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and adults showed stronger SGS than young trees. An indi-
rect estimate of 220  m as mean gene dispersal distance 
was obtained. We conclude that even under fragmentation 
migration is not disrupted in wild olive trees and that large 
protected populations at church forests are very important 
to conserve genetic resources. However, the higher level 
of inbreeding and evidence for population bottlenecks in 
the small populations, as well as the persisting heavy pres-
sure on most remaining populations, warrants quick action 
to maintain genetic diversity of wild olive in the Ethiopian 
highlands.

Keywords  Gene flow · Genetic connectivity · 
Microsatellites · Olive tree · Spatial genetic structure

Introduction

Even small populations can play a significant role in main-
taining genetic diversity of a plant species in a fragmented 
landscape (Young et  al. 1996; Wang et  al. 2011). The 
dynamics of populations in such circumstances have been 
best described as metapopulation dynamics (Hanski 1998). 
The influence of natural and artificial barriers on gene 
flow between population fragments has led to the develop-
ment of a specific field of research, i.e. landscape genetics 
(e.g. Holderegger et al. 2010). The long-term fate of frag-
mented populations strongly depends on habitat availabil-
ity and ability to migrate among habitat patches. Migration 
will maintain genetic diversity in a given species through 
counteracting the negative effect of bottlenecks, genetic 
drift and elevated levels of inbreeding (Young et al. 1996). 
Therefore, knowledge about the genetic diversity and con-
nectivity is of high value for conservation and management 
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of disjunct subpopulations (Mills and Allendorf 1996; Kel-
ler et al. 2015).

Seed dispersal is an important component of genetic 
connectivity among neighbouring subpopulations. How-
ever, at the landscape level still only few studies are avail-
able on the extent and pattern of seed migration. In depth 
spatial and temporal analysis of migration patterns provides 
essential evidence about the ecology of seed dispersal. 
Seed migration is influenced by factors such as availability 
of habitat, edge effects and isolation by distance (Nathan 
et al. 2008). In animal dispersed seeds, migration can also 
be affected by behaviour and habitat preferences of seed 
dispersers (Jordano et al. 2007).

Limited migration among population fragments eventu-
ally will result in the formation of genetic structure (Balk-
enhol et al. 2016). Classical population genetic studies use 
statistics like FST to estimate the amount of differentiation 
among subpopulations. Current landscape genetic meth-
ods widely implement Bayesian approaches using the spa-
tial position of individuals to analyse the genetic structure 
which allows the detection of landscape barriers to gene 
flow (Anderson et al. 2010).

In natural populations it is often the most prudent way 
to assess the dispersal ability and gene flow “indirectly” 
through the analysis of genetic structure at different spa-
tial scales (Vekemans and Hardy 2004; Hardy et al. 2006). 
The amount and pattern of spatial genetic structure (SGS) 
is assessed through computation of pairwise relatedness 
coefficients between individuals and regressing them on the 
distance among them (Vekemans and Hardy 2004). Spa-
tial genetic structure in natural populations is a function of 
multiple forces: major factors such as gene dispersal, mat-
ing system and life form (Oddou-Muratorio et  al. 2004; 
Vekemans and Hardy 2004), and other complex reasons 
such as local seed shadow overlap (Fuchs and Hamrick 
2010) and microhabitat heterogeneity (Cruse-Sanders and 
Hamrick 2004) may significantly influence the formation 
of SGS. The level of genetic structure and diversity may 
also vary among generations (Cruse-Sanders and Hamrick 
2004; Collevatti et  al. 2014). Understanding these tempo-
ral patterns is highly relevant for appropriate inference of 
effects of landscape change on fragmented populations.

