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»  Tanzania harbors ecological niches of Sclerocarya birrea (S. birrea) subsp. caffra, multifoliata
and birrea in the eastern, southern-central-northern, and northeastern part of the country,
covering 184814 km?, 139918 km? and 28 446 km? of Tanzania’s land area, respectively.

*  Ecological niches will contract under future warming climates.

»  Currently, significant parts of ecological niches for Sclerocarya birrea subspecies are beyond
Tanzania’s protected areas network.

The information on ecological niches of the Marula tree, Sclerocarya birrea (A. Rich.) Horchst.
subspecies are needed for sustainable management of this tree, considering its nutritional, eco-
nomic, and ecological benefits. However, despite Tanzania being regarded as a global genetic
center of diversity of S. birrea, information on the subspecies ecological niches is lacking. We
aimed to model ecological niches of S. birrea subspecies in Tanzania under the current and future
climates. Ecological niches under the current climate were modelled by using ecological niche
models in MaxEnt using climatic, edaphic, and topographical variables, and subspecies occur-
rence data. The Hadley Climate Center and National Center for Atmospheric Research’s Earth
System Models were used to predict ecological niches under the medium and high greenhouse
gases emission scenarios for the years 2050 and 2080. Areas under the curves (AUCs) were used
to assess the accuracy of the models. The results show that the models were robust, with AUCs of
0.85-0.95. Annual and seasonal precipitation, elevation, and soil cation exchange capacity are the
key environmental factors that define the ecological niches of the S. birrea subspecies. Ecological
niches of subsp. caffra, multifoliata, and birrea are currently found in 30, 22, and 21 regions, and
occupy 184814 km?, 139918 km?, and 28446 km? of Tanzania’s land area respectively, which
will contract by 0.4-44% due to climate change. Currently, 31-51% of ecological niches are under
Tanzania’s protected areas network. The findings are important in guiding the development of
conservation and domestication strategies for the S. birrea subspecies in Tanzania.
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1 Introduction

Marula tree, Sclerocarya birrea (A. Rich.) Horchst. is a member of the Anacardiaceae family,
believed to originate in the savanna biome of Africa, as the tree is not found in other tropical
regions (Hall et al. 2002). The S. birrea is prevalent in dryland savanna ecosystems in Africa, and
it has three subspecies which are subspecies birrea (A. Rich.) Horchst., subspecies caffra (Sond.)
Kokwaro and subspecies multifoliata (Engl.) Kokwaro (Hall et al. 2002; Kadu et al. 2006). All three
subspecies are found in Tanzania and subsp. multifoliata is endemic to Tanzania (Hall et al. 2002).

Sclerocarya birrea is an economically, nutritionally, and ecologically important fruit tree in
African drylands (Hall et al. 2002). Economically, marula fruits are processed to produce various
products ranging from alcoholic and non-alcoholic beverages, and food products to cosmetic oil
(Mng’omba et al. 2012), and it is of nutritional, food security, and medicinal importance (Hall et
al. 2002; Mariod and Abdelwahab 2012; Leakey et al. 2015; Leakey et al. 2022). Ecologically,
S. birrea provides food and habitats for wild animals (Cook et al. 2019) including elephants (Gadd
2002). However, despite its abundance and diversity in Tanzania the tree is nutritionally and com-
mercially underutilized, and its population is currently declining in Tanzania and across its native
range in Africa due to agricultural expansion, overgrazing, and climatic conditions (Munna 2015;
Machani et al. 2017), destruction by elephants, and poor regeneration (Cook et al. 2017). Moreo-
ver, the S. birrea seeds are semi-recalcitrant (Machani et al. 2007) and can remain viable in the
seed bank in a short period (< 3 to 4 years) (Hall et al. 2002; Machani et al. 2007). Therefore, the
species needs urgent conservation measures for both ecological benefits and potential sustainable
exploitation for economic and nutrition benefits in agroforestry systems.

Some initiatives on S. birrea in Africa by ICRAF/World Agroforestry Centre focused on
collecting and devising their management including through establishment of field genebanks as a
first step in domesticating and conserving it (Machani et al. 2017). Sclerocarya birrea is also among
of the trees which constitute the African Orphan Crops Consortium initiative (Hendre et al. 2019).
The initiative involves genomic studies to breed tree varieties with high yields, nutritive quality, and
that can adapt to changing climates (Hendre et al. 2019) as a strategy to enhance its conservation
through domestication and utilization (Jama et al. 2008; Leakey et al. 2022). However, the success
of these initiatives requires information on ecological niches to guide where to plant it (Jama et
al. 2008). However, although Tanzania is regarded to be a global center of genetic diversity for S.
birrea and should be the focus of research, development, and conservation activities, information
on ecological niche of S. birrea subspecies is currently lacking.

Climate change due to global warming has been documented to have an impact on the
distribution and phenology of species on the Earth’s surface, with tree species being one example
(Noce et al. 2017; Prevéy et al. 2020; Rodriguez et al. 2020). This necessitates the identification
of suitable habitats and an understanding of how the environment affects declining taxa, and reli-
able methods should be used to detect species range shifts and contraction in order to establish
conservation priorities (Farnsworth et al. 2006; Rovzar et al. 2016).

