables Estimate Adjusted R? AIC P-values
Highly suitable = Model 1 elev 2.55E-04 0.799
sri 7.13E-04 0.5198 570658.31 0.841
tpi 5.01E-03 <0.001
Model 2 tpi 5.01E-03 0.5199 370654.4 <0.001
Suitable Model 1  elev 0.004867 0.787
sri -0.00594 0.4922 5115330.1 0.926
tpi 0.085357 <0.001

Model 2 tpi 0.085363 0.4923 3115326.1 <0.001
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Moderately
suitable Model 1 elev 0.016043 0.487 5126439.8 0.665
sri -0.00581 0.965
tpi 0.173404 <0.001
Model 2 tpi 0.173405 0.4871 3126436.0 <0.001
Less suitable Model 1  elev 0.017498 0.4496  5135544.7 0.793
sri -0.09269 0.696
tpi 0.28994 <0.001
Model 2 sri -0.101464 0.4497  4135542.7 0.666
tpi 0.289922 <0.001
Model 3  tpi 0.29005 0.4498  3135540.9 <0.001

* elev: elevation, sri: solar radiation index and tpi: topographic position index

Table 5. The linear models (lowest AIC and higher Adjusted R?) of the four habitat

suitability categories for Prunus africana under current, 2050 and 2070 years predicted by

three variables generated from the freely accessible Global Bioclim data.

Suitability
class Model Variables Estimate  Adjusted R2 AIC P-values
Highly suitable Model 1 elev 1.62E-05 0.97
sti -8.36E-04  0.3988 560033.35 0.64
tpi 1.97E-03 <0.001
Model 2 tpi 1.97E-03 0.3989 360029.6 <0.001
Suitable Model 1 elev 0.009257 0.58
sri 0.008932 0.5137 5114110.8 0.88
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tpi 0.082371 <0.001
Model 2 tpi 0.082357 0.5138 3114107 <0.001
Moderately
suitable Model 1 elev 0.001973 0.96
sri -0.102804  0.3898 5126695.4 0.44
tpi 0.144517 <0.001
Model 2 tpi 0.144645 0.3899 3126692 <0.001
Less suitable Model 1 elev 0.004568 0.95
sti -0.236376  0.3638 5136732.8 0.36
tpi 0.261773 <0.001
Model 2 tpi 0.262068 0.3639 3136730 <0.001

280  * elev: elevation, sri: solar radiation index and tpi: topographic position index

281 Discussions

282  The distributions of the species niches are reciprocally related to the dynamics in environmental
283  variables or climatic variables. Understanding such distributions in potential suitable habitats of
284  indigenous flora is critically important for designing conservation strategies in this era of climate
285  change. To this end, we modeled the distributions of the potential suitable habitats of Pouteria
286  adolfi-friederici and Prunus africana tree species under current and two future climate change
287  scenarios (i.e., RCP 4.5 and RCP 8.5 by 2050 and 2070) and in relation to the major vegetation
288  types of Ethiopia. Here, we show that the potential suitable habitats are predicted to be in the

289  southwest part of Ethiopia in: moist evergreen, dry evergreen forest and grassland complex and
290  Combretum-Terminalia woodland vegetation types for Pouteria adolfi-friederici, where high

291  moisture is prevalent. Moreover, our prediction model indicated that the distribution of high
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292  suitable habitats may be in the west central parts of Ethiopia in dry evergreen forest and

293 grassland complex and in riverine vegetation types for Prunus africana tree species.

294  Interestingly, the prediction models show that the distributions of the suitable habitats or niches
295  of these tree species can shift among the vegetation types or ecosystems due to the effect of the
296  future climate change scenario (Fig 4 and 5). The trend of the distributions of highly suitable
297  habitats of both species have shown shifts species under different climate scenarios. In this

298  regard, our results corroborate several previous studies that explained that climate change can
299 affect the adaptive habitat ranges of plant species [2,50,52,59]. From the present study, such
300 range shifts in distributions were manifested by either increasing or decreasing in areas under
301 climate scenarios of 2050 and 2070 (Fig 6 and 7) and this trend was also highlighted with earlier
302  findings [60,61].

303  Our study has revealed that the environmental factors such as, solar radiation, Precipitation of
304  Warmest Quarter and elevation have significantly mediated the distributions of the potential
305  suitability habitats of the two study species (Table 2) and. For example, Precipitation Seasonality
306  and Precipitation of Driest Quarter are the drivers of the distribution of the suitable habitats of
307  Pouteria adolfi-friederici while mean monthly temperature and temperature of coldest quarter
308 are predicted to affect the habitat suitability ranges of Prunus africana in Ethiopia.

309  Understandably, such trends of fluctuations in distributions of suitable habitats may arise from
310 the fact that the plant species have their own specific optimum demands for temperature,

311  precipitation and altitudinal range. In this nexus, [52] from Nepal reported that the temporal
312  variations in temperatures and precipitations are the key factors in fluctuations of the adaptive
313  ranges of plant species. On the other hand, in the tropics, the magnitude of the solar radiation

314 remains a constant input under both current and the future climate scenarios and as a result may
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315 not be accountable for the variations of the distributions of the potential suitable habitats of the
316  different plant species (Table 5). Of course, the significance of the impacts of these

317  environmental factors is related to the elevational gradients. As a result. different plant species
318 may move out of their fundamental niches and occupy the realized ecological zones; yet, if failed
319 to adapt may go extinct under the future climate change scenarios [62,63]. Unequivocally,

320 several previous findings have related that change in climatic conditions alter the distributions of
321  biological species [64—66].