The Ethiopian highlands were covered by Juniperus and 
Olea dominated forest vegetation until the fourteenth to 
seventeenth century. Later, due to intensive deforestation 
and soil erosion during the last three centuries the habitat 
has been changed into a degraded landscape (Darbyshire 
et  al. 2003). Currently, natural forests in the fragmented 
highlands are usually found only around churches, where 
cutting of trees is forbidden (Wassie et  al. 2010). The 
impact of humans on these remnant forests continues due 
to the very high wood demand in the region. In northern 
Ethiopia only approximately 14% of the total wood demand 

is supplied domestically (Desalegn and Tadesse 2010). 
Planting of exotic trees species in Ethiopia is controver-
sially discussed due to ecological disadvantages; therefore, 
native tree species such as wild olive are needed not only to 
restore the ecological stability of Ethiopian highlands, but 
also to provide wood supply and income to rural people.

Wild olive (Olea europaea L. subsp. cuspidata [Wall. ex 
DC.] Ciferi) is one of six subspecies of the Olea europaea 
complex. This tree species is native and widely distributed 
in southern to north-eastern Africa, but also in Southwest 
Asia, and the drier regions of Yunnan and Sichuan in China 
(Green 2002). It is a diploid (2n = 46) (Besnard et al. 2008), 
andromonoecious and mainly wind pollinated species (Bre-
ton and Bervillé 2013). The main seed dispersers are birds 
and small mammals (Cuneo and Leishman 2006; Abiyu 
et  al. 2015). Wild olive is one of the characteristic tree 
species of the dry Afromontane vegetation type in Ethio-
pia (Bekele 2005). The occurrence of Olea in Ethiopia is 
under high pressure due to continuous deforestation of the 
dry Afromontane vegetation over centuries for agricultural 
land and fuel wood, and high demand of the wood for farm 
tool preparation, timber, and in particular charcoal. The 
species is found in patches of fragmented populations of 
different size and protection status around old churches and 
monasteries which are distributed all over the highlands of 
northern Ethiopia (Aerts et al. 2016). It is one of the main 
tree species in natural forests (Wassie et  al. 2010). Wild 
olive is also one of the key native tree species for environ-
mental rehabilitation programs, because it can successfully 
regenerate even on bare lands (Bekele 2005). The remnant 
church (monastery) forests in the region are found within 
an average radius of approximately two kilometers to each 
other (Aerts et al. 2016). Understanding the key microevol-
ationary processes such as gene flow among these forest 
patches will have a broader regional relevance for manage-
ment and conservation of forest fragments and for reforest-
ation efforts (e.g. collection of seed material).

Our knowledge on the genetics of wild olive is very 
scarce. For instance, we do not know how long-term 
population fragmentation may have affected the genetic 
diversity and connectivity among remnant populations. 
Fragmentation might have resulted into a loss of genetic 
diversity and led to the formation of genetic differentia-
tion and inbreeding in these metapopulations. It is known 
that in olive cultivars outcrossing is favored through par-
tial male sterility (Besnard et  al. 2000) and that a sporo-
phytic self-incompatibility system is functional (Breton 
et al. 2014). However, whether the latter is also functional 
in subsp. cuspidata is not known. The pollen is effectively 
distributed by wind (Pinillos and Cuevas 2009) and animal-
dispersed seeds were on average distributed 190  m in an 
Ethiopian study (Abiyu 2012). Based on these findings we 
expected that even in a fragmented landscape wild olive 
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maintains a relatively high level of genetic diversity. To fill 
these knowledge gaps the main objectives of this study thus 
were: (i) to quantify genetic diversity in large and small 
population fragments and among three size classes as a 
surrogate of age, (ii) to provide estimates of differentiation 
on the landscape level, (iii) to investigate connectivity and 
patterns of migration among population fragments, and (iv) 
to obtain estimates of gene dispersal distances from indi-
rect analysis of gene flow based on SGS. The results we 
report here are the first on the landscape genetic level for 
this important Afromontane species.