The Ecological Niche Modelling (ENM) approach is widely used to map species ecology
and predict the patterns of changes in biodiversity under the current and future climates (Martinez-
Meyer et al. 2006; Kulhanek et al. 2011; Ganglo et al. 2017; Djotan et al. 2018; Mothes et al. 2019).
Among several species distribution models (Segurado et al. 2004; Beaumont et al. 2005; Byeon et
al. 2018), CLIMEX models estimate how environmental attributes and climate change influence
species distribution and ecosystems. Other ENM approaches frequently used in predicting species
ecological niches include the Genetic Algorithm for Rule Set Production (GARP), and maximum
entropy modeling (MaxEnt) which discover habitats (Coban et al. 2020) and predict species dis-
tribution accurately even with small samples (Tarkesh et al. 2012; Heidari 2019).
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This study aimed to (i) document environmental variables that define ecological niches of
S. birrea subspecies in Tanzania; (ii) predict and quantify ecological niches of S. birrea subspe-
cies under the current and future climates; and, (iii) determine portions of S. birrea subspecies
ecological niches which are under Tanzania’s protected areas network. The findings can be used
to guide field inventories and development of domestication and conservation plans to improve
conservation and domestication and consequently utilization of S. birrea subspecies in Tanzania.

2 Materials and methods
2.1 Description of the study area

The study was conducted in four districts of Tanzania, Rombo, Morogoro Municipal, Iringa and
Serengeti districts (Fig. 1). Rombo district is located on the eastern slope of Mount Kilimanjaro
between latitudes 3° 01’ and 3° 09 S and longitudes 37° 28 and 37° 33’ E, and altitude of 800 to
5895 meters above sea level. The mean annual rainfall range between 500 to 1000 mm and the daily
temperature ranges from 18 to 28 degrees celsius. Morogoro municipal lies between latitude 5° 58’
and 10° 0’ S and longitude 35° 25 and 35° 30’ E, with the annual rainfall ranges from 600 mm in
low lands to 1200 mm in the highland plateau. The average monthly temperature varies between
17.48 °C in the mountains to 31.31 °C in river valleys. Iringa district lies between latitudes 7° 0’
and 8° 30’ S and longitudes 34° 0’ and 37° 0’ E, and altitude of 800 to 1800 meters above sea
level. The district receives rainfall of between 600 and 1000 mm annually with mean temperature
ranging from 15 °C to 20 °C. Serengeti district lies between latitude 1° 30° S and 2° 40’ S, and
34° 15° E and 35° 30’ E, and an altitude ranging from 1000 to 2300 m. The district receives bi-
modal rainfall with annual mean rainfall ranging from 900 to 1000 mm. Temperatures in Serengeti
district generally range from 15 °C in April to 29 °C in July (Serengeti District Council 2018). The
regions were selected in reference to Woiso (2011) and Woiso (2014) who confirmed subspecies
birrea, caffra and multifoliata to exist in Rombo district, Morogoro municipal and Iringa district
respectively. Therefore, the sites were considered to have sufficient environmental information
and suitable sites to serve as study areas for this study. However, we further sought additional
subspecies occurrence data across Tanzania from the GBIF database to avoid misrepresentation
of environmental variables across the countries where subspecies have been reported to occur.

2.2 Input data
2.2.1 Occurrence data

The subspecies occurrence points (GPS coordinates) where the subspecies occur were collected
during field surveys in Holili village in Rombo district, Kiegea village in Morogoro municipal,
Malinzanga village in Iringa Rural district and Bonchugu in Serengeti district in Tanzania in 100
x 100-m plots along the transects at a distance of 250-m between plots. The transects were 2-km
long and were separated by 500-m distance between transects. The number of transects was 7, 8,
and 12 in Kiegea, Holili and Malinzanga villages respectively. Occurrence points consisting of
GPS coordinates at points where subspecies were found, were collected by using a handheld Global
Positioning System (GPS) Garmin eTrex version 3.5. We collected a total of 362 occurrence points,
100 for subsp. birrea, 49 for subsp. caffra and 226 for subsp. multifoliata. Additional occurrence
points were sourced from Global Biodiversity Information Facility (GBIF) website, https://www.
gbif.org/: 8 for subsp. birrea, 28 for subsp. caffra and 16 for subsp. multifoliata, resulting into
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Fig. 1. Tanzania map showing study sites and the distribution of spatially-rarefied occurrence data
for Marula tree (Sclerocarya birrea) subsp. birrea (green), subsp. caffra (red) and subsp. multifoliata
(pink) in Tanzania.

108, 77 and 242 occurrence points for subspecies birrea, caffra and multifoliata, respectively. To
prevent models over-fit due to spatial auto-correlation and sampling bias, occurrence data were
spatially-rarefied at 1-km by using SDMToolbox software version 2.4 (Brown 2014) and retain
19, 29 and 23 occurrence points for subsp. birrea, caffra and multifoliata respectively.

