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Abstract
Aim: To identify priority areas for in situ conservation and collection of germplasm 
for ex situ backup of crop wild relative (CWR) diversity in the Southern African 
Development Community (SADC) region as part of an action plan for the conserva-
tion and use of the region's important CWR diversity.
Location: SADC region.
Methods: Diversity, gap and climate change analyses at species and ecogeographic 
diversity levels were undertaken for 113 regional priority CWR taxa.
Results: CWR hotspots were identified in Eswatini (former Swaziland), Malawi, Mozambique, 
South Africa, Tanzania and Zimbabwe. Twenty- one per cent of regionally priority CWR 
occur exclusively outside existing protected areas (PAs), 50% are not conserved ex situ, 
and 64% are predicted to be negatively impacted by climate change. A total of 120 existing 
PAs in 13 countries were identified as containing populations likely to persist in the future 
for 80% of CWR taxa and about 50% of the ecogeographic diversity of these taxa; remain-
ing diversity can be conserved in an additional 151 complementary sites in 11 countries. 
Democratic Republic of the Congo, Madagascar, South Africa and Tanzania contain impor-
tant areas for conserving CWR diversity in situ in which no negative climate change impact 
is predicted. Priority CWR diversity in the provinces of Bas- Congo (Democratic Republic 
of the Congo) and Cabinda (Angola) is threatened by climate change and should be col-
lected urgently for ex situ conservation. Other areas rich in ecogeographic diversity that is 
not conserved ex situ are located in Angola, Democratic Republic of the Congo, Eswatini, 
Madagascar, Malawi, Mauritius, Mozambique, South Africa, Tanzania and Zimbabwe.
Main conclusions: We identified 120 PAs and 151 complementary sites outside of 
PAs in 13 SADC countries that could form the basis of the SADC Network for In Situ 
Conservation of CWR. We also selected priority areas for filling gaps in ex situ collec-
tions and for field survey.
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1  |  INTRODUC TION

Crop wild relatives (CWR) are wild plant taxa closely related to crops 
that have an indirect use as gene donors for crop improvement due 
to their relatively close genetic relationship to crops (Maxted et al., 
2006). They are an important source of novel genetic diversity which 
is required to maintain food, nutrition and economic security, as 
amply demonstrated by their use in crop improvement (Dempewolf 
et al., 2017; Hajjar & Hodgkin, 2007; Maxted & Kell, 2009; USDA, 
ARS, & NPGS, 2021; Vincent et al., 2013). Yet, CWR diversity is 
threatened and active conservation of populations in their natural 
habitats and in genebanks has not received the attention required to 
ensure no further loss of diversity, as well as access to material for 
crop improvement.

Climate change is already impacting food security in Africa 
through increasing temperatures, changing precipitation patterns 
and greater frequency of extreme weather events which are ex-
pected to increase under medium and high CO2 and greenhouse gas 
emissions scenarios (IPCC, 2020). Pest, weed and disease pressure 
on crops and livestock are expected to increase significantly and so 
are the frequency of wildfires (IPCC, 2020). Further, sub- Saharan 
Africa has been identified as one of the regions particularly vulner-
able to decreases in crop yields which have already been detected 
in recent years (IPCC, 2020). If current CO2 and greenhouse gas 
emissions levels continue, the risks to food security in the region are 
severe, with limited potential or risk reduction through adaptation 
(Niang et al., 2014). The Southern African Development Community 
(SADC), an inter- governmental organization, includes 16 member 
states (Angola, Botswana, Comoros, the Democratic Republic of 
the Congo, Lesotho, Madagascar, Malawi, Mauritius, Mozambique, 
Namibia, Seychelles, South Africa, Eswatini [former Swaziland], 
Tanzania, Zambia and Zimbabwe) (http://www.sadc.int/). The re-
gion is important for its diversity of wild relatives of a number of 
crops of regional and global importance, including coffee, cucurbits, 
eggplant, lettuce, millets, okra, pulses, rice, sorghum and water-
melon (Allen et al., 2019). These wild relatives are likely to possess 
genes/traits that may help crops adapt to the expected changes in 
climate and in the environment, but on the other hand, they are also 
threatened by these same changes, like any other wild plant species. 
Understanding the expected impacts of climate change on CWR dis-
tributions in the SADC region is crucial to plan for their complemen-
tary conservation thus contributing to their persistence in the wild, 
making them available for use in crop improvement.

Combined in situ and ex situ conservation planning is an effec-
tive means by which CWR diversity can be conserved in an in situ 
network of genetic reserves (within existing protected areas, within 
newly established conservation areas, or in less formally managed 
in situ locations), with back- up ex situ collections of genetically rep-
resentative population samples in genebanks (Magos Brehm et al., 
2017a). There is no single best method for planning CWR conserva-
tion. Nevertheless, CWR conservation planning can be viewed as a 
series of steps and decisions that follow the same basic pattern: (i) 
Generation of a CWR checklist; (ii) Prioritization of CWR taxa for 

conservation action; (iii) Compilation of the priority CWR inventory; 
(iv) Diversity analyses of priority CWR (distribution, ecogeographic 
and genetic diversity analyses); (v) Novel threat assessment of pri-
ority CWR; (vi) Gap analysis of priority CWR; (vii) Climate change 
analysis of priority CWR; (viii) Establishment and implementation of 
in situ conservation priorities; (ix) Establishment and implementa-
tion of ex situ conservation priorities; (x) Monitoring of CWR diver-
sity; and (xi) Promoting the use of CWR (Magos Brehm et al., 2017a; 
Maxted et al., 1997).

This paper aims at identifying areas in which to establish genetic 
reserves for active in situ conservation and target areas where col-
lecting germplasm for long- term ex situ conservation should take 
place. It also presents the results of the first regional assessment 
of CWR diversity across the SADC region. The results obtained will 
contribute to the development of a Regional Action Plan for the 
Conservation and Sustainable Use of CWR, which is a key element 
to guide national/regional policy development and drive concerted 
actions throughout the region (Magos Brehm et al., 2019).

The SADC ministers responsible for agriculture, food security, 
fisheries and aquaculture have approved the white paper for the es-
tablishment of the SADC Network for In Situ Conservation of CWR 
(Dulloo et al., 2020) at their last meeting in May 2021 (J. Shava, 
SADC secretariat, pers.comm.). Thus, the conservation recommen-
dations presented here will also contribute to the implementation 
of the SADC Network for In Situ Conservation of CWR, a large step 
towards regional and global food, nutrition and economic security.

2  |  METHODS

2.1  |  Occurrence data collation and quality 
verification

Allen et al. (2017), Allen et al. (2019) identified 113 priority wild 
relatives (see Table S1.1 in Appendix S1) related to food and bev-
erage crops for immediate conservation action in the SADC region 
based on two criteria: (i) the value of the related crop for human 
food and economic security in the region and/or globally, and (ii) 
the potential or known value of the wild relatives of those crops for 
crop improvement. Occurrence data for these 113 taxa were then 
obtained from five sources: Maxted et al. (2004) (African Vigna), 
Nur Fatihah et al. (2012) (Psophocarpus), Bioversity International's 
Collecting Missions Database 1.2 (https://www.biove rsity inter 
natio nal.org/e- libra ry/datab ases/colle cting - missi ons/), GBIF (Global 
Biodiversity Information Facility) (http://www.gbif.org/) and the 
‘Adapting Agriculture to Climate Change’ project's database (ver-
sion September 2015) (http://www.cwrdi versi ty.org/check list/
cwr- occur rences.php). Occurrence data from all SADC countries, ex-
cept Comoros, and SADC neighbouring countries (namely Burundi, 
Central African Republic, Kenya, Republic of Congo, Rwanda, South 
Sudan, Uganda) were collated. Data from the neighbouring coun-
tries to the SADC region were only used for the purpose of species 
distribution modelling. Occurrence data were merged, standardized 

http://www.sadc.int/
https://www.bioversityinternational.org/e-library/databases/collecting-missions/
https://www.bioversityinternational.org/e-library/databases/collecting-missions/
http://www.gbif.org/
http://www.cwrdiversity.org/checklist/cwr-occurrences.php
http://www.cwrdiversity.org/checklist/cwr-occurrences.php
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using the ‘Occurrence data collation template v.1’ (Magos Brehm 
et al., 2017b), verified, and their quality assessed using GEOQUAL of 
CAPFITOGEN 2.0 (http://www.capfi togen.net/en/, Parra- Quijano 
et al., 2016) (see Methods S2.1 in Appendix S2). Sampling richness 
was then mapped at 1 degree resolution (approx. 110 km at the equa-
tor) for genebank accessions and for herbarium records, separately.

2.2  |  Diversity and gap analyses

Diversity analyses of the priority CWR comprised the identification 
of regional hotspots based on known occurrences, species distribu-
tion models (SDMs) and identification of regional hotspots based on 
predicted distributions. In situ and ex situ conservation gap analyses 
were also carried out.

2.3  |  Species richness and species 
distribution modelling

Regional taxon hotspots were identified based on SDMs and cir-
cular buffers of 50 km (CA50) around each occurrence point as 
explained next. Twenty- two environmental variables were used 
to characterize the ecological niche of the 113 priority CWR taxa 
for which occurrence data were available. These included three 
geophysical (altitude, aspect, slope) and 19 bioclimatic layers (Table 
S1.2). Altitude and the 19 bioclimatic variables, representing con-
temporary baseline climatology (1950– 2000), were obtained from 
the WorldClim 1.4 (Hijmans et al., 2005) at 2.5 arc min (about 4.5 km 
at the equator) spatial resolution (https://www.world clim.org/), and 
the derived variables ‘aspect’ and ‘slope’ were calculated in ArcGIS 
10.4.1 (ESRI, 2016). Species distribution models were obtained using 
MaxEnt 3.4.0 (Phillips et al., 2006) and were considered accurate 
and stable if they fulfilled the criteria suggested by Ramírez- Villegas 
et al. (2010) (see Methods S2.2 for more details). For taxa with less 
than 10 presence records, or whose MaxEnt models did not comply 
with the validation criteria, potential distributions were estimated by 
creating a circular buffer of 50 km (CA50) around each occurrence 
point (Hijmans & Spooner, 2001).

2.4  |  Conservation gap analyses

CWR observed distributions were overlaid with the existing net-
work of PAs (UNEP- WCMC & IUCN, 2019), and those taxa that 
did not occur within any existing PAs and those not represented 
ex situ in genebanks were identified. Additionally, gap analyses 
at intra- specific level were also carried out based on a generalist 
Ecogeographic Land Characterization (ELC) map of the SADC re-
gion that was created using the ELC mapas tool of CAPFITOGEN 
(http://www.capfi togen.net/en/; Parra- Quijano et al., 2008, 2016). 
Sixteen ecogeographic variables from three different components 
(four geophysic variables, seven edaphic and five bioclimatic) were 

used to produce the ELC map for the SADC countries at a resolution 
of 2.5 arc min (approximately 4.5 km at the equator) (Table S1.3); 
the Calinski and Harabasz (1974) criterion was applied to obtain an 
objective number of clusters for each bioclimatic, edaphic and geo-
physic multivariate analysis. By joining the CWR populations (from 
the occurrence dataset) to the ecogeographic categories of the ELC 
map (CWR- EC combinations), the representativeness of the ecogeo-
graphic diversity of each CWR taxon conserved ex situ in genebanks 
and passively conserved in situ in the existing network of PAs were 
assessed using the Representa tool of CAPFITOGEN (http://www.
capfi togen.net/en/; Parra- Quijano et al., 2008, 2016).