322  Among the biological characteristics that limit the distributions of the plant species could be their
323  dispersal mechanisms besides the impacts climatic change [2]. Thus, despite the southern parts
324  of the southwest regions and west central areas will be highly suitable habitat potential for

325  Pouteria adolfi-friederici and Prunus africana, the species may not fully occupy the predicted
326  suitable habitats due to the recalcitrant nature of their seeds, which are sensitive to fluctuation of
327  environmental variables and liable to pest and disease damages [67,68]. Moreover, their seeds
328  may not reach the suitable areas because of limitations of appropriate dispersal agents of the

329  species.

330 Patterns of distribution of suitable habitats in relation to major

331 vegetation types

332 The prediction models indicated that, under all the climate scenarios, moist afromontane, dry

333  afromontane and Combretum-Terminalia woodland vegetation types were found to be highly

334  suitable habitats of Pouteria adolfi-friederici and Prunus africana during the periods of 2050 and
335 2070 (Fig 8 and 9). Moreover, from other group of vegetation types, the riverine vegetation was
336  identified to be a high suitable habitat of Prunus africana, which is most likely favoured by

337  microrefugia habitat moderated by local climate condition (mainly moisture) associated with the
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338 riverine. The highly suitable areas identified for the study species within the Combretum-

339  Terminalia woodland vegetation are contributed due to the presence of confined suitable habitats
340  within the Combretum-Terminalia Woodland and in the ecotones that moist afromontane and dry
341 afromontane vegetation types share with the Combretum-Terminalia woodland vegetation type.
342  The highly suitable areas of Prunus africana in Combretum-Terminalia was identified for RCP
343 4.5 by 2050 embedded in ecotones in the transition among moist afromontane, Combretum-
344  Terminalia and dry afomontane vegetation types (Fig 5). However, these habitats seem

345  unfavorable for this species under RCP 8.5 may be due to the impact of high temperature.

346  The spatial distributions of potential suitable habitats of Pouteria adolfi-friederici and Prunus
347  africana tree species showed significant shifts along elevational gradients under the current and
348  the future scenarios (Table 3). Similarly, topographic position was found to be important factor
349  in driving the distributions of the suitable habitats of Pouteria adolfi-friederici and Prunus

350 africana tree species, but such impact was not found for elevation and solar radiation (Table 4
351 and)).

352  In general, in terms of the relative proportions of the areas predicted to be suitable habitats for
353  both tree species, the trend show that the areas are decreasing under future climate scenarios
354  when compared with the current status (Fig 6 and 7). In this connection, our results corroborate
355 the earlier findings that pointed out that the climate change is highly responsible for the area
356  contraction of suitable habitats of the plant [52,69-72]. In general, it is of quite importance to
357  undertake the prediction models of the effects of climate change on the distributions of suitable
358 habitats of floras not only just in terms of area shift but also by ecosystems and biomes.

359  Moreover, the present study is limited only to exploration of the impacts of the bioclimatic

360 variables including solar radiation, elevation and topographic position indices and it may also be
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361 interesting to examine the effects of other factors such as, soil types on the distribution of floras

362  during this changing climate under and future scenarios.

363 Conclusions

364  The impacts of climate change and topographic factors are critical to determine the distributions
365  of the suitable habitats for plant species. In this regard, our study denoted that the environmental
366  factors such as, elevation, solar radiation, topographic positions, temperature and precipitation
367  have significantly contributed in the prediction models of the distributions of the potential

368 suitable habitats of Pouteria adolfi-friederici and Prunus africana tree species the under and

369  future climate scenarios (RCP 4.5 and 8.5) of 2050 and 2070 periods. During these periods, the
370  highly suitable habitats of both tree species showed spatial and elevational shifts. For example,
371  there is a shift of highly suitable habitats of Pouteria adolfi-friederici from the northern and

372 central parts of the southwest MAF to its southern areas according to the RCPs scenarios.

373 Similarly, the highly suitable habitats of Prunus africana was predicted to shift from the western
374  areas of Ethiopia to the west central regions. By sum, from our study, we conclude that the

375  strategies wish to design national biodiversity conservation should take into account dynamics of

376  the suitable niches of different species under changing climate scenarios for the future.
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566  Figures Cations

567  Fig 2. The current occurrences of Pouteria adolfi-friederici and Prunus africana tree species
568  across five major vegetation types of Ethiopia.

569  Fig 2. Response curves of four top contributing variables to distribution of P. adofi-

570  friederici: solar radiation, Precipitation of Warmest Quarter, Precipitation of Driest

571  Quarter and Precipitation Seasonality.

572 Fig 3. Response curves of four top contributing variables to distribution of Prunus

573  africana: solar radiation, mean temperature of coldest quarter, precipitation of warmest
574  quarter and elevation.

575  Fig 4. Spatial prediction models of the distributions of habitat suitability for Pouteria

576  adolfi-friederici under current and future climate scenarios.

577  Fig 5. Spatial prediction models of the distributions of habitat suitability for Prunus

578  africana under current and future climate scenarios.

579  Fig 6. Relative area proportion (%) of suitable habitat categories of Pouteria adolfi-

580 friederici under current and future climate scenarios.

581  Fig 7. Relative area proportion (%) of suitable habitat categories of Prunus africana under

582 current and future climate scenarios.
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583  Fig 8. Relative area proportion (%) of suitable habitats of Pouteria adolfi-friederici by
584  major vegetation types under current and future climate scenarios.