2.2.2 Environmental variables

The study used three categories of environmental variables, namely bioclimatic, edaphic, and
topographical-Digital Elevation Model (DEM) raster layers (Supplementary file S1: Table S1, avail-
able at https://doi.org/10.14214/s£.23009). Nineteen bioclimatic and potential evapotranspiration
variables with a spatial resolution of 30-arc second (~1 km) for the years 1970—-2000 was obtained
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from the WorldClim—climate data version 2.1, https://www.worldclim.org (Fick and Hijmans 2017).
The soil texture, cation exchange capacity, electrical conductivity, soil organic carbon concentra-
tion, soil pH, sand, clay and silt fractions of the soil, and water holding capacity raster layers were
sourced from Africa Soil Profiles Database, https://www.isric.org/projects/africa-soil-profiles-
database-afsp (Leenaars et al. 2014). The DEM for Tanzania was obtained from https://cgiarcsi.
community/data/srtm-90m-digital-elevation-database-v4.1 (Jarvis et al. 2008). The slope, aspect,
and hillshade was derived from DEM. Cross-correlation between environmental variables was
assessed by using ENMTools software version 1.4.3 (Warren et al. 2010) by calculating Pearson’s
Correlation Coefficient (r). A variable from a pair of variables with a cross-correlation coefficient
value > 0.7 was excluded (Heidari 2019). We retained variables (Table 1a-c) with higher predic-
tive power for a set of highly correlated variables during preliminary models run, as described by
Dormann et al. (2013). Prediction of S. birrea subspecies ecological niches under future climates
were done under two concentration pathways (RCPs) with different greenhouse gas (GHG) emis-
sions scenarios (Thomson et al. 2011), the RCP4.5 and RCPS.5, for the year 2050 (2040-2069)
and 2080 (2070-2099) time horizons. Future predictions were done by using The Hadley Climate
Centre Global Environmental Model 2-Earth System (HadGEM2-ES model) and The Community
Climate System Model, Version 4 (CCSM4) climate data from the Consultative Group on Inter-
national Agricultural Research (CGIAR)’s Program on Climate Change, Agriculture, and Food
Security (CCAFS) data archive (https://www.ccafs-climate.org/) (Navarro-Racines et al. 2020).
The use of these global climate models in this study was in reference to use of similar models in
earlier similar studies by Bogawski et al. (2019), Kogo et al. (2019), Abrha et al. (2018), and Zarei
et al. (2021) in eastern African region and other parts of Africa. Future predictions were done by
using bioclimatic variables that significantly contributed by at least 3% in defining the subspecies
ecological niches under the current environmental conditions.

2.3 Modelling and mapping

Modelling of S. birrea subspecies ecological niches was done by using Maximum Entropy software
version 3.4.1(Phillips et al. 2006). MaxEnt is a machine learning program which uses environmental
factors and presence-only species occurrence data to develop an ecological niche model, which is
capable of predicting suitable habitat where a species can thrive (Phillips et al. 2006). Phillips et
al. (2006) provide more details on how MaxEnt executes predictions. The subspecies ecological
niche models (ENMs) were developed by using 10000 background data, a regulation multiplier
of 2.5, a maximum of 5000 iterations, and 15 replications of the models before the models were
run. Other model settings were maintained as a default as detailed by Phillips et al. (2006). Due
to the small sample size of our data, we used Pearson et al. (2007) method, which employs the
jackknife (leave-one-out) strategy at employing P values to calculate the prediction success rate
by using pValueCompute.exe software. The accuracy of models was further assessed by using
Receiver Operating Characteristics (ROC)’s Area under the Curves (AUCs) threshold (Phillips et
al. 20006). The AUCs for S. birrea subspecies models were classified according to Thuiller et al.
(2008) AUC threshold: AUC >=0.90 (excellent), AUC=0.8-0.9 (good), AUC=0.7-0.80 (accept-
able), AUC=0.6-0.70 (bad) and AUC=0.5-0.60 (invalid). The ArcGIS 10.5 was used to develop
final suitability maps and quantify the size of ecological niches based on four suitability classes:
0.00-0.25 (unsuitable), 0.25-0.50 (moderately suitable), 0.50—0.75 (suitable) and 0.75—1.00 (highly
suitable) using natural breaks option (Kogo et al. 2019) in ArcGIS 10.5. Ecological niches which
fall under protected areas network and other land uses were estimated by overlaying the subspecies
ecological niche maps with the current Tanzania protected areas shape file retrieved from the World
Database on Protected Areas, https://www.protectedplanet.net/ (UNEP-WCMC and IUCN 2021).
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3 Results

3.1 Models performance and variables contribution

The subspecies ENMs were robust with mean AUCs of 0.85 for subsp. caffra, 0.92 for subsp.
multifoliata, and 0.95 for subsp. birrea, (Suppl. file S1: Figure S1). Our subspecies ENMs were
also statistically significant, with q=0.81 and P-value (p)=0.002 for subsp. birrea, q=0.93 and
p=0.014 for subsp. caffra, and q=0.93 and p=0.001 for subsp. multifoliata. Results, (Table 1a-c),
show contribution of each predictor variable to the ENMs of S. birrea subspecies. The results show
that precipitation of the driest month and elevation are the major environmental factors contributed
the most to the ENM of subsp. caffra respectively, each contributing 47.0% and 20.5% to the model
(Table 1a). The Jackknife results support the findings that elevation and clay soil had the greatest
effects on the ecological niche of subsp. caffra (Suppl. file S1: Figure S2).