2.5  |  Climate change analysis

The impact of climate change on the distributions and richness of 
the target taxa across the SADC region was assessed using climate 
projections for 2050 (average 2041−2060) obtained from WorldClim 
1.4, (http://www.world clim.org, Hijmans et al., 2005), consisting of 
downscaled data from General Circulation Models (GCMs) at a spa-
tial resolution of 2.5 arc min (about 4.5 km at the equator). More 
specifically, median ensembles of 19 GCMs for Representative 
Concentration Pathway (RCP) 4.5 and RCP 8.5 derived from the 
fifth assessment of the Intergovernmental Panel on Climate Change 
(IPCC- AR5) (IPCC, 2014) were developed and used. RCP 4.5 is an 
intermediate scenario with a likely average increase in annual mean 
temperature of 2.06°C and range of −1.72 to +4.32°C for 2050, 
relative to 1960−1990, for the SADC region, and RCP 8.5 is a high 
greenhouse gas emission scenario with a likely increase of 2.55°C 
and range of +1.35 to +3.21°C for the same period and region. In 
order to assess the threat of climate change on suitable habitat for 
the taxa for which we were able to create stable SDMs (75 taxa), 
we projected the model results under contemporary baseline condi-
tions (Worldclim v1.4) to future climate scenarios (2050), creating 
binary layers of suitable versus unsuitable area (Scheldeman & van 
Zonneveld, 2010).

Maps of change in taxon richness were then obtained where: (i) 
no species presence is predicted by both current and future climate 
models; (ii) new potential areas: both future models (RCP 4.5 and 
RCP 8.5) predict presence in areas where the current model predicts 
absence; (ii) low impact areas: both future models predict presence 
in areas where the current model predicts presence; (iii) high impact 
areas: one future model (RCP 4.5 or RCP 8.5) predicts absence in 
areas where the current model predicts presence; and (iv) very high 
impact areas: both future models (RCP 4.5 and RCP 8.5) predict ab-
sence in areas where the current model predicts presence (based on 
Scheldeman & van Zonneveld, 2010).

2.6  |  In situ and ex situ conservation priorities

The selection of sites where active in situ conservation should take 
place for the SADC priority CWR was based on the assumption that 

http://www.capfitogen.net/en/
https://www.worldclim.org/
http://www.capfitogen.net/en/
http://www.capfitogen.net/en/
http://www.capfitogen.net/en/
http://www.worldclim.org
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CWR in situ conservation should target populations that are as eco-
geographically diverse as possible and that are not expected to be 
negatively affected by climate change (Magos Brehm, Saifan, et al., 
2016). On the other hand, it is assumed that CWR ex situ conserva-
tion should target areas where species are predicted to occur that 
are likely to be negatively affected by climate change and areas 
from diverse ecogeographic conditions (Magos Brehm, Saifan, et al., 
2016).

For each taxon for which SDMs were created (75 CWR), infor-
mation about whether populations occur in new potential areas, 
low impacted areas, high impacted areas or very high impacted 
areas by climate change was gathered, as well as in which eco-
geographic category (EC) they occur. For each of the remaining 
35 taxa for which SDMs were not created (due to the lack of oc-
currence data or to unstable and underperformed models), only 
information concerning the EC in which their populations occur 
was gathered.

The SADC Network for In situ Conservation of CWR would 
comprise: (i) a network of the existing PAs that include populations 
of the 75 priority CWR (those for which SDM were developed) 
that are not predicted to be negatively affected by climate change 
and that occur in most EC and the most ecogeographic diversity of 
the remaining 35 taxa, and (ii) a network of complementary sites 
outside PAs (grids of 50 × 50 km) of the ecogeographic diversity 
not already included in (i) and also taking account those popula-
tions not negatively affected by climate change (only in the case of 
the 75 taxa for which SDM were created). These complementar-
ity analyses (Rebelo, 1994a, 1994b; Rebelo & Sigfried, 1992) were 
undertaken using the Complementa tool of CAPFITOGEN (http://
www.capfi togen.net/en/, Parra- Quijano et al., 2016) to select the 
minimum number of either PAs or 50 x 50 km grids for the con-
servation of the 110 priority SADC CWR and their ecogeographic 
diversity.

The SADC ex situ conservation programme of priority CWR 
would consist of two different approaches: for taxa with stable 
SDMs (75 CWR) and for those for which SDMs were not devel-
oped (35 CWR). For the 75 CWR, the ecogeographic gaps, that is 
ecogeographic categories of each taxon that are not represented 
in genebank, that have already been identified in the ex situ gap 
analysis, and that correspond to populations that are predicted 
to be negatively affected by climate change were identified and 
categorized into two levels of priority. Priority 1 correspond to 
modelled areas that are exclusive of ecogeographic categories 
not conserved ex situ and that are negatively affected by climate 
change, that is occur in high or very high impact areas; and priority 
2 correspond to modelled areas that occur in ecogeographic cate-
gories not conserved ex situ and that are not negatively affected 
by climate change (low impact areas). For each CWR taxon, the 
ELC map was filtered to each of these two priorities and finally 
the maps of priority 1 and priority 2 modelled taxa richness were 
created. ArcGIS 10.4.1 (ESRI, 2016) was used to perform these 
analyses. Regarding those 35 taxa for which SDMs were not cre-
ated, occurrence records of taxa that are not conserved ex situ 

at all as well as those occurrence records of EC not conserved ex 
situ of partially conserved taxa were compiled and Complementa 
of the CAPFITOGEN tools (http://www.capfi togen.net/en/, Parra- 
Quijano et al., 2016) was used to identify the minimum number of 
complementary areas needed to collect and conserve ex situ at 
least one population from each EC for each taxon.

3  |  RESULTS

3.1  |  Overview of occurrence data

We collated 14,869 population occurrence records from the SADC 
region and neighbouring countries, and 12,948 were retained after 
carrying out data quality checks. A subset of 11,069 occurrences 
of 110 taxa in this high- quality dataset are from SADC countries 
only (see Magos Brehm, Gaisberger, et al., 2016). No records were 
collated for three priority taxa— Coffea liberica W. Bull ex Hiern var. 
liberica, Hibiscus sabdariffa L. var. altissimus Wester, and Vigna un-
guiculata (L.) Walp. subsp. burundiensis Pasquet. GenBank accessions 
are not evenly distributed across the SADC region, with Angola and 
the western part of the Democratic Republic of the Congo having 
the least number of genebank accessions. The sampling of herbar-
ium vouchers is more homogeneous, but Angola has again the least 
number of vouchers, whereas Tanzania and South Africa have the 
highest number (see Figures S3.1a,b in Appendix S3).

3.2  |  Diversity and gap analyses

3.2.1  |  Species richness and species 
distribution models

SDM were obtained for 75 of the priority CWR taxa, and CA50 sta-
tistics for 35 taxa (taxa with not enough records to create a SDM 
or where a SDM was not robust enough) (Table S1.1). Regional hot-
spots of taxa based on observed species distribution (Figure 1a) 
and based on predicted distribution (Figure 1b) are mainly located 
in South Africa, Eswatini, Tanzania, Mozambique, Zimbabwe, and in 
the Democratic Republic of the Congo. Predicted distributions fur-
ther locate hotspots in Malawi and Madagascar. Raster files of the 
SDMs and modelled species richness were made publicly available at 
Gaisberger (2021) and can be opened in any Geographic Information 
System.

3.3  |  Conservation gap analyses

Eighty- seven priority CWR taxa (79%) occur within 443 existing 
PAs, whereas the remaining 23 do not occur within any existing 
PAs; the coffee (6 taxa), millet (4) and cowpea (3) crop genepools 
present the highest number of priority wild relatives that exist ex-
clusively outside PAs, respectively (Table S1.4). On average, the 

http://www.capfitogen.net/en/
http://www.capfitogen.net/en/
http://www.capfitogen.net/en/
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existing network of PAs passively conserves 60% of the ecogeo-
graphic diversity per taxon (considering only those that do occur 
within PAs), ranging between 9% (Elaeis guineensis Jacq.) and 100% 
(Abelmoschus ficulneus (L.) Wight & Arn., Cichorium intybus L., 
Citrullus rehmii De Winter, Coffea bridsoniae A.P. Davis & Mvungi, 
C. kivuensis Lebrun, C. mufindiensis Hutch. ex Bridson subsp. lun-
daziensis Bridson, C. pocsii Bridson, C. racemosa Lour., Gossypium 
anomalum Wawra subsp. anomalum, G. triphyllum (Harv.) Hochr., 
and Sesamum alatum Thonn.) of diversity included in these areas 
(Table S1.5).

The ex situ gap analysis showed that 58 taxa (51%) are not rep-
resented in genebank collections; the coffee genepool encompasses 
the highest number of priority wild relatives (22 taxa) not conserved 
ex situ, followed by the Brassica complex (4) (Table S1.6). Out of the 
55 priority CWR that are conserved ex situ, 89% have less than 50% 
of known populations conserved ex situ. Additionally, the ex situ gap 
analysis at ecogeographic diversity level based on the SADC ELC 
map (Figure S3.2 and Magos Brehm, 2022) revealed that an average 
of 51% of ecogeographic diversity of SADC priority CWR is not con-
served ex situ (Figure S3.3, Table S1.7).

Taking into consideration both in situ and ex situ conservation, 
there are 18 taxa that do not occur in PAs nor in genebanks, with 
coffee (6 taxa), cowpea (2) and millet (2) genepools with the high-
est number of wild relatives (Table 1). Considering ecogeographic 
diversity, the taxa with the least amount of diversity conserved are 
Solanum umtuma Voronts. & S. Knapp, Dioscorea minutiflora Engl., 
D. praehensilis Benth., Coffea mayombensis A. Chev., D. smilacifolia 
De Wild. & T. Durand, Helianthus debilis Nutt. subsp. cucumerifolius 
(Torr. & A. Gray) Heiser, S. aureitomentosum Bitter, C. eugenioides S. 
Moore, C. kimbozensis Bridson and Plectranthus barbatus Andrews, 
which are only conserved passively in situ. On the other hand, 

Gossypium triphyllum is the only priority CWR that has its full range 
of ecogeographic diversity conserved both ex situ and passively in 
situ (Figure S3.3).

3.4  |  Climate change analysis

Sixty- four per cent of the target CWR taxa are predicted to lose 
distribution area in both RCP 4.5 and RCP 8.5 scenarios (44 taxa 
are predicted to be very highly negatively affected and four highly 
negatively affected by climate change), whereas 36% (27 taxa) are 
predicted to be positively affected by climate change under both 
scenarios (Table S1.8). The cowpeas (8) and millets (7) priority wild 
relatives are predicted to be the most affected by climate change, 
whereas the asparagus, date palm, okra, pigeonpea and tamarind 
wild relatives are predicted to be positively affected. All Brassicas, 
endive, Hausa potato, Kei apple, lettuce, Natal plum, olive and broad 
bean wild relatives are predicted to be very highly negatively af-
fected by climate change (Figure S3.4).