Materials and methods

Study site

The study was conducted in a natural monastery for-
est in north-western Ethiopia located 82  km northwest of 
Bahirdar. Samples were collected in four study plots of dif-
ferent sizes (Table 1). All studied populations are located 
on hill tops, with only few single trees scattered in the 
lower lying regions between these population fragments. 
Most of the habitat between the studied populations is cov-
ered by crop and range lands. Plantation forests composed 
of Eucalyptus and Juniperus trees are found west and north 
of the largest study site (Tara Gedam, TG). This study site 
has been under protection of the Tara Gedam monastery 
since the fifteenth century. This close-to-nature forest has 
a size of about 130 ha and is highly dominated by O. euro-
paea subsp. cuspidata. The second site is located north-
west of TG and composes a relatively large forest (Washa 
Endrias, WE, ca. 23 ha) where wild olive also dominates 
and has been similarly protected by the Washa Endrias 
monastery since the fifteenth century. The remaining two 
sites (Kidane Mihiret, KM; Sillasie, SL) are located in 
church forests south of TG and are of very small size (2 
and 4 ha, respectively; Table 1; Fig. 1). Hereafter, we treat 

these study sites as subpopulations and the whole sample as 
a metapopulation.

Sample collection, DNA extraction and genetic markers

Leaf samples were taken from a total of 542 trees. In an 
intensively studied plot (ISP) of 2.53 ha at the core of TG, 
all existing 307 individuals were sampled. This collection 
was supplemented by 138 mature individuals randomly 
selected at TG around this ISP. In KM all existing trees 
(N = 22) were sampled, while both in WE (N = 48) and SL 
(N = 27) the samples were randomly selected. Leaves were 
dried in silica gel and stored at 4 °C until DNA extraction. 
Diameter at breast height (DBH) as a surrogate of age and 
spatial coordinates of each tree were recorded. Trees of 
the ISP were subdivided in three DBH classes (0–20 cm), 
(21–40 cm), (>41 cm), and thereafter classified as “young”, 
“medium-aged”, and “old”.

Approximately 1 cm2 of dried leaf sample was crushed 
in liquid nitrogen and total genomic DNA was extracted 
using the DNeasy 96 Plant Kit (QIAGEN) according to 
the manufacturers’ protocol. Ten nuclear microsatellite 
markers were used for genotyping (Table 2). These mark-
ers have been employed successfully in previous studies for 
genotyping in other subspecies of O. europaea and were 
selected based on their relatively high level of polymor-
phism, reliability, and lack of null alleles and genotypic 
disequilibrium (Besnard et al. 2007).

Multiplex PCR amplifications were optimized to be 
performed in a 10 μl reaction volume containing 2–10 ng 
of genomic DNA, 5  μl HotStarTaq Master Mix (Qiagen), 
double distilled water, and 0.3 µM of forward and reverse 
primers each. The ten primers used were organized in 
two multiplexes (primers 1 to 5, and 6–10 from Table  2, 
respectively). We used the following cycling protocol on 
a TC-412 Programmable Thermal Controller (Techne): 35 
cycles with 94 °C for 30 s, 56 °C for 90 s, and 72 °C for 60 s. 
Before the first cycle, a prolonged denaturation step (95 °C 
for 15 min) was included and the last cycle was followed by 
a 30 min extension at 72 °C. Genotyping was outsourced to 
a commercial provider (ecogenics, Balgach, Switzerland). 
For determination of allele sizes on an ABI3730 DNA Ana-
lyzer (Applied Biosystems) forward primers were labelled 
either with Atto565, Atto550, Atto532 (Sigma Aldrich), or 
FAM (Applied Biosystems) and an internal size standard 
(LIZ500; Applied Biosystems) was added.

Data analysis

Genetic diversity was analyzed across populations and age 
classes. Diversity parameters calculated included observed 
(Ho) and expected heterozygosity (He) corrected for dif-
ferent sample size according to Nei (1987), observed (NA) 

Table 1   Location and description of the four study sites of Olea 
europaea subsp. cuspidata in north-western Ethiopia

Study sites Location (lon-
gitude latitude)

Size (ha) Census population 
size (number of 
olive trees)

Tara Gedam (TG) 37° 44′ 40.7″
12° 8′ 42.11″

132.7 <15.000

Washa Endrias 
(WE)

37° 43′ 29.89″
12° 8′ 53.59″

22.9 650

Sillassie (SL) 37° 45′ 2.27″
12° 7′ 50.56″

3.9 65

Kidane Mihiret 
(KM)