585  Fig 9. Relative area proportion (%) of suitable habitats of Prunus africana by major
586  vegetation types under current and future climate scenarios.

587  Supporting Information

588  S1 Table. Correlation matrix among 19 current bioclimatic variables, elevation, solar radiation
589  and topographic position indices (done using SDM_v2.4 AcrMap 10.5).
590
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619

620 Abstract

621  The distributions of the potential adaptive ranges of iconic plant species are not yet fully known
622  especially in regions such as Ethiopia where high climatic variability and vegetation types are
623  found. This study was undertaken to predict the distributions of the potential suitable habitats of
624  Pouteria adolfi-friederici and Prunus africana tree species under the current and two future

625  climate scenarios (i.e., RCP 4.5 and RCP 8.5 in 2050 and 2070) using MaxEnt software (version:
626  3.4.4.). Eleven less correlated environmental variables (r<0.7) were identified and used to make
627  the prediction models. Elevational shifts of the highly suitable habitats, effects of elevation, solar
628  radiation and topographic position in relation to the current and future climatic scenarios on the
629  habitats were statistically analyzed using independent t-test and linear model. Under all climate
630  scenarios, we found a decrease in the proportion of areas of highly suitable habitats for both

631  study species. High potentials of suitable habitats for Pouteria adolfi-friederici are predicted to
632  be confined to southwest, west central and south parts of Ethiopia in fragmented moist

633  afromontane forest patches, while it is in the southwest and west central parts of Ethiopia for
634  Prunus africana. On basis of vegetation types of the country, potential suitable habitats for

635  Pouteria adolfi-friederici are predicted to occur in moist evergreen forest, dry evergreen forest
636  and grassland complex and Combretum-Terminalia woodland vegetation types. Whereas, moist
637  evergreen forest, dry evergreen forest and grassland complex and riverine vegetation types are
638  predicted to comprise potential suitable habitats for Prunus africana, showing considerable

639  spatial dynamics. Overall, our results suggest that the strategies deem to design biodiversity

640  conservation should take into account the dynamics of the suitable niches of different species
641  under different future climate scenarios.

642
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643  Keywords: adaptive range, climate change, Ethiopia, prediction model, habitat suitability, range

644  shift, species distribution.

645 Introduction

646  Plant species have their optimum range of climatic condition to survive in their ecological zones
647  [1]. Among others, the environmental factors limiting the adaptive range of the plant species are
648  altitude, temperature, moisture, and soil types [2,3]. Climate, which represents a weather

649  condition over a wide environment for a long period, plays important role to determine the

650 distribution of plant species in their suitable ecological regions [2]. Temperature and

651  precipitation are the most important environmental variables determining the climatic condition
652  of ecological regions to which plant species are naturally adapted to grow [4]. Temperature and
653  moisture can change as a result of climate change and challenge populations of a species already
654  well adapted to the climatic conditions of ecological regions for long period [3].

655  However, different studies are depicting that climate change is taking place over the world due to
656  global warming [5-12]. Climate change is mainly caused by increasing global temperature [13-
657  15] that is initiated mainly due to greenhouse gas (GHG) emissions from multiple sources [16-
658  18]. Thus, a change in global temperature and precipitation [19,20] can affect the distribution of
659  global biodiversity in the future [21-23]. Plants can change their range of distribution to respond
660  to the climate change [24-26] and either go extinct [27] or there would be shifting out from of
661  their current ecological niches to new ecological areas [28,29].

662  Pouteria adolfi-friederici and Prunus africana tree species, which belong to Sapotaceae and

663  Rosaceae families respectively, are iconic trees occurring in remnant fragments of moist and dry
664  afromontane forests. The species are currently existing in scattered patterns with limited number

665  in some agricultural landscapes of Ethiopia [30-32]. Pouteria adolfi-friederici is a timber tree
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666  that can grow up to 50 m, having a clear straight bole usually reaching over 16 m height with
667  narrow conical canopy in moist afromontane forests within altitudinal range of 1350-2450m a.s.1
668 in Ethiopia [31]. Its seeds are recalcitrant and sensitive to desiccation and need to be sown while
669  they are in fresh condition [33-35 and effective germination thereof demands optimum

670  temperature and moisture.

671  The other iconic tree species that has overlapping niche with Pouteria adolfi-friederici is Prunus
672  africana. Prunus africana, the African cherry, is a valuable timber tree growing up to 40 m high
673  with a diameter of Im in moist and dry afromontane forests [33]. Similar to Pouteria adolfi-

674  friederici, seeds of Prunus africanaare recalcitrant and loose viability in a short period of time
675  when exposed to low moisture condition. The bark extract of this species is used to treat benign
676  prostatic hyperplasia and has drawn a considerable commercial interest [36]. Therefore, these
677  two indigenous tree species, Pouteria adolfi-friederici and Prunus africana, were selected in our
678  study mainly for three fundamental reasons: firstly, their seeds cannot be conserved in low

679  temperature or in cold gene bank and, thus, they can only be conserved at their natural habitats or
680  niches; secondly, the species have remarkable ecological and economic significance; and thirdly,
681  Prunus africanais assessed as vulnerable [37,38] and the populations of both species are under
682  extensive overexploitations for various uses. Moreover, previous studies have focused on

683  phylogeogrpahy and medicinal uses of Prunus africana[36,39,40] and only limited study was
684  conducted on Pouteria adolfi-friederici. Afromontane forests of Ethiopia where these iconic tree
685  species are mainly confined to have been under immense threat due to deforestation problem