Table 1. The contribution of environmental factors that define the ecological niches of the Marula tree (Sclerocarya
birrea) subspecies in Tanzania under the current environmental conditions.

Subspecies Code Environmental variables Percent Cumulative Permutation
contribution contribution importance
(a) Subsp. Biol4 Precipitation of Driest Month 47.0 47.0 3.2
caffra ELV Elevation 20.5 67.5 317
CLY Clay soil fraction 11.4 78.9 23.8
SLT Silt soil fraction 9.7 88.6 4.4
Biol9 Precipitation of Coldest Quarter 43 92.9 10.1
Bio08 Mean Temperature of Wettest Quarter 3.6 96.5 9.9
SLP Slope 0.7 97.2 6.5
ELC Soil electrical conductivity 0.7 97.9 6.1
ASP Aspect 0.7 98.6 2.5
Biol8 Precipitation of Warmest Quarter 0.5 99.1 0.5
AWC Available water holding capacity 0.4 99.5 0.0
Bio01 Annual Mean Temperature 0.3 99.8 0.4
pH Soil pH 0.1 99.9 0.9
(b) Subsp. Biol9 Precipitation of Coldest Quarter 38.6 38.6 53
multifoliata Bjo12 Annual Precipitation 16.1 547 273
PET Potential Evapotranspiration 13.2 67.9 39.9
SOC Soil organic carbon concentration 10.8 78.7 0.3
Biol5 Precipitation Seasonality 10.4 89.1 14
CLY Clay soil fraction 4.0 93.1 2.6
Biol8 Precipitation of Warmest Quarter 3.0 96.1 4.0
SLP Slope 2.5 98.6 3.0
ASP Aspect 0.9 99.5 0.0
Bio07 Temperature Annual Range 0.3 99.8 1.3
ELC Soil electrical conductivity 0.1 99.9 1.6
(c) Subsp. CEC Soil cation exchange capacity 47.2 47.2 3.7
birrea Biol4 Precipitation of Driest Month 16.9 64.1 32.7
SLP Slope 8.9 73.0 39.8
PET Potential evapotranspiration 6.3 79.3 0.5
Biol8 Precipitation of Warmest Quarter 53 84.6 17.4
Biol9 Precipitation of Coldest Quarter 4.6 89.2 3.6
pH Soil pH 4.5 93.7 0.0
SOC Soil organic carbon concentration 3.9 97.6 0.5
SLT Silt soil fraction 2.2 99.8 1.6
ASP Aspect 0.1 99.9 0.2
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Precipitation of the coldest quarter and annual precipitation, which each contributed 38.6%
and 16.1% to the ENM (Table 1b), respectively, are the main environmental factors contributed the
most to the ENM of subsp. multifoliata. The jackknife tests result for subsp. multifoliata revealed
that annual precipitation and precipitation of coldest quarter increased the model training gain when
used alone, and potential evapotranspiration reduced model training gain when excluded (Suppl.
file S1: Figure S3). This implies that ecological niche of this subspecies is mainly influenced by
these environmental variables. The results for subsp. birrea reveal that soil CEC and precipitation
of the driest month are the two environmental factors that contributed the most to the ENM of
subsp. birrea, each accounting for 47.2% and 16.9% of the model, respectively (Table 1c). The
Jackknife test results indicate that the CEC is the environmental variable which increases the model
training gain the most when used alone and model’s training gain drops when slope is excluded
(Suppl. file S1: Figure S4), making them the key environmental variables defining ecological niche
of subsp. birrea.

3.2 Ecological Niches of Sclerocarya birrea subspecies under the current and future
climates

Under the current environmental conditions, model results reveal subsp. caffra ecological niche
to occur in 30 regions across Tanzania (Fig. 2a), and occupy an estimated area of 184 814 km? of
Tanzania terrestrial area (Table 2a), including protected areas network and other land uses (Fig. 2b
and Table 2a). Under future warming climates, the CCSM4 and HadGEM2-ES models predict the
current ecological niche to contract by an average of 0.4 to 6% in both emission scenarios and time
horizons (Fig. 2c—f and 3a—d and Table 3a).
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Fig. 2. Ecological Niches of Marula tree (Sclerocarya birrea) subsp. caffra in Tanzania: (a) ecological niche under
the current environmental conditions, (b) ecological niche-protected areas network overlap under the current environ-
mental conditions and, (c)—(f) are ecological niches under RCP4.5 and RCP8.5 for the years 2050 and 2080 predicted
by using CCSM4 model. Note: “RCP” is representative concentration pathway and “CCSM4” is Community Climate
System Model version 4.



Silva Fennica vol. 57 no. 3 article id 23009 - Munna et al. - Modelling ecological niches of Sclerocarya birrea ...

Table 2. Ecological niches of Marula tree (Sclerocarya birrea) (a) subsp. caffra (b) subsp. multifoliata and (c)subsp.
birrea in Tanzania under the current environmental conditions and future climates as predicted by CCSM4 and HadG-
EM2-ES models under RCP4.5 and RCPS8.5 for the year 2050 and 2080. Note: “RCP” is representative concentration
pathway; “CCSM4” is Community Climate System Model version 4, and “HadGEM2-ES” is Hadley Centre Global
Environmental Model 2-Earth System.