Modelled potential distribution richness under RCP 4.5 and RCP 
8.5 scenarios show CWR taxon hotspots are mainly located in South 
Africa, Tanzania and Zimbabwe (Figure S3.5). The impact of climate 
change on species distribution is, as expected, not homogenous. 
Particularly the north- western part of South Africa, southwestern 
parts of Mozambique and Zimbabwe, west Tanzania and south of 
Madagascar are predicted to suffer the greatest change in both sce-
narios (RCP 4.5 and RCP 8.5). Other parts of southern Africa are 
predicted to have an increase in species diversity in both scenarios 
(e.g. central- west of South Africa, central Democratic Republic of 
the Congo). The predicted changes under RCP 8.5 seem to be more 
drastic than under RCP 4.5 (Figure S3.6). Raster files of the SDMs 

F I G U R E  1  Taxon richness based (a) on observed distributions and estimated by creating a circular buffer of 50 km (CA50) around each 
occurrence point for all 110 priority crop wild relative (CWR) taxa, and (b) on modelled potential distributions of 75 priority CWR taxa 
combined with CA50 (for the remaining 35 taxa, for which there were not enough records to create species distribution models (SDM) or 
where SDM were not robust enough)
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under the climate change scenarios were made publicly available at 
Gaisberger (2021).

3.5  |  CWR in situ conservation priorities

The results of the ecogeographic diversity and climate change 
analyses were combined to inform recommendations for the es-
tablishment of a network for the in situ conservation of regionally 
important CWR taxa in the SADC region. The PA complementarity 
analysis for the 75 taxa for which not only the ecogeographic diver-
sity but also the climate change analyses (only populations predicted 
not to be negatively affected by climate change) were possible, and 
the 35 taxa for which only ecogeographic diversity was considered, 
showed that out of the 570 combinations of CWR−ecogeographic 
categories (CWR−EC), 87 taxa (79%) and about 50% of their eco-
geographic diversity can be actively conserved in 120 existing PAs 
(Figure 2a, Table S1.9). The 10 highest priority PAs encompass 22% 
of the CWR−EC combinations and are located in Botswana, Malawi, 
Namibia, South Africa and Tanzania (Figure 2a), while 97 are needed 
to conserve 50% of total diversity in situ (Tables S1.9, S1.10). The 

number of complementary PAs that form part of the proposed SADC 
network ranges from 43 in Tanzania and one in Angola and one in 
Eswatini. The proposed network also includes one transboundary 
PA: the Parc Maloti- Drakensberg World Heritage Site between 
Lesotho and South Africa (Figures 2 and 3).

The remaining 21 priority CWR taxa and remaining diversity 
(257 CWR−EC combinations) not already covered by the proposed 
PA complementary network are represented in a complementary 
non- PA network which comprises 151 sites of 50 × 50 km in 11 
countries where less formally managed in situ reserves could be 
established (Figure 2b). The active management of CWR popula-
tions in 39 of these sites would be needed to conserve 50% of this 
remaining diversity, although in situ population management in 10 
could conserve 20% of the diversity. The sites in which the greatest 
amount of diversity could be conserved are situated in northwest 
Angola, eastern South Africa and southern Tanzania (Table S1.11, 
Table S1.12). The number of complementary 50 × 50 km sites that 
could form part of the SADC in situ CWR network ranges between 
40 in South Africa and one in Eswatini. The proposed network also 
includes two transboundary sites that should be protected: one that 
spans between Mozambique and Eswatini, and another that occurs 
in Mozambique and Malawi (Figure 3).

3.6  |  CWR ex situ conservation priorities

Priority 1 areas were identified for 39% of taxa (29 out of 75 taxa). 
The provinces of Bas- Congo in the Democratic Republic of the Congo 
and Cabinda in Angola are the most important areas for conserving 
CWR ecogeographic diversity predicted to go extinct under climate 
change scenarios. Other areas include Benguela, Cuanza Norte and 
Cuanza Sul provinces in Angola, Katanga, Kivu and Orientale in the 
Democratic Republic of the Congo, Hhohho and Manzini in Eswatini, 
Antananarivo and Fiaranantsoa in Madagascar, Eastern Cape and 
KwaZulu- Natal in South Africa, and Kagera and Kigoma in Tanzania 
(Figure 4). Priority 2 areas were identified in western Angola, east-
ern Democratic Republic of the Congo, eastern Madagascar, Malawi, 
Mauritius, Mozambique, south- eastern South Africa, Eswatini, 
Tanzania, and eastern Zimbabwe. Areas rich in ecogeographic diver-
sity gaps also include Lubombo in Eswatini, Fianarantsoa and Toliara 
in Madagascar, the Eastern and Western Cape and KwaZulu- Natal in 
South Africa, and Arusha, Kilimanjaro, Manga, Morogoro and Tanga 
in Tanzania (Figure 5).

A complementarity analysis of the ecogeographic gaps of the 
35 CWR taxa for which SDMs were not developed was also carried 
out. Out of these 35 taxa, only Elaeis guineensis, Eleusine indica (L.) 
Gaertn., E. kigeziensis S.M. Phillips, Oryza schweinfurthiana Prodoehl 
and Secale strictum (C. Presl) C. Presl subsp. africanum (Stapf) K. 
Hammer have populations conserved ex situ. Four hundred and 
eighty- one occurrence records were used to identify 97 CWR−EC 
combinations. Results indicate that germplasm collection in 73 com-
plementary 50 × 50 km sites in 10 countries would be needed to 
conserve all 97 CWR−EC combinations. This forms a complementary 

TA B L E  1  Regional priority crop wild relative taxa which are not 
conserved ex situ nor passively conserved in existing protected 
areas in the Southern African Development Community region, and 
their related crops

Related crops
Taxa not conserved ex situ nor passively in 
situ

Brassica complex Brassica elongata Ehrh.

Coffee Coffea brevipes Hiern.

Coffea congensis A.Froehner

Coffea kapakata (A.Chev.) Bridson

Coffea liberica W.Bull ex Hiern var. dewevrei 
(De Wild. & T. Durand) Lebrun

Coffea liberica W.Bull ex Hiern var. libericaa

Coffea mufindiensis Hutch. ex Bridson subsp. 
pawekiana (Bridson) Bridson

Cottonseed Gossypium longicalyx J.B. Hutch. & B.J.S. Lee

Cowpea Vigna keraudrenii Du Puy & Labat

Vigna unguiculata (L.) Walp. subsp. 
burundiensis Pasqueta

Millets Eleusine tristachya (Lam.) Lam.

Pennisetum sieberianum (Schltdl.) Stapf & 
C.E.Hubb.

Okra Hibiscus sabdariffa L. var. altissimus Westera

Safflower Carthamus lanatus L.

Shea oil Vitellaria paradoxa C.F. Gaertn.

Sugarcane Saccharum spontaneum L. subsp. aegyptium 
(Willd.) Hack.

Sunflower Helianthus argophyllus Torr. & A.Gray

Sweet potato Ipomoea littoralis Blume

aTaxa for which occurrence records were not obtained.
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network of sites where collecting for ex situ conservation should 
be carried out. Twenty- five complementary sites (34% of the total) 
encompass c. 50% of the CWR−EC combinations (Table S1.13). The 
four highest priority sites are located in the Free State and KwaZulu- 
Natal in South Africa, and in Lindi and Tanga provinces in Tanzania. 
Tanzania, South Africa and the Democratic Republic of the Congo 
are the countries with the higher number of complementary sites 
and of CWR−EC gaps (Figure 6).

4  |  DISCUSSION

Given the value of CWR for food, nutrition and economic security, 
the importance of the SADC region to secure regionally and globally 
important CWR diversity, and that this diversity is not adequately 
conserved in situ or ex situ, it is important to develop a regional ac-
tion plan. Such plan raises awareness of the value of CWR diversity, 
reviews existing policies dedicated to CWR conservation and sus-
tainable use, integrates CWR conservation into existing national, re-
gional and global conservation and sustainable use programmes, and 
defines the specific actions and resources required to effectively 
conserve and sustainably utilize regionally important CWR diversity 
(Magos Brehm et al., 2019). In this paper, we have presented the re-
sults of the first analysis of regionally important CWR diversity in 
the SADC region to inform the establishment of a regional network 
and action plan for long- term in situ and ex situ conservation and 
sustainable use of the region's unique CWR diversity. We applied 
existing methodologies and combined them so that in situ and ex situ 

conservation recommendations could be made based on the gaps 
in the conservation of this diversity and on the impact of climate 
change in its distribution.

Despite not being identified as one of the major global CWR 
hotspots, Allen et al. (2019) identified the SADC region as containing 
important diversity for food and economic security within and out-
side the region and 68% of the SADC priority CWR taxa have been 
identified as globally important by Vincent et al. (2013). Further, 
three sites within PAs in Tanzania and an additional two sites out-
side PAs in Angola and Tanzania have been identified to conserve 
globally important CWR diversity (Vincent et al., 2019), whereas 
Castañeda- Álvarez et al. (2016) recognised southeastern Africa a 
priority area for further germplasm collecting activities for globally 
important CWR taxa. Based on the available data, our results show 
that CWR diversity is mainly concentrated in eastern South Africa, 
Mozambique, Eswatini, Zimbabwe, eastern Democratic Republic 
of the Congo, Tanzania, Malawi and Madagascar and that is not 
adequately conserved either in situ or ex situ. CWR in the SADC 
region do occur in the existing PA network but they are not actively 
managed. Nineteen per cent of the regionally important CWR taxa 
occur exclusively outside PAs and 50% are not found in ex situ col-
lections at all. Our results concur with those of Castañeda- Álvarez 
et al. (2016), identifying Eswatini and eastern South Africa, but 
add eastern Democratic Republic of the Congo, Madagascar, and 
north- eastern Tanzania as important under- collected areas for ex 
situ conservation of regionally and globally important CWR.