686  [41-43]. The deforestation has resulted in diminishing of suitable habitats of these important tree
687  species although their potential distributions in Ethiopia under climate change is not yet well

688  known. Thus, studying the potential suitable habitat distributions of the species could have
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689  informed decisions for their conservation interventions. Therefore, the aim of this study was to
690  understand the distributions of Pouteria adolfi-friederici and Prunus africanatree species under
691  the current climatic condition and predict their potential suitable habitats using two climate

692  change scenarios (RCP 4.5 and RCP 8.5 in 2050 and 2070). Here, we hypothesized that, (1),

693  there are unoccupied suitable niches under the current climatic condition for both species in

694  ecosystems where previously no geographical detections were addressed, (2) there will be range
695  shifts in distributions of potential suitable habitats for both species in the future beyond the moist

696  and dry afromontane forest ecosystems, emanating from the changes in climatic conditions.

697 Materials and Methods

698 Study system

699  The study was undertaken within the geographical area of Ethiopia, which lies between 3°24' —
700  14°53'Nand 32°42' —48°12' E (Fig 1). The total area of Ethiopia is 1.13x10° square km and this
701  is approximately equal to 113,289,457 ha within the elevational range of 124 m b.s.l. to 4560 m
702 as.l

703

704  Fig 3. The current occurrences of Pouteria adolfi-friederici and Prunus africanatree species
705 across five major vegetation types of Ethiopia.

706  Historically, the vegetation of Ethiopia has been classified in several ways, but, recently [32] has
707  classified into 12 potential vegetation types. In the study of [44], these 12 potential vegetation
708  types have been classified into 5 major vegetation groups (Fig 1 and Table 1) for conservation
709  purposes, and we have used them for this study.

710  Table 1: Five major vegetation groups from the 12 potential vegetation types of Ethiopia

Grouped 5 major vegetation types Vegetation types as classified in the study [32]
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Acacia-Commiphora woodland Acacia-Commiphora woodland and bushland (ACB);
Acacia wooded grassland (ACB);
Desert and semi-desert scrubland (DSS)
Combretum-Terminalia Combretum-Terminalia woodland and wooded
woodland grassland (CTW);

Wooded grassland of the Western Gambela region

(WGG)
Dry Afromontane Dry evergreen Afromontane Forest and Grassland
Forest (DAF) complex (DAF)

Afro-Alpine vegetation (AA); and Ericaceous Belt

(EB);
Moist Afromontane Moist Evergreen Afromontane Forest (MAF);
Forest (MAF) Transitional Rain Forest (TRF)
Others Salt Pans, Saline/brackish and Intermittent wetlands

and Salt-lake Shore Vegetation (SLV/SSS);

Salt Lake open water vegetation (SLV/OW);
Freshwater marshes and swamps, Floodplains and Lake
Shore vegetation (FLV/MEFS);

Freshwater lakes - open water vegetation (FLV/OW)

711 Method

712 The species occurrences data of both species were collected from the National Herbarium of
713 Ethiopia and from GBIF (www.gbif.org). Moreover, geographical coordinates of species presence

714  locations were collected using a handheld Garmin GPS in west central areas of the country
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715  during a field work. In total, 94 coordinates (i.e., 30 for Pouteria adolfi-friederici and 64 for
716  Prunus africana) points were used in this study.
717  As the current input data, the 19 bioclimatic variables (1970-2000) with a spatial resolution of

718  about 1 km? were downloaded from www.worldclim.org/data/worldclim21.html. Furthermore,

719  solar radiation index (sri) was downloaded from www.worldclim.org/data/worldclim21.html

720  while indices of topographic position and elevation data were downloaded from

721  https://www.earthenv.org/topography.

722 The input data for future climate scenarios of the Coupled Model Inter-comparison Project phase
723  (CMIP5) was used as stated in the studies [45,46]. Here, the downscaled data of Representative
724  Pathways with intermediate (RCP 4.5) and highest concentrations (RCP 8.5) of two periods

725 (2050 and 2070) were downloaded from http://www.worldclim.com/CMIP5 30s. These

726  trajectories are based on their radiative forces (w/m?) and are expected to change at the turn of

727  the centurey [47,48].

728 Data analysis

729  Environmental variables were clipped into Ethiopian boundary shape file using ArcGIS (version:
730  10.5) and converted into ASCII format using SDMToolbox 2.4 [49]. The multicollinearity (i.e.,
731 the unnecessary correlation among the predictor variables) was checked for the current data of 19
732 bioclimatic variables using the pairwise correlation matrix with Pearson correlation analysis (S1
733 Table). Eleven variables that are less correlated (r<0.7) were included in prediction models and
734 this cut-off point was commonly applied to fit models to bioclimatic data [50-52]. The 11

735  bioclimatic variables used in the prediction models are mean monthly temperature, isothermality,

736  temperature seasonality, mean temperature of coldest quarter, precipitation seasonality,
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737  precipitation of driest quarter, precipitation of warmest quarter, precipitation of coldest quarter,
738  elevation, solar radiation index and topographic position index.

739 The species distribution modelling was run with MaxEnt software (version: v.3.4.4., R Core

740  Team, 2021). The modelling was performed with a random test percentage at 25%,

741  regularization multiplier 1, maximum background points of 10,000, maximum iterations at 5000,
742 convergence threshold held at 0.00001 and 10 replicates with averaged results. The model was
743  evaluated by calculating the AUC of ROC graph [53-56]. Concerned average value of AUC

744  graph <0.7 is bad, 0.7-0.8 is good and 0.9-1 is excellent for the species distribution modelling
745  as explained in the study [57].