Subspecies  Ecological niche Area (km?) Area (km?) under RCP4.5 Area (km?) under RCP8.5
fame class of suitability uzllcli:rre;l;e CCSM4 HadGEM2-ES CCSM4 HadGEM2-ES

climate 2050 2080 2050 2080 2050 2080 2050 2080

(a) Subsp. Not suitable 694327 708571 701428 705702 696233 724908 695131 709449 695147
caffra Moderately suitable 114307 103717 105710 106031 114073 110633 116027 102684 112284
Suitable 62368 57890 64397 58913 60838 59531 60179 57830 64125
Highly suitable 8140 8963 7605 8495 7998 9123 7804 9177 7584
Total suitable area 184814 170570 177713 173438 182908 179287 184009 169691 183994
Protected areas 58306 53419 56573 54965 59303 54497 59245 53393 59335
Other land uses 126508 117151 121139 118473 123605 124790 124764 116299 124658
(b) Subsp. Not suitable 757251 763077 768075 762276 762870 769740 769613 769225 770232
multifoliata \joderately suitable 98726 95129 88563 94965 94413 90310 89795 89443 90048
Suitable 35303 33099 34024 33865 33706 30678 32200 31683 30657
Highly suitable 5889 5865 6507 6063 6180 6441 5561 6819 6232
Total suitable area 139918 134093 129094 134894 134299 127429 127556 127945 126937
Protected areas 47566 44413 41849 47074 46285 41832 41660 44990 42943
Other land uses 92352 89680 87246 87819 88014 85597 85897 82955 83994
(c) Subsp. Not suitable 851201 868169 863270 863902 862936 864283 861796 863310 863379
birrea Moderately suitable 23749 24150 13333 12649 13448 12440 14510 13283 13432
Suitable 4024 4137 2500 2544 2675 2372 2783 2520 2293
Highly suitable 672 713 544 552 588 551 557 534 543
Total suitable area 28446 29000 16377 15745 16711 15364 17851 16337 16268
Protected areas 14550 14532 9439 8794 9408 8264 10237 9124 8601
Other land uses 13895 14468 6937 6950 7303 7100 7614 7213 7667
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Fig. 3. Future Ecological Niches of Marula tree (Sclerocarya birrea) subsp. caffra in Tanzania under RCP4.5 and
RCPS8.5 for the years 2050 and 2080 predicted by using HadGEM2-ES model. Note: “RCP” is representative concen-
tration pathway and “HadGEM2-ES” is Hadley Centre Global Environmental Model 2-Earth System.

10



Silva Fennica vol. 57 no. 3 article id 23009 - Munna et al. - Modelling ecological niches of Sclerocarya birrea ...

Table 3. Mean Area Change in km? of ecological niches of Marula tree (Sclerocarya birrea) (a) subsp. caffra (b) subsp.
multifoliata and (c) subsp. birrea in Tanzania under future climates as predicted by CCSM4 and HadGEM2-ES mod-
els under RCP4.5 and RCP8.5 for the years 2050 and 2080. Note: “RCP” is a representative concentration pathway;
“CCSM4” is Community Climate System Model version 4; “HadGEM2-ES” is Hadley Centre Global Environmental
Model 2-Earth System; figures with “— sign indicate a decrease/negative change and that with “+” indicates an in-
crease/positive change in predicted mean area, and “%” implies mean area change in percentage.

Subspecies Ecological niche RCP4.5 RCP8.5

name suitability class 2050 2080 2050 2080
Areachange %  Areachange %  Areachange %  Areachange %

(a) Subsp. Not suitable +12810 +1.8  +4504  +0.6 +22852 +3.3 +813 +0.1
caffra Moderately suitable ~ -9432 83  -4415 -39 7648 67  -151 0.1
Suitable 3967 —64  +250  +04 3687 59 216 —03
Highly suitable +589 472 338 42 41011 +12.4 446 55
Total suitable area ~12810 -6.9 -4504 24 -10325 -56 813 04
Protected areas 4114 -7.1 -367 -0.6 —4361 -7.5 +985 +1.7
Other land uses 8696 69 4136 33 5964 47 1797 -14
(b) Subsp. Not suitable 45425 +0.7 45722 +0.8 +12231 +1.6 +12671 +1.7
multifoliata \oderately suitable ~ -3679  -3.7 3955 -4.0 -8849 9.0 -8804 -89
Suitable ~1821 =52 —1900 -54 4122 117 -3875 -11.0
Highly suitable +75 +1.3 +133 +2.3 +741 +12.6 +7 +0.1
Total suitable area -5425 -39 5722 -4 -12231 -87 12671 -9.1
Protected areas ~1822 3.8  -3499  —74 4155 87 -5265 —I1l.1
Other land uses 3602 -39 -4722 51 -8076 87 -7407 -8.0
(c) Subsp. Not suitable +14835  +1.7  +11902 +1.4 +12595 +1.5 +11386 +1.3
birrea Moderately suitable ~ —5350 -22.5 -10359 -43.6 -10888 -458 9778 -41.2
Suitable 684  —17.0 —1437 -35.7 1578 392 —1486 -36.9
Highly suitable 39 58  -106 157 -130 -193 -122  -18.1
Total suitable area 6073 214 11902 -41.8 -12595 —443 11386 -40.0
Protected areas 2887 -19.8 5126 -352 5856 402 -5131 -35.3
Other land uses 3186 229 6775 -48.8 6739 485 6255 -45.0