Although the impact of climate change on the distribution of 
CWR is expected to vary among taxa and ecogeographic conditions 

F I G U R E  2  Southern African Development Community Network for the In Situ Conservation of Crop Wild Relatives (CWR): (a) 
Complementary network of the 120 existing protected areas (PAs) where active in situ conservation of 87 regional priority CWR (out of 
113) and about 50% of their ecogeographic diversity could be undertaken; (b) Outside- PA in situ complementary network where active 
in situ conservation of the remaining 21 taxa and their diversity not already covered by the PA complementary network could take place. 
The numbers on the map indicate the 10 highest priority PA/sites for conservation; rank numbers followed by underscore and 1, 2, etc, 
correspond to sites with the same priority level (i.e., with the same number of different and complementary CWR−ecogeographic category 
[EC] combinations, same total number of CWR−EC, the same number of different taxa and the same number of occurrences)
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F I G U R E  3  Numbers of complementary protected areas (PA) and of complementary 50 × 50 km sites that could form part of the Southern 
African Development Community regional in situ crop wild relative network per country. AGO, Angola; BWA, Botswana; COD, Democratic 
Republic of the Congo; LSO, Lesotho; MDG, Madagascar; MOZ, Mozambique; MWI, Malawi; NAM, Namibia; SWZ, Eswatini, TZA, Tanzania, 
ZAF, South Africa; ZMB, Zambia; ZWE, Zimbabwe

F I G U R E  4  Priority 1 areas for 
germplasm collection of regionally 
important crop wild relative diversity (i.e., 
predicted richness areas of ecogeographic 
diversity not conserved ex situ that is 
likely to disappear with climate change). 
In the box, a close- up of Angola and the 
Democratic Republic of the Congo –  the 
most important priority 1 countries
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(Jarvis et al., 2008; Phillips et al., 2017; van Treuren et al., 2020), it is 
still predicted to severely impact the distribution and species com-
position (Gaisberger et al., 2017; Midgley et al., 2001), eventually 
driving many species to extinction (Thomas et al., 2004). Africa is 
one of the least studied regions in this respect but climate change 
is indeed projected to affect negatively all levels of biodiversity (i.e. 
from genes, to species and biomes— Sintayehu, 2018). Here, we show 

that changes in climate are expected to negatively impact on 64% of 
regionally important CWR taxa. Specifically, the cowpea and millets 
are the crop genepools with the largest number of taxa negatively 
affected by climate change. These are the genepools, together with 
coffee, that present the highest number of priority wild relatives not 
conserved passively in situ or in ex situ in genebanks. Interestingly, 
some of these taxa have already been used in crop improvement. 

F I G U R E  5  Priority 2 areas for 
germplasm collection (i.e., predicted 
richness areas of the remaining 
ecogeographic diversity not conserved 
ex situ which is not unique to areas 
negatively impacted by climate change)

F I G U R E  6  Complementarity map of 
collecting sites for ex situ conservation of 
the ecogeographic gaps of the 35 taxa for 
which species distribution models were 
not developed
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For example, Penniseum squamulatum Fresen., a wild relative of mil-
let, that has been used for earliness, long inflorescence, leaf size 
and male fertility improvement of pearl millet (P. glaucum (L.) R. Br.) 
(Vincent et al., 2013) and that occurs exclusively outside PAs; Coffea 
eugenioides that has been used for flavour improvement of Arabic 
coffee (C. arabica L.) (USDA, ARS, & NPGS, 2021) and that is not con-
served ex situ; and C. pseudozanguebariae that has been used early 
maturity and caffeine- free arabica (C. arabica) and robusta coffee (C. 
canephora Pierre ex A. Froehner) (USDA, ARS, & NPGS, 2021) and 
that is not conserved ex situ. It should be pointed out that microhab-
itat characteristics (Sedlacek et al., 2015, 2016), small- scale varia-
tion in gene flow (Cortés et al., 2014), plasticity in taxa demography 
(Pichancourt et al., 2019) of target CWR populations, as well as the 
interactions between target CWR and abiotic (e.g. plant– soil inter-
action, see Sedlacek et al., 2014) and biotic factors (e.g. plant– plant 
interaction such as species competition or facilitation, see Bueno & 
Llambí, 2015; Llambí et al., 2018; Mora et al., 2018; Wheeler et al., 
2015) have not been considered in this study. The study of all these 
additional elements may help clarify and refine our knowledge about 
how CWR in the SADC region may response to changes in their 
environments.

Conservation priorities for 113 priority CWR taxa of this region 
were identified to inform a regional action plan for the conserva-
tion and sustainable use of CWR by: (i) establishing genetic reserves 
in 120 PAs and in 151 sites outside of formally established PAs in 
13 SADC countries (contributing to the establishment of the SADC 
Network for In situ Conservation of CWR); (ii) initiating collecting 
germplasm collection and an ex situ conservation programme for 
all target taxa which prioritizes collection of population samples of 
taxa that are not conserved ex situ, that present conservation gaps 
in their ecogeographic diversity range, or for which their diversity is 
likely to go extinct with climate change; and (iii) undertaking a field 
survey programme that prioritizes taxa for which records have not 
been compiled, for which a small number of records exists through-
out the region, or for those that are not know to occur within exist-
ing PAs (see the details below).

The recommendations for the conservation of the regionally im-
portant CWR diversity provided here should also be reviewed in the 
light of national priorities such as those identified in Malawi (Mponya 
et al., 2021), Mauritius (Bissessur et al., 2019), South Africa (Holness 
et al., 2019), Zambia (Ng’Uni et al., 2019), and underway in other 
several SADC countries (Angola, Democratic Republic of the Congo, 
Eswatini, Lesotho, Tanzani, Zimbabwe, etc.) in the context of the 
Darwin Initiative funded project 26−023 ‘Bridging agriculture and 
environment: Southern African crop- wild- relative regional network’ 
(http://www.cropw ildre lativ es.org/sadc- cwr- net/). The integration 
of national and regional priorities (i.e. national sites to conserve na-
tional priority CWR and regional sites to conserve regional priority 
CWR) has already been discussed and recommended for Europe (see 
Maxted et al., 2015) and it is suggested to follow the same concept 
in the SADC region.

The foundations of the regional action plan for the conservation 
and sustainable use of CWR and of the SADC Network for In Situ 

Conservation of CWR have been laid with this paper. The network 
was recently approved by the SADC Ministers responsible for ag-
riculture, food security, fisheries and aquaculture (J. Shava, SADC 
secretariat, personal communication) and is expected to be imple-
mented soon, thus contributing to the food, nutrition and economic 
security of the 345.2 million people who live in the region (SADC, 
2018) and face the negative impacts of climate change.

4.1  |  SADC network for active in situ 
conservation of regionally important CWR diversity

To effectively conserve the SADC region's important CWR diversity, 
we suggest the establishment of the SADC Network for the In Situ 
Conservation of CWR, in which the active management and monitor-
ing of CWR populations would be carried out (see Iriondo et al., 2012, 
2021). Based on the results of the current work, this network would 
include populations that are genetically/ecogeographically diverse 
and likely to persist in the future under climate change, that is the sites 
identified act as refugia for the in situ conservation of regionally pri-
ority CWR diversity (see Baumgartner et al., 2018; González- Orozco 
et al., 2021). Our results indicate that Angola, South Africa, Tanzania 
and Zambia are particularly important countries for this purpose.

Specific recommendations are to:

1. Verify the population occurrences and fitness status (i.e. their 
ability to survive and reproduce) the recommended areas/sites 
below, as well as their suitability for the establishment of ge-
netic reserves following the standards of Iriondo et al. (2012).

2. Establish genetic reserves within 120 PAs in 13 countries to ac-
tively conserve 87 of the regionally important CWR taxa and 
50% of their ecogeographic diversity (see Figure 2a), with prior-
ity afforded to the 10 PAs located in Botswana, Malawi, Namibia, 
Tanzania and South Africa that have particularly high concentra-
tions of regionally important CWR diversity.

3. Establish genetic reserves outside formally established PAs in 
151 sites in 11 countries to conserve a further 21 CWR taxa and 
the remaining ecogeographic diversity (see Figure 2b). Priority af-
forded to the 10 sites located in Angola, Democratic Republic of 
the Congo, Tanzania and South Africa.

The conservation of CWR populations in existing PAs is an efficient 
action as the areas are already allocated for conservation purposes, 
and these taxa can provide additional value to PAs and the ecosys-
tem services they provide. The management of these areas should be 
adapted to incorporate the populations of CWR that occur within them 
(Iriondo et al., 2021). On the other hand, 21% of regionally important 
CWR diversity found outside PAs has been identified in the SADC 
region, highlighting the importance of conserving these resources in 
situ outside formally established PAs. A study carried by Wainwright 
et al. (2019) concluded that farmers in local communities in Zambia 
are interested in conserving CWR in their fields and estimated that 
the incentives needed to achieve this goal would be relatively modest, 

http://www.cropwildrelatives.org/sadc-cwr-net/
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ranging from US$23−91/ha per year. Moreover, a genetic reserve 
around a farmer's field in currently being established in Malawi (N. 
Mponya, MPGRC, pers. comm.). As such, local communities should be 
involved in the establishment of genetic reserves and management of 
the CWR populations to ensure they are efficiently conserved.

4.2  |  SADC ex situ conservation programme for 
regionally important CWR diversity

The ex situ conservation programme for the regionally important CWR 
diversity in the SADC region recommended here is based on predicted 
richness areas of ecogeographic diversity not conserved ex situ that is 
likely to disappear with climate change (Priority 1), and on predicted 
richness areas of the remaining ecogeographic diversity not conserved 
ex situ (not unique to areas negatively impacted by climate change) 
(Priority 2). Our results suggest that Angola and Democratic Republic 
of the Congo encompass the most important Priority 1 areas, whereas 
ecogeographic diversity gaps (Priority 2) are concentrated in Angola, 
Democratic Republic of the Congo, Eswatini, Madagascar, Malawi, 
Mauritius, Mozambique, South Africa, Tanzania and Zimbabwe.

Germplasm collection based on ENSCONET (2009a) and Guarino 
et al. (2011) is recommended in order of priority at the following 
locations:

1. Priority 1: the province of Bas- Congo in the Democratic Republic 
of the Congo and Cabinda in Angola (Figure 4).

2. Priority 2a: Angola, Democratic Republic of the Congo, Eswatini, 
Madagascar, Malawi, Mauritius, Mozambique, South Africa, 
Tanzania, Zimbabwe, with priority assigned to Lubombo in 
Eswatini, Fianarantsoa and Toliara in Madagascar, the Eastern and 
Western Cape and KwaZulu- Natal in South Africa, and Arusha, 
Kilimanjaro, Manga, Morogoro and Tanga in Tanzania, which are 
the areas rich in ecogeographic diversity gaps (Figure 5).

3. Priority 2b: 73 sites of 50x50 km identified to conserve the eco-
geographic gaps of the 35 taxa for which SDMs were not devel-
oped (Figure 6), with priority assigned to two sites located in the 
Free State and KwaZulu- Natal in South Africa, and two sites lo-
cated in Lindi and Tanga provinces in Tanzania.

4. The 151 sites identified in 11 countries in which to conserve 21 
CWR taxa and the ecogeographic diversity not conserved within 
the complementary network of PAs (see Figure 2b).

Additionally, all CWR diversity conserved in situ should be 
backed- up in ex situ collections in genebanks as recommended by 
Ford- Lloyd and Maxted (1993) to avoid the eventual loss of CWR 
diversity and to facilitate its access and use in crop improvement. 
Finally, the ex situ accessions should be evaluated for viability, mon-
itored, regenerated and duplicated in national genebanks, in the 
SADC Plant Genetic Resources Centre, and eventually in another in-
ternational genebank (e.g. the Svalbard Global Seed Vault) to ensure 
their long- term conservation following the protocols of ENSCONET 
(2009b), FAO (2014), and Rao et al. (2006).