746  To analyze habitat suitability, the output maps of 10 replicate runs (0.0-1.0 categories) were

747  used in ArcGIS. Accordingly, five habitat suitability classes were identified as highly suitable
748  (0.85—1.00), suitable (0.69— <0.85), moderately suitable (0.54— <0.69), less suitable (0.38—

749  <0.54) and unsuitable (0.0— <0.38), based on range values of band categories. The area extents
750  were computed in hectare (ha) from the number of pixels counts for each suitable habitat classes.
751  The change in the proportion of the habitats under current and future climate change scenarios
752 (RCP 4.5 and RCP 8.5) was analyzed by overlying MaxEnt output maps over the shape files of
753  the vegetation classes of Ethiopia. Predicted geographic areas in Ethiopia were extracted from
754  Ethiogis database and the area of each was calculated using ArcGIS (version: 10.5).

755  Model performance evaluation

756  The model outputs for both Pouteria adolfi-friederici and Prunus africanatree species indicated
757  that all the test omission rates averaged over ten replicate runs were close to the predicted
758  omission on the training and test rates under the current and future conditions. The average AUC

759  for Pouteria adolfi-friederici showed great model fit under the current (0.926), RCP 4.5 (0.911,


https://doi.org/10.1101/2021.08.12.456155
http://creativecommons.org/licenses/by/4.0/

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.12.456155; this version posted August 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

0.903) and RCP 8.5 (0.901, 0.910) scenarios, at 2050 and 2070. Average AUC for Prunus
africana also indicated very good model fit under the current (0.887), RCP 4.5 (0.868, 0.880)
and RCP 8.5 (0.885, 0.896) scenarios, at the 2050 and 2070.

The differences in elevational shifts of the habitat suitability categories under current and future
climatic scenarios were tested using independent t-test as implemented in R version: 4.1.0. [58].
Moreover, three environmental variables, namely, elevation, solar radiation index and
topographic position index, the values of which do not vary across the climatic scenarios, were
used to statistically analyze their effect on the different categories of habitat suitability using

linear model in R.

Results

Habitat suitability mapping and modelling

The environmental variables significantly contributing to the distributions of habitat suitability of
Pouteria adolfi-friederici were solar radiation, precipitation of warmest quarter, precipitation of
driest quarter, precipitation seasonality, mean temperature of coldest quarter and elevation.
Similarly, solar radiation, precipitation of warmest quarter, mean temperature of coldest quarter
and mean monthly temperature significantly contribute to determine the distribution of Prunus
africana under the current (1970—2000) and future (2050 and 2070) climate scenarios (Table 2).

Table 2: The contributions of environmental variables (%) in spatial prediction models of

suitable habitats under the current and future climate scenarios of 2050 and 2070 periods.

Variable Pouteria adolfi-friederici Prunus africana

Current RCP 4.5 RCP 8.5 Current RCP 4.5 RCP 8.5
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climate 2050 2070 2050 2070 climate 2050 2070 2050 2070

sri 512 39.1 508 46.7 5l1.1 64 575 62.1 635 585
Bio 18 163  13.8 16 11.7 10.2 6 10.6 10.1 57 45
Bio 15 10.5 133 82 7.8 8.5 0.2 0.1 0.3 02 0.1
Bio 11 7.4 19 38 3.6 4 12.4 96 105 12.6 13
elev 5.5 1.2 1.5 1.5 2.1 4.7 3.3 32 33 3.3
Bio 04 3.1 2.9 2 07 0.6 0.7 0.5 04 07 03
Bio 19 2.8 24 25 1.7 33 3 56 33 1.8 7.5
Bio 02 1.5 8.5 6.3 5.8 5.2 1.4 105 7.1 9.8 10.2
Bio 17 1.2 138 6.7 1777 124 1.1 0.6 1.2 0.8 0.7
tpi 0.3 04 02 0.1 0.4 0.4 1.3 0.5 04 04
Bio 03 0.1 2.7 2 27 22 6.2 0.4 1.4 1.1 1.6

779  *elel: elevation, sri: solar radiation index, tpi: topographic position index.

780  Response curves are good informative and indicators for environmental variables contributing to
781  the high probability of the occurrence of habitat suitability for species. The occurrence of highly
782  suitable habitats of Pouteria adolfi-friederici was predicted in the range of 15,400—16,200 nm
783  solar radiation, 30—50 mm of precipitation seasonality, 170—250 mm precipitation of driest

784  quarter and 500—700 mm precipitation of warmest quarter (Fig 2).

785
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786  Fig 2. Response curves of four top contributing variables to distribution of P. adofi-friederici:
787  solar radiation, precipitation of warmest quarter, precipitation of driest quarter and precipitation
788  seasonality.

789  Similarly, highly suitable habitat for the distribution of Prunus africanawas predicted between
790  15,400—16,200 nm of solar radiation, 7.5—15.5°C mean temperature of coldest quarter, 400—700
791  mm precipitation of warmest quarter and elevation in 2250—2700 m a.s.l. (Fig 3).

792

793 Fig 3. Response curves of four top contributing variables to distribution of Prunus africana:
794  solar radiation, mean temperature of coldest quarter, precipitation of warmest quarter and
795  elevation.