Under the current environmental conditions, the ENM for subsp. multifoliata (Fig. 4a)
predict ecological niche of this subspecies to exists in 21 regions which account 139918 km? of
Tanzania’s land area including protected areas and other land use categories (Fig. 4b and Table 2b).
Under future climates, although the areas classified as highly suitable will slightly increase in future
for all greenhouse gases emission scenarios and time horizons, both HadGEM2-ES and CCSM4
models predict ecological niche of subsp. multifoliata to retract by an average of 3.9-9.0% under
RCP4.5 and RCP8.5 in 2050 and 2080 (Fig. 4a—f and 5a—d and Table 3b).
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Fig. 4. Ecological Niches of Marula tree (Sclerocarya birrea) subsp. multifoliata in Tanzania: (a) ecological niche
under the current environmental conditions, (b) ecological niche-protected areas network overlap under the current
environmental conditions and, (c)—(f) are ecological niches under RCP4.5 and RCP8.5 for the years 2050 and 2080
predicted by using CCSM4 model. Note: “RCP” is representative concentration pathway and “CCSM4” is Community
Climate System Model version 4.
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Fig. 5. Future Ecological Niche of Marula tree (Sclerocarya

birrea) subsp. multifoliata in Tanzania under RCP4.5 and

RCP8.5 for the years 2050 and 2080 predicted by using HadGEM2-ES model. Note: “RCP” is representative concen-
tration pathway and “HadGEM2-ES” is Hadley Centre Global Environmental Model 2-Earth System.

Moreover, under the current environmental

conditions, subsp. birrea ecological niche map

(Fig. 6a) shows that 22 regions across Tanzania harbour ecological niche for this subspecies and
occupy 28446 km? of Tanzania land area including areas classified as protected areas and other
land uses (Fig. 6b and Table 2¢). However, HadGEM2-ES and CCSM4 models predict the current
ecological niche of this subspecies to contract by about 21-44% under future warming climates
in all greenhouse gases emission scenarios and time horizons (Fig. 6¢c—f and 7a—d and Table 3c).
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Fig. 6. Ecological Niches of Marula tree (Sclerocarya birrea) subsp. birrea in Tanzania: (a) ecological niche under
the current environmental conditions, (b) ecological niche-protected areas network overlap under the current environ-
mental conditions and, (c)—(f) are ecological niches under RCP4.5 and RCP8.5 for the years 2050 and 2080 predicted
by using CCSM4 model. Note: “RCP” is representative concentration pathway and “CCSM4” is Community Climate
System Model version 4.
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Fig. 7. Future Ecological Niche of Marula tree (Sclerocarya birrea) subsp. birrea in Tanzania under RCP4.5 and
RCP8&.5 for the years 2050 and 2080 predicted by using HadGEM2-ES model. Note: “RCP” is representative concen-
tration pathway and “HadGEM2-ES” is Hadley Centre Global Environmental Model 2-Earth System.

4 Discussion

The ecological niche modeling approach was applied for the first time to predict ecological niches
of S. birrea subspecies in Tanzania. The ENMs of the S. birrea subspecies had significant p-values
similar to those reported by Gbeétoho et al. (2017) and Hernandez-Baz et al. (2016). The AUCs for
subspecies’ ENMs ranged from 0.85 to 0.95, which is ranked as good and excellent, respectively.
The AUCs of our ENMs were greater than the 0.79 for S. birrea reported by Smith et al. (2012)
in South Africa. This study is also the first attempt to provide a general overview and advance our
knowledge of how effectively Tanzania’s protected areas network contribute in conserving and
safeguarding of ecological niches of S. birrea subspecies.

Climatic, edaphic, and topographical conditions define ecological niches of S. birrea in
distinct ways. This is in line with what has been documented by Hall et al. (2002). Sclerocarya
birrea is generally a mesophytic plant species (Hall et al. 2002) hence, well adapted to low-nutrient
soil or to both, the lack of water and poor soils (Rivera et al. 2017). However, there are variations
among subspecies. The subsp. birrea is a dry savanna species, semi-sclerophyllous with mesic
and marginally xerophytic characteristics (Hall et al. 2002), implying that it can adaptably strive
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under both xeric and mesic environmental conditions. In addition, based on Thornthwaite climate
index categories, subsp. birrea can survive in sub-humid, semi-arid, and dry situations, while
subsp. caffra and multifoliata can mostly inhabit sub-humid and semi-arid habitats (Hall et al.
2002). Drought-resistant plants often have xeromorphic structures including, small or strongly
lobulated leaves (Fang et al. 2015; Rivera et al. 2017; Simioni et al. 2018). The leaflets size varies
among S. birrea subspecies (Hall et al. 2002). The subsp. multifoliata has the smallest leafiets,
followed by subsp. birrea and subsp. caffra (Hall et al. 2002). This suggests that subspecies birrea
and multifoliata are likely more drought-tolerant than subsp. caffra and will therefore thrive under
high future temperatures. This is probably due to their morphological, anatomical and physiologi-
cal variations. Moreover, S. birrea is reported to preferably occur in low elevation areas, mostly
<1600 m (Hall et al. 2002). However, subsp. caffra have been reported at 1700-1800 m, subsp.
birrea at around 1700 m and, subsp. multifoliata at 1500 m. The subsp. birrea and subsp. caffra are
also present in low altitude coastal areas and, subsp. multifoliata above 800 m (Hall et al. 2002).
Topography affects microclimates. Therefore, varied ability of S. birrea subspecies to inhabit dif-
ferent topographical gradients suggests that topography affect their ecological niches differently.