4.3  |  Other recommendations

1. Immediate search for occurrence data in the known countries 
of distribution and subsequent field survey of the SADC pri-
ority CWR for which records have not been collated (Coffea 
liberica var. liberica, Hibiscus sabdariffa var. altissimus and Vigna 
unguiculata subsp. burundiensis).

2. Field survey for the 32 CWR taxa for which data for only 10 or 
less populations were found (Table S1.1), and in those countries 
with a low number of recorded populations (Mauritius, Seychelles, 
Lesotho). Priority should be given to surveys within the network 
of PAs. It is recommended that the SDMs developed, whenever 
available, are used to optimize field surveys to areas where target 
CWR are predicted to occur.

3. Increase the field survey of the taxa that are thought to occur ex-
clusively outside PAs (Table S1.4) to ascertain whether this finding 
is accurate. Once their occurrence is confirmed then active in situ 
conservation outside PA and collection for ex situ conservation 
are recommended.

4. Carry out predictive characterization studies, following the 
guidelines of Thormann et al. (2014), for identifying SADC pop-
ulations that may possess important traits, specifically to adapt 
related crops to changes in climate, and use modern analytical 
approaches (e.g. machine learning, genomic prediction and multi- 
trait gene editing) to help increase the use of CWR in pre-  and 
breeding programmes (Cortés & López- Hernández, 2021; Cortés 
et al., 2020).

5. Undertake more in- depth studies that address microhabitat pat-
terns, CWR intrinsic ecological and genetic characteristics and 
the interaction of target CWR with other abiotic and biotic fac-
tors to have a more clearer understanding of how these taxa are 
expected to behave in the face of climate change.

6. Use high- resolution downscaled climate projections to evaluate 
whether these affect the climate envelope model predictions ob-
tained in this study, test new approaches to modelling, such as 
that applied by Valencia et al. (2020) who coupled climate sen-
sitivity modelling and adaptive potential inferences to assess 
species climate vulnerability; and test the use of hyperspectral 
imagery (e.g. Garzon- Lopez & Lasso, 2020) in the identification 
of CWR taxa in the field thus potentially contributing to monitor 
demographic changes.

7. Revise and update periodically the recommendations provided in 
this paper, particularly if priorities or conservation goals change 
new occurrence data are available, new modelling algorithms are 
found to perform better or new climatic information is available.

4.4  |  Study limitations

Different analytical methodologies were applied in this study in 
order to provide practical recommendations to the conservation of 
the priority CWR of the SADC region. However, there are methodo-
logical considerations that can be raised.
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Species distribution modelling was mainly used to describe and 
understand the distribution patterns of target CWR due to the het-
erogeneity nature of their occurrence data in the SADC region. On 
one side, some SADC countries are under- explored and lack floristic 
data; on the other side, several priority CWR have a very limited 
number of occurrence data and their complete distributions are un-
known. Additionally, the SDMs developed use bioclimatic, edaphic 
and geophysic variables and do not account for the presence of mi-
crohabitats and microclimates, the intrinsic species ecological and 
genetic characteristics, the biotic interactions, nor for evolutionary 
changes.

Climate change analysis was performed to predict changes in 
CWR’s distribution and to incorporate this information in the selec-
tion of sites for active in situ conservation and for collecting for ex 
situ conservation. The future SDMs developed in this study estimate 
habitat suitability in terms of change in bioclimatic parameters and 
do not consider potential migration rates and corridors/barriers to 
geneflow.

Ecogeographic diversity analysis helps understanding the pat-
terns of ecogeographic diversity across the distribution of each 
CWR taxon; its results were used to identify diverse areas for ac-
tive in situ conservation and populations suitable for collection 
and ex situ conservation. Ecogeographic diversity can be used 
as a proxy for genetic diversity, the premise being that conserv-
ing the widest possible ecogeographic range of populations of 
a species will maximize the overall genetic diversity of the spe-
cies conserved. This analysis involved the development of an ELC 
map (Parra- Quijano et al., 2008, 2012) which aimed at identify-
ing various ecogeographic scenarios in which a species occurs, 
which reflect the adaptations of the studied species that enable 
it to thrive in that particular set of ecological conditions. In this 
particular case, a generalist ELC map was created which, rather 
than reflecting the potential for each species to adapt to different 
ecogeographic conditions, it characterizes the SADC region from 
an ecogeographic perspective. Therefore, the variables selected 
to produce the ELC map are likely to limit or condition plant life 
in that area and are not so relevant in shaping the distribution of 
single species.

Despite the limitations identified in this study, the results are 
considered to provide good guidance on the implementation of 
the SADC Network for the In Situ Conservation of CWR and the 
SADC ex situ conservation programme for regionally important 
CWR diversity. Finally, the methodology used in this paper can be 
extended to other parts of the world in planning CWR conserva-
tion at various geographic scales (sub- national, national, regional 
and global).

ACKNOWLEDG EMENTS
This paper was prepared within the framework of two successive pro-
jects on crop wild relatives in the SADC region: the project ‘In situ con-
servation and use of crop wild relatives in three ACP countries of the 
SADC region’ (SADC Crop Wild Relatives for short) (http://www.cropw 
ildre lativ es.org/sadc- cwr- proje ct/) co- funded by the European Union 

and implemented through the ACP- EU Co- operation Programme in 
Science and Technology (S&T II by the ACP Group of States (grant 
agreement no. FED/2013/330- 210), and the Defra/Darwin Initiative 
funded project 26- 023 entitled ‘Bridging agriculture and environment: 
Southern African crop wild relative regional network’ (SADC- CWR 
Network for short) (http://www.cropw ildre lativ es.org/sadc- cwr- net/). 
We thank our collaborating partners on the research projects men-
tioned above, including members of the Department of Agriculture, 
Forestry and Fisheries of South Africa (DAFF), the Malawi Plant Genetic 
Resources Centre (MPGRC), the National Plant Genetic Resources 
Centre (NPGRC) of the Tropical Pesticides Research Institute (TPRI) in 
Tanzania, the Southern African Developing Community Plant Genetic 
Resources Centre (SPGRC), the University of Mauritius and the Zambia 
Agricultural Research Institute (ZARI). We are also grateful to Elizabeth 
Arnaud from the Alliance of Bioversity International and CIAT in 
Montpellier and Dag Endresen from GBIF−Norway who extracted the 
GBIF records used in the analyses.

CONFLIC T OF INTERE S T
The authors declare no conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available in the 
supplementary material of this article as well as in the SADC Crop 
Wild Relatives Project Dataverse: the occurrence data for SADC pri-
ority CWR can be found in Magos Brehm, Gaisberger, et al. (2016) 
(https://doi.org/10.7910/DVN/QUOPCB), the raster files of the di-
versity and climate change analyses of SADC priority CWR can be 
found in Gaisberger (2021) (https://doi.org/10.7910/DVN/7ONUBJ) 
and the raster files and statistics of the Ecogeographic Land 
Characterization map of the SADC region can be found in Magos 
Brehm (2022) (https://doi.org/10.7910/DVN/MIYBQE).

ORCID
Joana Magos Brehm  https://orcid.org/0000-0002-6444-6488 
Hannes Gaisberger  https://orcid.org/0000-0002-6023-1236 
Shelagh Kell  https://orcid.org/0000-0002-6339-4241 
Mauricio Parra- Quijano  https://orcid.org/0000-0001-6667-8840 
Imke Thormann  https://orcid.org/0000-0003-2703-9805 
Nigel Maxted  https://orcid.org/0000-0002-2112-0947 

R E FE R E N C E S
Allen, E., Gaisberger, H., Magos Brehm, J., & Kell, S. P. (2017). Priority CWR 

species of the SADC region. https://doi.org/10.7910/DVN/HSXUVE, 
Harvard Dataverse, V3, UNF:6:1KB6AR6m3H1NUNnK0FEYVQ== 
[fileUNF].

Allen, E., Gaisberger, H., Magos Brehm, J., Maxted, N., Thormann, I., 
Lupupa, T., Dulloo, M. E., & Kell, S. P. (2019). A crop wild relative 
inventory for southern Africa: A first step in linking conservation 
and use of valuable wild populations for enhancing food security. 
Plant Genetic Resources, 17(2), 128– 139. https://doi.org/10.1017/
S1479 26211 8000515

Baumgartner, J. B., Esperón- Rodríguez, M., & Beaumont, L. J. (2018). 
Identifying in situ climate refugia for plant species. Ecography, 
41(11), 1850– 1863. https://doi.org/10.1111/ecog.03431

http://www.cropwildrelatives.org/sadc-cwr-project/
http://www.cropwildrelatives.org/sadc-cwr-project/
http://www.cropwildrelatives.org/sadc-cwr-net/
https://doi.org/10.7910/DVN/QUOPCB
https://doi.org/10.7910/DVN/7ONUBJ
https://doi.org/10.7910/DVN/MIYBQE
https://orcid.org/0000-0002-6444-6488
https://orcid.org/0000-0002-6444-6488
https://orcid.org/0000-0002-6023-1236
https://orcid.org/0000-0002-6023-1236
https://orcid.org/0000-0002-6339-4241
https://orcid.org/0000-0002-6339-4241
https://orcid.org/0000-0001-6667-8840
https://orcid.org/0000-0001-6667-8840
https://orcid.org/0000-0003-2703-9805
https://orcid.org/0000-0003-2703-9805
https://orcid.org/0000-0002-2112-0947
https://orcid.org/0000-0002-2112-0947
https://doi.org/10.7910/DVN/HSXUVE
https://doi.org/10.1017/S1479262118000515
https://doi.org/10.1017/S1479262118000515
https://doi.org/10.1111/ecog.03431


    |  13MAGOS BREHM Et Al.

Bissessur, P., Baider, C., Boodia, N., Badaloo, G., Bégué, J., Jhumka, Z., 
Meunier, A., Mungroo, Y., Gopal, V., Kell, S. P., Magos Brehm, J., 
Thormann, I., & Jaufeerally- Fakim, Y. (2019). Crop wild relative di-
versity and conservation planning in two isolated oceanic islands 
of a biodiversity hotspot (Mauritius and Rodrigues). Plant Genetic 
Resources, 17(2), 174– 184. https://doi.org/10.1017/S1479 26211 
8000576

Bueno, A., & Llambí, L. D. (2015). Facilitation and edge effects influ-
ence vegetation regeneration in old- fields at the tropical Andean 
forest line. Applied Vegetation Science, 18(4), 1– 11. https://doi.
org/10.1111/avsc.12186

Calinski, T., & Harabasz, J. (1974). A dendrite method for cluster 
analysis. Communications in Statistics, 3(1), 1– 27. http://doi.
org/10.1080/03610 92740 8827101

Castañeda- Álvarez, N. P., Khoury, C. K., Achicanoy, H. A., Bernau, V., 
Dempewolf, H., Eastwood, R. J., Guarino, L., Harker, R. H., Jarvis, A., 
Maxted, N., Müller, J. V., Ramírez- Villegas, J. A., Sosa, C. C., Struik, 
P. C., Vincent, H., & Toll, J. (2016). Global priorities for crop wild 
relative conservation for food security. Nature Plants, 2, 16022. 
https://doi.org/10.1038/nplan ts.2016.22

Cortés, A. J., & López- Hernández, F. (2021). Harnessing crop wild diver-
sity for climate change adaptation. Genes, 12(5), 783. https://doi.
org/10.3390/genes 12050783

Cortés, A. J., Restrepo- Montoya, M., & Bedoya- Canas, L. E. (2020). 
Modern strategies to assess and breed forest tree adaptation to 
changing climate. Frontiers in Plant Science, 11, 583323. https://doi.
org/10.3389/fpls.2020.583323

Cortés, A. J., Waeber, S., Lexer, C., Sedlacek, J., Wheeler, J. A., van 
Kleunen, M., Bossdorf, O., Hoch, G., Rixen, C., Wipf, S., & 
Karrenberg, S. (2014). Small- scale patterns in snowmelt timing af-
fect gene flow and the distribution of genetic diversity in the alpine 
dwarf shrub Salix herbacea. Heredity, 113, 233– 239. https://doi.
org/10.1038/hdy.2014.19

Dempewolf, H., Baute, G., Anderson, J., Kilian, B., Smith, C., & 
Guarino, L. (2017). Past and future use of wild relatives in crop 
breeding. Crop Science, 57, 1– 13. https://doi.org/10.2135/crops 
ci2016.10.0885

Dulloo, M. E., Maxted, N., Shava, J., Pungulani, L., Hamisy, W., Munkombe, 
G., Magos Brehm, J., & Bissessur, P. (2020). White paper for the cre-
ation of a regional network for the conservation and use of crop wild 
relatives in the SADC region. Prepared under the DEFRA/Darwin 
Initiative project 26−023.