796  Habitat suitability mapping under the current climate conditions (1970—2000)

797  Five habitat suitability classes were identified, i.e., highly suitable, suitable, moderately suitable,
798 less suitable and unsuitable with different area proportions mapped for the two study species.
799  Both moderately and less suitable habitats are areas with unfavorable conditions for both species
800  under the current climate conditions. The distributions of highly suitable and suitable habitats of
801  Pouteria adolfi-friederici are largely concentrated in southwest and with a relatively smaller
802  amount in the southeastern part of Ethiopia (Fig 4). For Prunus africana, highly suitable and
803  suitable habitats cover most of the central, eastern and western highlands of Ethiopia (Fig 5).

804

805  Fig 4. Spatial prediction models of the distributions of habitat suitability for Pouteria
806 adolfi-friederici under current and future climate scenarios.
807

808
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809  Fig 5. Spatial prediction models of the distributions of habitat suitability for Prunus

810 africana under current and future climate scenarios.

811  Under the current climatic conditions, the less suitable and moderately suitable habitats cover
812  larger areas compared to highly suitable and suitable habitats for both Pouteria adolfi-friederici
813  and Prunus africana (Fig 6 and 7).

814

815  Fig 6. Relative area proportion (%) of suitable habitat categories of Pouteria adolfi-
816 friederici under current and future climate scenarios.
817  Fig 7. Relative area proportion (%) of suitable habitat categories of Prunus africana under

818  current and future climate scenarios.
819  Prediction of habitat suitability under future climate scenarios

820  The prediction of the distributions of habitat suitability of both study species under future

821  climatic scenarios has shown a similar pattern to the current climate conditions. However, there
822  are variations in terms of the percent of the relative areas across the future climate change

823  scenarios, mainly for the three suitability classes, i.e., less suitable, moderately suitable and
824  suitable habitats (Fig 4 and 5). Unlike these three suitability classes, the relative area of the

825  highly suitable habitats for both tree species does not significantly vary across these scenarios
826 (Fig6and?7).

827  The distribution patterns of habitat suitability in the major vegetation types

828  (A) Pouteria adolfi-friederici
829  The relative proportion of the distribution of highly suitable habitat is higher under the current
830 climate conditions in MAF when compared with the future climate change scenarios. However,

831 there is a declining trend of this habitat class for this species in MAF under both future climate
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832  change scenarios (Fig 8). The proportion of suitable habitats of this species have shown a
833  decreasing trend in all major vegetation types from the current conditions to future climate
834  change scenarios for 2050 and 2070 but their proportions vary among the types (Fig 8). Both
835 ACW and OTHERS (e.g. riverine vegetation) are not favorable for both species.

836

837  Fig 8. Relative area proportion (%) of suitable habitats of Pouteria adolfi-friederici by

838  major vegetation types under current and future climate scenarios.

839  (B) Prunus africana tree species

840  The highly suitable habitats of Prunus africana tend to decline from the current to under future
841  climate change scenarios in 2050 and 2070 (Fig 9). These habitats class will be useful for this
842  species in CTW until 2050 for RCP 4.5, but it will be fully non-existent in 2070 and for RCP 8.5.
843  There will also be suitable habitats in DAF for Prunus african despite DAF will be with less

844  favorable habitats for this species than MAF and OTHERS. But the OTHERS vegetation type,
845  mainly riverine, will have more favorable habitats for this species under both future climate

846  change scenarios for 2050 and 2070 than at the current climate conditions.

847

848  Fig 9. Relative area proportion (%) of suitable habitats of Prunus africana by major

849  vegetation types under current and future climate scenarios.

850  The result of the independent t-test indicated that there is significant elevational shift in range of
851  highly suitable habitats for Prunus africana between the current and future climate scenarios
852  (Table 3) while similar trend was seen for Pouteria adolfi-friederici except under the RCP 4.5 at
853 2070, which indicated insignificant result. Moreover, the result of the linear model analyses

854  indicated that the topographic position index has significantly affected all the three habitat

855  categories of both study tree species (P<0.001, Table 4 and 5), and is the most influential
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variable to determine the distribution of potential suitable habitats for Pouteria adolfi-friederici

and Prunus africana.

Table 3: The elevational range shift status of highly suitable habitats between the current
and future climate scenarios.
Species Current Future 2050 2070 P-values
scenario scenario 2050 2070

Pouteria adolfi-
friederici 1871.4+£246.5 RCP4.5 1841.45£160.9 1874.9+156.8 0.02 0.78

RCP 8.5 1934.05+£142.7 1911.9+143.1 <0.001  0.003

Prunus africana  2248.5+168.4 RCP 4.5  2220.9+199.5 2330.3+187.8 0.034  <0.001

RCP 8.5  2291.7+188.6 2346.4+168.1 <0.001 <0.001

Table 4. The linear models (lowest AIC and higher Adjusted R?) of the five habitat suitability

categories for Pouteria adolfi-friederici under the current, 2050 and 2070 years predicted by

three bioclimatic factors generated from the freely accessible Global Bioclim data.
Suitability
class Model Variables Estimate Adjusted R? AIC P-values
Highly suitable Model 1 elv 2.55E-04 0.799
sri 7.13E-04 0.5198 570658.31 0.841
tpi 5.01E-03 <0.001
Model 2 tpi 5.01E-03 0.5199 370654.4 <0.001
Suitable Model 1 elv 0.004867 0.787

sri -0.00594 0.4922 5115330.1 0.926
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tpi 0.085357 <0.001
Model 2 tpi 0.085363 0.4923 3115326.1 <0.001
Moderately
suitable Model 1 elv 0.016043 0.487 5126439.8 0.665
sri -0.00581 0.965
tpi 0.173404 <0.001
Model 2 tpi 0.173405 0.4871 3126436.0 <0.001
Less suitable Model 1 elv 0.017498 0.4496  5135544.7 0.793
sri -0.09269 0.696
tpi 0.28994 <0.001
Model 2 sri -0.101464 0.4497  4135542.7 0.666
tpi 0.289922 <0.001
Model 3 tpi 0.29005 0.4498 31355409  <0.001