Regarding soil types where S. birrea occurs, Hall et al. (2002) reported that all S. birrea
subspecies mainly occur in sandy soil, sandy loam and loam. However, subsp. caffra and subsp.
birrea are reported to occur in clayey basaltic soils in southern Africa. The subsp. birrea have been
reported to grow successfully in halomorphic soils but also in relatively fertile cambisols to erosion-
prone regosols and leptosols and, acrisols, arenosols and ferralsols soils that is of very low nutrient
status, especially in nitrogen and phosphorus. The subsp. caffra is regarded as an indicator of fertile
soils and, was reported in Tanzania to associate with soils that are more alkaline (Hall et al. 2002).

Precipitation of the driest month and elevation were the main environmental variables which
contributed the most to the ENM of subsp. caffra (Table 1a), similar to another study in Tanzania
by John et al. (2020). Elsewhere, Chhetri et al. (2018) and Tesfamariam et al. (2022) reported
that elevation was the most important predictive variable for tree species in Nepalese Himalayas
Mountains and in Ethiopia, respectively. Elevation modifies atmospheric pressure, solar radiation,
precipitation, and cloud cover, hence indirectly affect some physiology of plants (Oke et al. 2015)
In contrast to our study, Jinga et al. (2021) reported temperature to be a climatic variable that
mostly determine the distribution of subsp. caffra in Sub-Sahara Africa. The Ecological niche of
this subspecies is widespread in Tanzania, mostly in coastal regions along the Indian Ocean, and
around some inland water bodies (Fig. 2 and 3). The current study reveals existence of ecological
niche of this subspecies in other areas across Tanzania beyond what has previously been reported
by Hall et al. (2002), Woiso (2011), and GBIF (2019).

Furthermore, precipitation of the coldest quarter and annual precipitation were the main
environmental factors which contributed the most to the ENM of subsp. multifoliata (Table 1b).
While exploring the potential distribution of bamboo plants (Oxyte- nanthera abyssinica) in
Ethiopia, Gebrewahid et al. (2020) similarly reported that the distribution of this plant species
was mostly defined by precipitation of the coldest quarter. Our findings are also corroborated by
Fer et al. (2017) who pointed out that, eastern Africa vegetation is influenced by seasonal rainfall.
Our findings on the influence of annual precipitation conform to that of Jinga et al. (2021) while
modelling the potential distribution of S. birrea and its three subspecies across Africa continent.
The subsp. multifoliata ENM results (Fig. 4 and 5) revealed that subsp. multifoliata has a relatively
extensive ecological niche that predominantly stretches from the southern highlands through the
central zone to the northern part of the country. This implies that suitable areas for this subspecies
was previously underreported.

Moreover, model results show that soil CEC and precipitation of the driest month ranked
high among environmental parameters that contributed the most to the ENM of subsp. birrea
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(Table 1c¢). Our findings on the influence of cation exchange are corroborated by Hall et al. (2002)
that reported cation exchange capacity and water holding capacity to be higher under the canopies
of subsp. birrea than away from the canopies. Moreover, our findings concur with Velazco et al.
(2017) that, soil plays a significant role in determining plant ecology. Similarly, John et al. (2020)
and Tesfamariam et al. (2022) reported that precipitation of the driest month and the driest quarter
significantly contributed in defining habitat suitability for forest types in Tanzania and in Ethiopia.
Our study findings however differed with Jinga et al. (2021), who reported precipitation as the
most important variable determining distribution of subsp. birrea, while in our study, precipitation
was the second most important variable. The model results (Fig. 6 and 7) also consistently show
that ecological niche of this subspecies is very narrow, mainly concentrated in the northeastern
part of the country as previously reported by Hall et al. (2002), Woiso (2011), and GBIF (2019).

The ecological niche of subsp. caffra exist in 30 regions across Tanzania mostly in coastal
areas along the Indian Ocean, and around some inland water bodies. The ENM for subsp. multifo-
liata predict this subspecies to occur in 21 regions, and its ecological niche predominantly extend
from the southern highlands through central zone to the northern part of the country, and subsp.
birrea occurs in 22 regions mainly in northeastern part of the country. Our findings on the location
of ecological niche of subsp. caffra are consistent with Hall et al. (2002), Woiso (2011), and Jinga
et al. (2022), for subspecies birrea and multifoliata.