ENSCONET (2009a). ENSCONET seed collecting manual for wild species. 
http://ensco net.maich.gr/PDF/Colle cting_proto col_Engli sh.pdf

ENSCONET (2009b). ENSCONET curation protocols and recommendations. 
https://www.luomus.fi/sites/ defau lt/files/ files/ curat ion_proto 
col_engli sh.pdf

ESRI (2016). ArcGIS Desktop release Version 10.4.1. Environmental 
Systems Research Institute.

FAO (2014). Genebank standards for plant genetic resources for food and 
agriculture. FAO. http://www.fao.org/3/a- i3704e.pdf

Ford- Lloyd, B. V., & Maxted, N. (1993). Preserving diversity. Nature, 361, 
579. https://doi.org/10.1038/361579a0

Gaisberger, H. (2021). Raster files of the diversity and climate change 
analyses of regionally priority CWR in the SADC region. https://doi.
org/10.7910/DVN/7ONUBJ, Harvard Dataverse, V1.

Gaisberger, H., Kindt, R., Loo, J., Schmidt, M., Bognounou, F., Da, S. S., 
Diallo, O. B., Ganaba, S., Gnoumou, A., Lompo, D., Lykke, A. M., 
Mbayngone, E., Nacoulma, B. M. I., Ouedraogo, M., Ouédraogo, 
O., Parkouda, C., Porembski, S., Savadogo, P., Thiombiano, A., … 
Vinceti, B. (2017). Spatially explicit multi- threat assessment of food 
tree species in Burkina Faso: A fine- scale approach. PLoS One, 12, 
e0184457. https://doi.org/10.1371/journ al.pone.0184457

Garzon- Lopez, C. X., & Lasso, E. (2020). Species classification in a Tropical 
Alpine ecosystem using UAV- borne RGB and hyperspectral imag-
ery. Drones, 4(4), 69. https://doi.org/10.3390/drone s4040069

González- Orozco, C. E., Porcel, M., Rodriguez, C., & Yockteng, R. (2021). 
Extreme climate refugia: a case study of wild relatives of cacao 
(Theobroma cacao) in Colombia. Biodiversity and Conservation, 31(1), 
161– 182. https://doi.org/10.1007/s1053 1- 021- 02327 - z

Guarino, L., Ramanatha Rao, V., & Goldberg, E. (Eds.) (2011). Collecting 
plant genetic diversity: Technical guidelines. 2011 update. Bioversity 
International. https://www.biove rsity inter natio nal.org/filea dmin/_
migra ted/uploa ds/tx_news/Colle cting_plant_genet ic_diver sity_
Techn ical_guide lines_2011_update_1694.zip

Hajjar, R., & Hodgkin, T. (2007). The use of wild relatives in crop improve-
ment: A survey of developments over the last 20 years. Euphytica, 
156, 1– 13. https://doi.org/10.1007/s1068 1- 007- 9363- 0

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005). 
Very high resolution interpolated climate surfaces for global land 
areas. International Journal of Climatology, 25, 1965– 1978. https://
doi.org/10.1002/joc.1276

Hijmans, R. J., & Spooner, D. M. (2001). Geographic distribution of wild 
potato species. American Journal of Botany, 88(11), 2101– 2112. 
https://doi.org/10.2307/3558435

Holness, S., Hamer, M., Magos Brehm, J., & Raimondo, D. (2019). 
Priority areas for the in situ conservation of crop wild relatives in 
South Africa. Plant Genetic Resources, 17(2), 115– 127. https://doi.
org/10.1017/S1479 26211 8000503

IPCC (Intergovernmental Panel on Climate Change) (2014). Climate 
change 2014: Impacts, adaptation, and vulnerability. In C. B. Field, 
V. R. Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea, T. E. 
Bilir, M. Chatterjee, K. L. Ebi, Y. O. Estrada, R. C. Genova, B. Girma, 
E. S. Kissel, A. N. Levy, S. MacCracken, P. R. Mastrandrea, & L. L. 
White (Eds.), Contribution of Working Group II to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change. Cambridge 
University Press.

IPCC (Intergovernmental Panel on Climate Change). (2020). Summary for 
policymakers. In P. R. Shukla, J. Skea, E. Calvo Buendia, V. Masson- 
Delmotte, H.- O. Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, 
R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S. Neogi, M. Pathak, 
J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, … J. Malley (Eds.), 
Climate change and land: An IPCC special report on climate change, 
desertification, land degradation, sustainable land management, food 
security, and greenhouse gas fluxes in terrestrial ecosystems, https://
www.ipcc.ch/site/asset s/uploa ds/sites/ 4/2020/02/SPM_Updat 
ed- Jan20.pdf

Iriondo, J. M., Magos Brehm, J., Dulloo, M. E., & Maxted, N. (Eds.) (2021). 
Crop wild relative population management guidelines. Technical 
Report. Farmer’s Pride project. http://www.farme rspri de.eu/

Iriondo, J. M., Maxted, N., Kell, S. P., Ford- Lloyd, B. V., Lara- Romano, C., 
Labokas, J., & Magos Brehm, J. (2012). Quality standards for ge-
netic reserve conservation of crop wild relatives. In N. Maxted, 
M. E. Dulloo, B. V. Ford- Lloyd, L. Frese, J. M. Iriondo, & M. A. A. 
Pinheiro de Carvalho (Eds.), Agrobiodiversity conservation: Securing 
the diversity of crop wild relatives and landraces (pp. 72– 77). CABI 
Publishing.

Jarvis, A., Lane, A., & Hijmans, R. (2008). The effect of climate change on 
crop wild relatives. Agriculture Ecosystems & Environment, 126(1– 2), 
13– 23. https://doi.org/10.1016/j.agee.2008.01.013

Llambí, L. D., Hupp, N., Saez, A., & Callaway, R. (2018). Reciprocal in-
teractions between a facilitator, natives, and exotics in trop-
ical alpine plant communities. Perspectives in Plant Ecology, 
Evolution and Systematics, 30, 82– 88. https://doi.org/10.1016/j.
ppees.2017.05.002

Magos Brehm, J. (2022). Ecogeographic land characterization map of the 
SADC region v.1. https://doi.org/10.7910/DVN/MIYBQE, Harvard 
Dataverse, V1, UNF:6:Ab9V+ITe5cpkURWKxZ0chw== [fileUNF].

Magos Brehm, J., Gaisberger, H., Kell, S. P., & Thormann, I. (2016). 
Occurrence data for priority CWR of the SADC region. https://
doi.org/10.7910/DVN/QUOPCB, Harvard Dataverse, V5, 
UNF:6:P9m7Ym6tXbUnSoKF2RxKsA== [fileUNF].

https://doi.org/10.1017/S1479262118000576
https://doi.org/10.1017/S1479262118000576
https://doi.org/10.1111/avsc.12186
https://doi.org/10.1111/avsc.12186
http://doi.org/10.1080/03610927408827101
http://doi.org/10.1080/03610927408827101
https://doi.org/10.1038/nplants.2016.22
https://doi.org/10.3390/genes12050783
https://doi.org/10.3390/genes12050783
https://doi.org/10.3389/fpls.2020.583323
https://doi.org/10.3389/fpls.2020.583323
https://doi.org/10.1038/hdy.2014.19
https://doi.org/10.1038/hdy.2014.19
https://doi.org/10.2135/cropsci2016.10.0885
https://doi.org/10.2135/cropsci2016.10.0885
http://ensconet.maich.gr/PDF/Collecting_protocol_English.pdf
https://www.luomus.fi/sites/default/files/files/curation_protocol_english.pdf
https://www.luomus.fi/sites/default/files/files/curation_protocol_english.pdf
http://www.fao.org/3/a-i3704e.pdf
https://doi.org/10.1038/361579a0
https://doi.org/10.7910/DVN/7ONUBJ
https://doi.org/10.7910/DVN/7ONUBJ
https://doi.org/10.1371/journal.pone.0184457
https://doi.org/10.3390/drones4040069
https://doi.org/10.1007/s10531-021-02327-z
https://www.bioversityinternational.org/fileadmin/_migrated/uploads/tx_news/Collecting_plant_genetic_diversity_Technical_guidelines_2011_update_1694.zip
https://www.bioversityinternational.org/fileadmin/_migrated/uploads/tx_news/Collecting_plant_genetic_diversity_Technical_guidelines_2011_update_1694.zip
https://www.bioversityinternational.org/fileadmin/_migrated/uploads/tx_news/Collecting_plant_genetic_diversity_Technical_guidelines_2011_update_1694.zip
https://doi.org/10.1007/s10681-007-9363-0
https://doi.org/10.1002/joc.1276
https://doi.org/10.1002/joc.1276
https://doi.org/10.2307/3558435
https://doi.org/10.1017/S1479262118000503
https://doi.org/10.1017/S1479262118000503
https://www.ipcc.ch/site/assets/uploads/sites/4/2020/02/SPM_Updated-Jan20.pdf
https://www.ipcc.ch/site/assets/uploads/sites/4/2020/02/SPM_Updated-Jan20.pdf
https://www.ipcc.ch/site/assets/uploads/sites/4/2020/02/SPM_Updated-Jan20.pdf
http://www.farmerspride.eu/
https://doi.org/10.1016/j.agee.2008.01.013
https://doi.org/10.1016/j.ppees.2017.05.002
https://doi.org/10.1016/j.ppees.2017.05.002
https://doi.org/10.7910/DVN/MIYBQE
https://doi.org/10.7910/DVN/QUOPCB
https://doi.org/10.7910/DVN/QUOPCB


14  |    MAGOS BREHM Et Al.