864  * elv: elevation, sri: solar radiation index and tpi: topographic position index

865 Table 5. The linear models (lowest AIC and higher Adjusted R?) of the four habitat
866  suitability categories for Prunus africana under current, 2050 and 2070 years predicted by

867  three variables generated from the freely accessible Global Bioclim data.

Suitability
class Model Variables Estimate Adjusted R? AIC P-values
Highly suitable Model 1 elv 1.62E-05 0.97

sri -8.36E-04 0.3988 560033.35 0.64

tpi 1.97E-03 <0.001

Model 2 tpi 1.97E-03  0.3989 360029.6 <0.001
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Suitable Model 1 elv 0.009257 0.58
sti 0.008932  0.5137 5114110.8 0.88
tpi 0.082371 <0.001

Model 2 tpi 0.082357 0.5138 3114107 <0.001

Moderately

suitable Model 1 elv 0.001973 0.96
sri -0.102804 0.3898 5126695.4 0.44
tpi 0.144517 <0.001

Model 2 tpi 0.144645 0.3899 3126692 <0.001

Less suitable Model 1 elv 0.004568 0.95
sti -0.236376  0.3638 5136732.8 0.36
tpi 0.261773 <0.001

Model 2 tpi 0.262068  0.3639 3136730 <0.001

* elv: elevation, sri: solar radiation index and tpi: topographic position index

Discussions

The distributions of the species niches are reciprocally related to the dynamics in environmental
variables or climatic variables. Understanding such distributions in potential suitable habitats of
indigenous flora is critically important for designing conservation strategies in this era of climate
change. To this end, we modeled the distributions of the potential suitable habitats of Pouteria
adolfi-friederici and Prunus africana tree species under current and two future climate change
scenarios (i.e., RCP 4.5 and RCP 8.5 by 2050 and 2070) and in relation to the major vegetation
types of Ethiopia. Here, we show that the potential suitable habitats are predicted to be in the

southwest parts of Ethiopia in: moist evergreen, dry evergreen forest and grassland complex and
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878  Combretum-Terminalia woodland vegetation types for Pouteria adolfi-friederici, where high
879  moisture is prevalent. Moreover, our prediction model indicated that the distribution of high
880  suitable habitats may be in the west central parts of Ethiopia in dry evergreen forest and

881  grassland complex and in riverine vegetation types for Prunus africana tree species.

882 Interestingly, the prediction models show that the distributions of the suitable habitats or niches
883  of these tree species can shift among the vegetation types or ecosystems due to the effect of the
884  future climate change scenario (Fig 4 and 5), which can be understood from the trend of range
885  shifting took place by the highly suitable habitats for both study species. In this regard, our

886  results corroborate several previous studies that explained as climate change can affect the

887 adaptive habitat ranges of plant species across their natural ecosystems [2,50,52,59]. From the
888  present study, such habitat range shift distributions were manifested by either increasing or
889  decreasing in areas under the climate scenarios of 2050 and 2070 (Fig 6 and 7) and this trend was
890 also highlighted with earlier findings [60,61].

891  Our study has revealed that the environmental factors such as: solar radiation, Precipitation of
892  Warmest Quarter and elevation have significantly mediated the distributions of the potential
893  suitable habitats of the two study species (Table 2) and. For example, precipitation seasonality
894  and precipitation of driest quarter are the drivers of the distribution of the suitable habitats of
895  Pouteria adolfi-friederici while mean monthly temperature and temperature of coldest quarter
896 are predicted to affect the habitat suitability ranges of Prunus africana in Ethiopia (Table 2).
897  Understandably, such trends of fluctuations in distributions of suitable habitats may arise from
898 the fact that the plant species have their own specific optimum demands for temperature,

899  precipitation and altitudinal range. In this nexus, [52] from Nepal reported that the temporal

900 variations in temperatures and precipitations are the key factors for fluctuations of the adaptive
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901 ranges of habitats suitability for plant species. On the other hand, in the tropics, the magnitude of
902 the solar radiation remains a constant input under both current and the future climate scenarios
903 and as a result may not be accountable for the variations of the distributions of the potential

904  suitable habitats of the different plant species (Table 4 and 5). Of course, the significance of the
905 impacts of these environmental factors is related to the elevational gradients. As a result,

906  different plant species may move out of their fundamental niches and occupy the realized

907 ecological zones; yet, if failed to adapt may go extinct under the future climate change scenarios
908  [62,63]. Unequivocally, several previous findings have related that change in climatic conditions
909 alter the distributions of biological species [64—66].

910  Among the biological characteristics that limit the distributions of the plant species could be their
911  dispersal mechanisms besides the impacts of climatic change [2]. Thus, despite the southern

912  parts of the southwest regions and west central areas will be highly suitable habitat potentials for
913  Pouteria adolfi-friederici and Prunus africana, the species may not fully occupy the predicted
914  suitable habitats due to the recalcitrant nature of their seeds, which are sensitive to fluctuation of
915  environmental factors and liable to pest attack and disease damages [67,68]. Moreover, their

916  seeds may not reach the suitable areas because of limitations of appropriate dispersal agents of

917  the species.