HadGEM2ES model outperformed other models in the models’ comparison analysis con-
ducted in Africa (Brands et al. 2013). However, McAvaney et al. (2001) emphasized the need to
take results from multiple models into account because, in most circumstances, one model cannot
be flawless. The position of ecological niches of S. birrea subspecies under future climates will
remain relatively similar to the position under the current environmental conditions. However, the
CCSM4 and HadGEM2ES models predict ecological niches of subsp. caffra, subsp. multifoliata,
and subsp. birrea to generally retract under future climates in all emissions scenarios and time
horizons, and the magnitude of change will vary among subspecies (Fig. 3, 5 and 7 and Tables 2a—c
and 3a—c). Our findings generally agree with John et al. (2020) on Tanzania’s forest habitat suit-
ability under future climates.

The S. birrea subspecies ENMs however predict all subspecies to strive under future climates.
The S. birrea tree was classified as “arido-active” by Seghieri et al. (1995), which refers to plant
species that continue to be metabolically active during the dry season (Hall et al. 2002). However,
comparing all three subspecies, the study findings suggests that subsp. birrea is more vulnerable
to warming climates, contrary to Jinga et al. (2021) that predicted distribution of subsp. birrea to
expand under future climates. However, our study findings concur with other studies elsewhere in
Africa, which reported that S. birrea is a mesophytic plant species and, drought is the major threat to
its populations (Hall et al. 2002). Studies in western Africa reported that during the drought periods
between 19791985, the subsp. birrea populations suffered more mortality than other woody spe-
cies and experienced 11-15% loss of standing subsp. birrea trees (Hall et al. 2002). Furthermore,
despite prediction variations in the magnitude of change, our findings regarding the ecological
niches of subsp. multifoliata under future climates are consistent with those of Jinga et al. (2021),
that ecological niche of this subspecies will decline by 98% under future warming climates.

Ecological niches of subspecies caffra and multifoliata are predicted to contract slightly
under future climates compared to subsp. birrea, which suggest these subspecies probably have
anatomical and physiological characteristics that make them more drought-tolerant compared
to subsp. birrea. Based on moisture index, subsp. birrea is considered to be a dryland savanna
species (Hall et al. 2002). However, based on the habitat score, subsp. birrea appears to inhabit
mesic rather than exceptionally dry environments (Hall et al. 2002). In fact, this is true because
subsp. birrea occurs in some areas, such as the Mara region in Tanzania, where rainfall is bimodal,
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as compared to the semi-arid areas such as Iringa and Singida regions where subsp. multifoliata
occurs, where there are unimodal rains. Our study findings on contraction of ecological niches of
S. birrea subspecies under future climates are in accordance with other studies (Djotan et al. 2018;
Bogawski et al. 2019; Gebrewahid et al. 2020) and Wani et al. (2021). Despite having physiological
traits that make them drought-tolerant according to Hall et al. (2002) and Jinga et al. (2021), the
current ecological niches of the S. birrea subspecies will probably shift but are unlikely to expand
under future warming climates.

The ENMs for S. birrea subspecies further revealed that, apart from climate change, all
subspecies are currently threatened by anthropogenic activities because significant portions of
subspecies’ ecological niches are outside Tanzania’s protected areas network (Fig. 2b, 4b and 6b).
Only about 31% of the ecological niche of subsp. caffra, 33% of subsp. multifoliata, and 51% of
subsp. birrea are currently harbored by Tanzania’s protected areas network (Table 2a—c). Compa-
rable findings were reported by Urbina-Cardona et al. (2008), Meminvegni et al. (2018), Kakpo
et al. (2021), and Srinivasulu et al. (2021).

5 Conclusion

Ecological niche of subsp. caffra is mainly defined by precipitation of the driest month and
elevation; subsp. multifoliata by precipitation of the coldest quarter and annual precipitation, and
subsp. birrea by soil CEC and precipitation of the driest month. Ecological niche of subsp. caffra
is primarily restricted to coastal regions along the Indian Ocean, as well as around some inland
water bodies, and occupies a significant part of Tanzania’s terrestrial area compared to subspecies
multifoliata and birrea. Ecological niche of subsp. multifoliata mainly extends from the southern
highlands through central zone to the northern part of the country, while that of subsp. birrea is
confined in the northeastern part of the country. Under future climates, ecological niches of S. birrea
subspecies will contract, albeit the severity of climate change impacts will vary among subspe-
cies. Ecological niche of subsp. birrea will be impacted the most by future climates compared to
subspecies caffra and multifoliata. Due to the limited range of subsp. birrea in Tanzania, conserva-
tion measures are needed to prevent it from becoming extinct in the near future. Significant parts
of S. birrea subspecies ecological niches are currently beyond the current Tanzania’s protected
areas network. Therefore, the use of S. birrea subspecies for agroforestry and landscape restora-
tion programmes in small-scale farming systems and communal lands in drylands agroecosystems
while taking into account climate variability will enhance their conservation beyond Tanzania’s
protected areas network. However, to avoid amplifying water insecurity in dryland agroecological
systems in and beyond Tanzania, prior knowledge on the rate of water consumption and rooting
depths where subspecies extract water from the ground will be invaluable.
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