Magos Brehm, J., Kell, S. P., Thormann, I., Gaisberger, H., Dulloo, E., & 
Maxted, N. (2017a). Interactive toolkit for crop wild relative conser-
vation planning, version 1.0. University of Birmingham; Bioversity 
International. http://www.cropw ildre lativ es.org/conse rvati on- 
toolk it/

Magos Brehm, J., Kell, S. P., Thormann, I., Gaisberger, H., Dulloo, E., & 
Maxted, N. (2017b). Occurrence data collation template v.1. https://
doi.org/10.7910/DVN/5B9IV5, Harvard Dataverse, V1.

Magos Brehm, J., Kell, S. P., Thormann, I., Gaisberger, H., Dulloo, E., & 
Maxted, N. (2019). New tools for crop wild relative conservation 
planning. Plant Genetic Resources, 17(2), 208– 212. https://doi.
org/10.1017/S1479 26211 8000527

Magos Brehm, J., Saifan, S., Taifour, H., Abu Laila, K., Al- Assaf, A., Al- 
Oqlah, A., Al- Sheyab, F., Bani- Hani, R., Ghazanfar, S., Haddad, N., 
Shibli, R., Abu Taleb, T., Bint Ali, B., & Maxted, N. (2016). Crop wild 
relatives, a priority in Jordan?– Developing a national strategy for 
the conservation of plant diversity in Jordan using a participatory 
approach. In N. Maxted, M. E. Dulloo, & B. V. Ford- Lloyd (Eds.), 
Enhancing crop genepool use: Capturing wild relative and landrace di-
versity for crop improvement (pp. 172– 188). CAB International.

Maxted, N., Avagyan, A., Frese, L., Iriondo, J. M., Magos Brehm, J., Singer, 
A., & Kell, S. P. (2015). ECPGR concept for in situ conservation of 
crop wild relatives in Europe. Wild Species Conservation in Genetic 
Reserves Working Group. European Cooperative Programme for 
Plant Genetic Resources. http://www.ecpgr.cgiar.org/filea dmin/
templ ates/ecpgr.org/uploa d/WG_UPLOA DS_PHASE_IX/WILD_
SPECI ES/Conce pt_for_in__situ_conse rvati on_of_CWR_in_Europe.
pdf

Maxted, N., Ford- Lloyd, B. V., & Hawkes, J. G. (1997). Plant genetic con-
servation: The in situ approach. Chapman & Hall.

Maxted, N., Ford- Lloyd, B. V., Jury, S., Kell, S. P., & Scholten, M. A. 
(2006). Towards a definition of a crop wild relative. Biodiversity and 
Conservation, 15(8), 2673– 2685. https://doi.org/10.1007/s1053 
1- 005- 5409- 6

Maxted, N., & Kell, S. P. (2009). Establishment of a network for the in situ 
conservation of crop wild relatives: Status and needs. Commission on 
Genetic Resources for Food and Agriculture, FAO. http://www.fao.
org/docre p/013/i1500 e/i1500 e18a.pdf

Maxted, N., Mabuza- Dlamini, P., Moss, H., Padulosi, S., Jarvis, A., 
& Guarino, L. (2004). An ecogeographic survey: African Vigna. 
Systematic and ecogeographic studies of crop genepools, 10. IPGRI. 
https://www.biove rsity inter natio nal.org/e- libra ry/publi catio ns/
detai l/syste matic - and- ecoge ograp hic- studi es- on- crop- genep ools- 
11- an- ecoge ograp hic- study - afric an- vigna/

Midgley, G. F., Rutherford, M. C., & Bond, W. J. (2001). Impacts of cli-
mate change on plant diversity in South Africa. Climate Change Report. 
South African National Biodiversity Institute.

Mora, M. A., Llambí, L. D., & Ramírez, L. (2018). Giant stem rosettes have 
strong facilitation effects on alpine plant communities in the trop-
ical Andes. Plant Ecology & Diversity, 12(6), 593– 606. https://doi.
org/10.1080/17550 874.2018.1507055

Mponya, N. K., Chanyenga, T., Magos Brehm, J., & Maxted, N. (2021). 
In situ and ex situ conservation gap analyses of crop wild relatives 
from Malawi. Genetic Resources and Crop Evolution, 68, 759– 771. 
https://doi.org/10.1007/s1072 2- 020- 01021 - 3

Ng'uni, D., Munkombwe, G., Mwila, G., Gaisberger, H., Brehm, J. M., 
Maxted, N., Kell, S., & Thormann, I. (2019). Spatial analyses of 
occurrence data of crop wild relatives (CWR) taxa as tools for se-
lection of sites for conservation of priority CWR in Zambia. Plant 
Genetic Resources, 17(2), 103– 114. https://doi.org/10.1017/S1479 
26211 8000497

Niang, I., Ruppel, O. C., Abdrabo, M. A., Essel, A., Lennard, C., Padgham, 
J., & Urquhart, P. (2014). Africa. In V. R. Barros, C. B. Field, D. J. 
Dokken, M. D. Mastrandrea, K. J. Mach, T. E. Bilir, M. Chatterjee, K. 
L. Ebi, Y. O. Estrada, R. C. Genova, B. Girma, E. S. Kissel, A. N. Levy, 
S. MacCracken, P. R. Mastrandrea, & L. L. White (Eds.), Climate 

change 2014: Impacts, adaptation, and vulnerability. Part B: Regional 
aspects. Contribution of Working Group II to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change (pp. 1199‒ 
1265). Cambridge University Press.

Nur Fatihah, H. N., Maxted, N., & de Rico Arce, L. (2012). Cladistic anal-
ysis of Psophocarpus Neck. ex DC. (Leguminosae, Papilionoideae) 
based on 6 morphological characters. South African Journal of 
Botany, 83, 78– 88. http://doi.org/10.1016/j.sajb.2012.07.010

Parra- Quijano, M., Draper, D., & Torres, E. (2008). Ecogeographical 
representativeness in crop wild relative ex situ collections. In N. 
Maxted, B. V. Ford- Lloyd, S. P. Kell, J. M. Iriondo, E. Dulloo, & J. 
Turok (Eds.), Crop wild relative conservation and use (pp. 249– 273). 
CAB International.

Parra- Quijano, M., Iriondo, J. M., & Torres, E. (2012). Ecogeographical 
land characterization maps as a tool for assessing plant adaptation 
and their implications in agrobiodiversity studies. Genetic Resources 
and Crop Evolution, 59(2), 205– 217. https://doi.org/10.1007/s1072 
2- 011- 9676- 7

Parra- Quijano, M., Torres, E., Iriondo, J. M., López, F., & Molina, A. (2016). 
CAPFITOGEN tools user manual, version 2.0. International Treaty on 
Plant Genetic Resources for Food and Agriculture, FAO. http://
www.capfi togen.net/en/acces s/manua ls/

Phillips, J., Magos Brehm, J., van Oort, B., Asdal, Å., Rasmussen, M., 
& Maxted, N. (2017). Climate change and national crop wild rel-
ative conservation planning. Ambio, 46, 630– 643. https://doi.
org/10.1007/s1328 0- 017- 0905- y

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum en-
tropy modelling of species geographic distributions. Ecological 
Modelling, 190, 231– 259. https://doi.org/10.1016/j.ecolm 
odel.2005.03.026

Pichancourt, J.- B., van Klinken, R. D., & Raghu, S. (2019). Understanding 
the limits to species- wide demographic generalizations: the ecol-
ogy and management of Parkinsonia aculeata. Ecosphere, 10(5), 
e02746. https://doi.org/10.1002/ecs2.2746

Ramírez- Villegas, J., Khoury, K., Jarvis, A., Debouck, D. G., & Guarino, L. 
(2010). A gap analysis methodology for collecting crop gene pools: 
a case study with Phaseolus beans. PLoS One, 5(10), e13497. https://
doi.org/10.1371/journ al.pone.0013497

Rao, N. K., Hanson, J., Dulloo, M. E., Ghosh, K., Nowell, A., & Larinde, 
M. (2006). Manual of seed handling in genebanks. In Handbooks 
for Genebanks, 8. Bioversity International. https://www.biove rsity 
inter natio nal.org/filea dmin/user_uploa d/online_libra ry/publi catio 
ns/pdfs/1167.pdf

Rebelo, A. G. (1994a). Iterative selection procedures: centres of ende-
mism and optimal placement of reserves. Strelitzia, 1, 231– 257.

Rebelo, A. G. (1994b). Iterative selection procedures: centres of en-
demism and optimal placement of reserves. In B. J. Huntley 
(Ed.), Botanical diversity in southern Africa (pp. 231– 257). National 
Botanical Institute.

Rebelo, A. G., & Sigfried, W. R. (1992). Where should nature reserves be 
located in the Cape Floristic Region, South Africa? Models for the 
spatial configuration of a reserve network aimed at maximising the 
protection of diversity. Conservation Biology, 6, 243– 252. https://
doi.org/10.1046/j.1523- 1739.1992.620243.x

SADC (2018). SADC selected economic and social indicators, 2018. SADC. 
https://www.sadc.int/files/ 6215/6630/2592/SADC_Selec ted_
Indic ators_2018.pdf

Scheldeman, X., & van Zonneveld, M. (2010). Training manual on spatial 
analysis of plant diversity and distribution. Bioversity International. 
https://www.biove rsity inter natio nal.org/filea dmin/user_uploa d/
online_libra ry/publi catio ns/pdfs/1431.pdf

Sedlacek, J. F., Bossdorf, O., Cortés, A. J., Wheeler, J. A., & van Kleunen, 
M. (2014). What role do plant– soil interactions play in the habitat 
suitability and potential range expansion of the alpine dwarf shrub 
Salix herbacea? Basic and Applied Ecology, 15(4), 305– 315. https://
doi.org/10.1016/j.baae.2014.05.006