918  Patterns of distribution of suitable habitats in relation to major

919 vegetation types

920  The prediction models indicated that, under all the climate scenarios, moist afromontane, dry
921  afromontane and Combretum-Terminalia woodland vegetation types were found to be highly
922  suitable habitats of Pouteria adolfi-friederici and Prunus africana during the periods of 2050 and

923 2070 (Fig 8 and 9). Moreover, from other group of vegetation types, the riverine vegetation was
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924  identified to be a high suitable habitat of Prunus africana, which is most likely favoured by

925 microrefugia habitat moderated by local climate condition (mainly moisture) associated with

926 riverine. The highly suitable areas identified for Pouteria adolfi-friederici within Combretum-
927  Terminalia woodland vegetation are contributed due to the presence of confined suitable habitats
928  of the species within Combretum-Terminalia woodland and in the ecotones that moist

929 afromontane and dry afromontane vegetation types share with the Combretum-Terminalia

930 woodland vegetation type (Fig 4 and 8).

931  The highly suitable areas of Prunus africana in Combretum-Terminalia was identified for RCP
932 4.5 by 2050 embedded in ecotones in the transition among moist afromontane, Combretum-

933  Terminalia and dry afomontane vegetation types (Fig 5 and 9). However, these habitats seem to
934  be unfavorable for the species under RCP 8.5, may be due to the impact of high temperature that
935 is assumed to increase under this trajectory than the current and RCP 4.5 scenarios.

936  The spatial distributions of potential suitable habitats of Pouteria adolfi-friederici and Prunus
937  africana showed significant shifts along elevational gradients under the current and future

938 climate scenarios (Table 3). Similarly, topographic position was found to be important factor in
939  driving the distributions of the suitable habitats of Pouteria adolfi-friederici and Prunus africana
940 tree species, but such impact was not found for elevation and solar radiation (Table 4 and 5).

941 In terms of the relative proportions of the areas predicted to be suitable habitats for both tree

942  species, the trend show that the areas are decreasing under future climate scenarios when

943  compared with the current status (Fig 6 and 7). In this connection, our results corroborate the
944  earlier findings that pointed out that climate change is highly responsible for the area contraction
945  of suitable habitats of plant species [52,69—72]. In general, it is of quite importance to undertake

946  the prediction models of the effects of climate change on the distributions of suitable habitats of
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947  floras not only just in terms of area shift but also by ecosystems and biomes. Moreover, the

948  present study is limited only to exploration of the impacts of the bioclimatic variables including
949  solar radiation, elevation and topographic position indices and it may also be interesting to

950 examine the effects of other factors such as soil types on the distribution of floras during this

951  changing climate conditions under the current and future scenarios.

952  Conclusions

953  The impacts of climate change and topographic factors are critical to determine the distributions
954  of the suitable habitats for plant species. In this regard, our study denoted that the environmental
955  factors such as, elevation, solar radiation, topographic positions, temperature and precipitation
956  have significantly contributed in the prediction models of the distributions of the potential

957  suitable habitats of Pouteria adolfi-friederici and Prunus africana tree species under the future
958  climate scenarios of 2050 and 2070 periods. During these periods, the highly suitable habitats of
959  both tree species showed spatial and elevational shifts. For example, there is a shift of highly
960 suitable habitats of Pouteria adolfi-friederici from the north and central parts of the southwest
961  MAF to its southern areas according to the RCPs scenarios. Similarly, the highly suitable

962  habitats of Prunus africana was predicted to shift from the western areas of Ethiopia to the west
963  central regions. By sum, from our study, we conclude that the strategies wish to design national
964  biodiversity conservation should take into account dynamics of the suitable niches of different

965  species under changing climate scenarios.
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1171 Figures Cations

1172 Fig 4. The current occurrences of Pouteria adolfi-friederici and Prunus africana tree species
1173 across five major vegetation types of Ethiopia.

1174  Fig 2. Response curves of four top contributing variables to distribution of Pouteria adofi-
1175  friederici: solar radiation, Precipitation of Warmest Quarter, Precipitation of Driest

1176  Quarter and Precipitation Seasonality.

1177  Fig 3. Response curves of four top contributing variables to distribution of Prunus

1178  africana: solar radiation, mean temperature of coldest quarter, precipitation of warmest
1179  quarter and elevation.

1180  Fig 4. Spatial prediction models of the distributions of habitat suitability for Pouteria

1181  adolfi-friederici under current and future climate scenarios.

1182  Fig 5. Spatial prediction models of the distributions of habitat suitability for Prunus

1183  africana under current and future climate scenarios.

1184  Fig 6. Relative area proportion (%) of suitable habitat categories of Pouteria adolfi-

1185  friederici under current and future climate scenarios.

1186  Fig 7. Relative area proportion (%) of suitable habitat categories of Prunus africana under
1187  current and future climate scenarios.

1188  Fig 8. Relative area proportion (%) of suitable habitats of Pouteria adolfi-friederici by

1189 major vegetation types under current and future climate scenarios.

1190  Fig 9. Relative area proportion (%) of suitable habitats of Prunus africana by major

1191  vegetation types under current and future climate scenarios.
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Supporting Information

S1 Table. Correlation matrix among 19 current bioclimatic variables, elevation, solar radiation

and topographic position indices (done using SDM_v2.4 AcrMap 10.5).
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