http://www.cropwildrelatives.org/conservation-toolkit/
http://www.cropwildrelatives.org/conservation-toolkit/
https://doi.org/10.7910/DVN/5B9IV5
https://doi.org/10.7910/DVN/5B9IV5
https://doi.org/10.1017/S1479262118000527
https://doi.org/10.1017/S1479262118000527
http://www.ecpgr.cgiar.org/fileadmin/templates/ecpgr.org/upload/WG_UPLOADS_PHASE_IX/WILD_SPECIES/Concept_for_in__situ_conservation_of_CWR_in_Europe.pdf
http://www.ecpgr.cgiar.org/fileadmin/templates/ecpgr.org/upload/WG_UPLOADS_PHASE_IX/WILD_SPECIES/Concept_for_in__situ_conservation_of_CWR_in_Europe.pdf
http://www.ecpgr.cgiar.org/fileadmin/templates/ecpgr.org/upload/WG_UPLOADS_PHASE_IX/WILD_SPECIES/Concept_for_in__situ_conservation_of_CWR_in_Europe.pdf
http://www.ecpgr.cgiar.org/fileadmin/templates/ecpgr.org/upload/WG_UPLOADS_PHASE_IX/WILD_SPECIES/Concept_for_in__situ_conservation_of_CWR_in_Europe.pdf
https://doi.org/10.1007/s10531-005-5409-6
https://doi.org/10.1007/s10531-005-5409-6
http://www.fao.org/docrep/013/i1500e/i1500e18a.pdf
http://www.fao.org/docrep/013/i1500e/i1500e18a.pdf
https://www.bioversityinternational.org/e-library/publications/detail/systematic-and-ecogeographic-studies-on-crop-genepools-11-an-ecogeographic-study-african-vigna/
https://www.bioversityinternational.org/e-library/publications/detail/systematic-and-ecogeographic-studies-on-crop-genepools-11-an-ecogeographic-study-african-vigna/
https://www.bioversityinternational.org/e-library/publications/detail/systematic-and-ecogeographic-studies-on-crop-genepools-11-an-ecogeographic-study-african-vigna/
https://doi.org/10.1080/17550874.2018.1507055
https://doi.org/10.1080/17550874.2018.1507055
https://doi.org/10.1007/s10722-020-01021-3
https://doi.org/10.1017/S1479262118000497
https://doi.org/10.1017/S1479262118000497
http://doi.org/10.1016/j.sajb.2012.07.010
https://doi.org/10.1007/s10722-011-9676-7
https://doi.org/10.1007/s10722-011-9676-7
http://www.capfitogen.net/en/access/manuals/
http://www.capfitogen.net/en/access/manuals/
https://doi.org/10.1007/s13280-017-0905-y
https://doi.org/10.1007/s13280-017-0905-y
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1002/ecs2.2746
https://doi.org/10.1371/journal.pone.0013497
https://doi.org/10.1371/journal.pone.0013497
https://www.bioversityinternational.org/fileadmin/user_upload/online_library/publications/pdfs/1167.pdf
https://www.bioversityinternational.org/fileadmin/user_upload/online_library/publications/pdfs/1167.pdf
https://www.bioversityinternational.org/fileadmin/user_upload/online_library/publications/pdfs/1167.pdf
https://doi.org/10.1046/j.1523-1739.1992.620243.x
https://doi.org/10.1046/j.1523-1739.1992.620243.x
https://www.sadc.int/files/6215/6630/2592/SADC_Selected_Indicators_2018.pdf
https://www.sadc.int/files/6215/6630/2592/SADC_Selected_Indicators_2018.pdf
https://www.bioversityinternational.org/fileadmin/user_upload/online_library/publications/pdfs/1431.pdf
https://www.bioversityinternational.org/fileadmin/user_upload/online_library/publications/pdfs/1431.pdf
https://doi.org/10.1016/j.baae.2014.05.006
https://doi.org/10.1016/j.baae.2014.05.006


    |  15MAGOS BREHM Et Al.

Sedlacek, J. F., Cortés, A. J., Wheeler, J., Bossdorf, O., Hoch, G., Klápště, 
J., Lexer, C., Rixen, C., Wipf, S., Karrenberg, S., & van Kleunen, M. 
(2016). Evolutionary potential in the Alpine: trait heritabilities and 
performance variation of the dwarf willow Salix herbacea from dif-
ferent elevations and microhabitats. Ecology and Evolution, 6(12), 
3940– 3952. https://doi.org/10.1002/ece3.2171

Sedlacek, J. F., Wheeler, J. A., Cortés, A. J., Bossdorf, O., Hoch, G., Lexer, 
C., Wipf, S., Karrenberg, S., van Kleunen, M., & Rixen, C. (2015). 
The response of the Alpine dwarf shrub Salix herbacea to altered 
snowmelt timing: Lessons from a multi- site transplant experi-
ment. PLoS One, 10(4), e0122395. https://doi.org/10.1371/journ 
al.pone.0122395

Sintayehu, D. (2018). Impact of climate change on biodiversity and as-
sociated key ecosystem services in Africa: A systematic review. 
Ecosystem Health and Sustainability, 4(9), 225– 239. https://doi.
org/10.1080/20964 129.2018.1530054

Thomas, C. D., Cameron, A., Green, R. E., Bakkenes, M., Beaumont, L. 
J., Collingham, Y. C., Erasmus, B. F. N., Ferreira de Siqueria, M., 
Grainger, A., Hannah, L., Hughes, L., Huntley, B., van Jaarsveld, 
A. S., Midgley, G. F., Miles, L., Ortega- Huerta, M. A., Peterson, A. 
T., Phillip, O. L., & Williams, S. E. (2004). Extinction risk from cli-
mate change. Nature, 427, 145– 148. https://doi.org/10.1038/natur 
e02121

Thormann, I., Parra- Quijano, M., Endresen, D. T. F., Rubio- Teso, M. L., 
Iriondo, M. J., & Maxted, N. (2014). Predictive characterization of crop 
wild relatives and landraces. Technical guidelines version 1. Bioversity 
International. https://www.biove rsity inter natio nal.org/filea dmin/
user_uploa d/online_libra ry/publi catio ns/pdfs/Predi ctive_chara 
cteri zation_of_crop_wild_relat ives_and_landr aces_1883.pdf

UNEP- WCMC & IUCN (2019). Protected planet: The world database on 
protected areas (WDPA). https://www.prote ctedp lanet.net/

USDA, ARS (Agricultural Research Service), NPGS (National Plant 
Germplasm System) (2021). Germplasm Resources Information Network 
(GRIN Taxonomy). National Germplasm Resources Laboratory. https://
npgsw eb.ars- grin.gov/gring lobal/ taxon/ taxon omyse archcwr

Valencia, J. B., Mesa, J., León, J. G., Madriñán, S., & Cortés, A. J. (2020). 
Climate vulnerability assessment of the Espeletia complex on 
Páramo Sky Islands in the Northern Andes. Frontiers in Ecology and 
Evolution, 8, 565708. https://doi.org/10.3389/fevo.2020.565708

van Treuren, R., Hoekstra, R., Wehrens, R., & van Hintum, T. (2020). 
Effects of climate change on the distribution of crop wild relatives 
in the Netherlands in relation to conservation status and ecotope 
variation. Global Ecology and Conservation, 23, e01054. https://doi.
org/10.1016/j.gecco.2020.e01054

Vincent, H., Amri, A., Castañeda- Álvarez, N. P., Dempewolf, H., Dulloo, 
E., Guarino, L., Hole, D., Mba, C., Toledo, A., & Maxted, N. (2019). 
Modeling of crop wild relative species identifies areas globally for 
in situ conservation. Communications Biology, 2, 136. https://doi.
org/10.1038/s4200 3- 019- 0372- z

Vincent, H., Wiersema, J., Kell, S. P., Fielder, H., Dobbie, S., Castañeda- 
Álvarez, N., Guarino, L., Eastwood, R., Leon, B., & Maxted, N. 
(2013). A prioritized crop wild relative inventory to help underpin 
global food security. Biological Conservation, 167, 265– 275. https://
doi.org/10.1016/j.biocon.2013.08.011

Wainwright, W., Drucker, A. G., Maxted, N., Brehm, J. M., Ng’uni, 
D., & Moran, D. (2019). Estimating in situ conservation costs of 
Zambian crop wild relatives under alternative conservation goals. 
Land Use Policy, 81, 632– 643. https://doi.org/10.1016/j.landu 
sepol.2018.11.033

Wheeler, J. A., Schnider, F., Sedlacek, J., Cortés, A. K., Wipf, S., Hoch, 
G., & Rixen, C. (2015). With a little help from my friends: commu-
nity facilitation increases performance in the dwarf shrub Salix 
herbacea. Basic and Applied Ecology, 16(3), 202– 209. https://doi.
org/10.1016/j.baae.2015.02.004

BIOSKE TCH
Our research team has been leading work the conservation and 
sustainable use of plant genetic resources, in particular on crop 
wild relatives and crop landraces. Our major research interests 
include prioritizing of crop wild relatives for conservation, plan-
ning for in situ and ex situ conservation, species distribution 
modelling, ecogeographic diversity and climate change analyses, 
and development of plant genetic resources conservation and 
use strategies. We have led several major collaborative projects, 
including PGR Secure (http://www.pgrse cure.org/), SADC Crop 
Wild Relatives (http://www.cropw ildre lativ es.org/sadc- cwr- 
proje ct/), Farmer's Pride (https://more.bham.ac.uk/farme rspri 
de/), SADC Crop Wild Relatives Network (http://www.cropw 
ildre lativ es.org/sadc- cwr- net/).

Author contributions: J.M.B. and H.G. developed the methodolo-
gies and conceived the research study with critical inputs from 
S.K., I.T., M.E.D. and N.M.; J.M.B. and H.G. collected and ana-
lysed the data; H.G. performed the species distribution model-
ling; J.M.B. and M.P.Q. performed the ecogeographic diversity 
analyses; J.M.B. drafted the manuscript; all authors revised and 
approved the manuscript; M.E.D. and N.M. obtained the funding.

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Magos Brehm, J., Gaisberger, H., Kell, 
S., Parra- Quijano, M., Thormann, I., Dulloo, M. E., & Maxted, 
N. (2022). Planning complementary conservation of crop wild 
relative diversity in southern Africa. Diversity and 
Distributions, 00, 1– 15. https://doi.org/10.1111/ddi.13512

https://doi.org/10.1002/ece3.2171
https://doi.org/10.1371/journal.pone.0122395
https://doi.org/10.1371/journal.pone.0122395
https://doi.org/10.1080/20964129.2018.1530054
https://doi.org/10.1080/20964129.2018.1530054
https://doi.org/10.1038/nature02121
https://doi.org/10.1038/nature02121
https://www.bioversityinternational.org/fileadmin/user_upload/online_library/publications/pdfs/Predictive_characterization_of_crop_wild_relatives_and_landraces_1883.pdf
https://www.bioversityinternational.org/fileadmin/user_upload/online_library/publications/pdfs/Predictive_characterization_of_crop_wild_relatives_and_landraces_1883.pdf
https://www.bioversityinternational.org/fileadmin/user_upload/online_library/publications/pdfs/Predictive_characterization_of_crop_wild_relatives_and_landraces_1883.pdf
https://www.protectedplanet.net/
https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomysearchcwr
https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomysearchcwr
https://doi.org/10.3389/fevo.2020.565708
https://doi.org/10.1016/j.gecco.2020.e01054
https://doi.org/10.1016/j.gecco.2020.e01054
https://doi.org/10.1038/s42003-019-0372-z
https://doi.org/10.1038/s42003-019-0372-z
https://doi.org/10.1016/j.biocon.2013.08.011
https://doi.org/10.1016/j.biocon.2013.08.011
https://doi.org/10.1016/j.landusepol.2018.11.033
https://doi.org/10.1016/j.landusepol.2018.11.033
https://doi.org/10.1016/j.baae.2015.02.004
https://doi.org/10.1016/j.baae.2015.02.004
http://www.pgrsecure.org/
http://www.cropwildrelatives.org/sadc-cwr-project/
http://www.cropwildrelatives.org/sadc-cwr-project/
https://more.bham.ac.uk/farmerspride/
https://more.bham.ac.uk/farmerspride/
http://www.cropwildrelatives.org/sadc-cwr-net/
http://www.cropwildrelatives.org/sadc-cwr-net/
https://doi.org/10.1111/ddi.13512