37° 44′ 50.68″
12° 8′ 15.32″

2.2 22
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and effective number of alleles (Ne) according to Nielsen 
et  al. (2003), and fixation index (Fis). The probability for 
deviation from Hardy–Weinberg expectations (HWE) was 
assessed after 10,000 permutations, and among population 
differentiation was assessed by FST (Weir and Cockerham 
1984) and G′ST (Hedrick 2005). The latter was used as a 
standarized measure of genetic differentiation, since the 
high level of polymorphism in microsatellite data can affect 
the explanatory power of FST. Allelic richness (AR) was 

computed using a rarefaction method for minimizing sam-
pling variances (Petit et al. 1998). All these computations 
were done using FSTAT v 2.9.3.2 (Goudet 2001), except 
Ne and G′ST were computed using Genalex v6.5 (Peakall 
and Smouse 2012). The frequency of null alleles was esti-
mated using the program INEst (Chybicki and Burczyk 
2009). This program was also used to calculate the cor-
rected estimates of inbreeding coefficients, as the presence 
of null alleles can affect Fis estimates. INEst was also used 

Fig. 1   Locations of sampled Olea europaea subsp. cuspidata indi-
viduals (TG, yellow; WE, blue; KM, Grey and SL, purple; colour of 
dots denotes the putative source of individuals according to GENE-

CLASS results); arrows denote migration events, numbers next 
to arrows indicate the number of migrants detected. (Color figure 
online)

Table 2   Description of SSR 
loci, repeat motifs, annealing 
temperatures, allele size ranges, 
and references used to study 
the landscape genetics of Olea 
europaea subsp. cuspidata 

Locus Repeat motif Annealing 
temp (°C)

Allele size ranges Reference

ssrOeUA-DCA11 (GA)26(GGGA)4 50 125–161 Sefc et al. (2000)
ssrOeUA-DCA18 (CA)4CT(CA)3(GA)19 50 168–184 Sefc et al. (2000)
ssrOeUA-DCA5 (GA)15 50 195–211 Sefc et al. (2000)
ssrOeUA-DCA1 (GA)22 50 204–230 Sefc et al. (2000)
ssrOeUA-DCA3 (GA)19 50 228–250 Sefc et al. (2000)
GAPU71 (AG)10 60 271 Carriero et al. (2002)
PA(ATT)2 (TAA)6 60 115–136 Escobar-Paramo (2000)
UDO099-043 (GT)12 57 179–219 Cipriani et al. (2002)
UDO99-011 (CA)7(CA)10(CT)2(CA)2 57 105–132 Cipriani et al. (2002)
EMO2_ 565 (AG)5-G-(GA)10 60 201–243 De La Rosa et al. (2002)
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to detect potential recent reductions of the population sizes 
(bottlenecks); here the two-phased model (TPM) of muta-
tion was applied and significance was tested by a Wilcoxon 
rank test with 10,000 iterations.

A Bayesian model-based clustering analysis at the land-
scape level was performed using Geneland (Guillot et  al. 
2005). Individual genotypes and coordinates were used and 
spatial, non-correlated allele frequencies and the presence 
of null alleles were assumed during analysis. A total of five 
independent runs with 100,000 iterations and a burn-in of 
200 were set during calculations. In order to explore the 
genetic connectivity via seed movement, first generation 
migrants among the four geographically separated subpop-
ulations were analyzed. Migrants towards and out of each 
subpopulation were identified using GENECLASS2 as indi-
viduals which showed less than 5% probability of being a 
resident (Piry et al. 2004). Assignment of individuals was 
based on the Paetkau et al. (1995) frequency based criterion 
and the simulation algorithm described by Paetkau et  al. 
(2004). The proportion of immigrants into a subpopulation 
was obtained by dividing the total number of immigrants 
by the total number of sampled individuals in the respec-
tive subpopulation.

To get detailed insights into the immigration process 
in the ISP, the spatial aggregation pattern of immigrants 
was analysed using the modified Ripley’s–K (L) func-
tion (Besag 1977) implemented in SAM 4.0 (Rangel et al. 
2010). This test assesses the null hypothesis that immi-
grants are distributed in complete spatial randomness 
(CSR). The observed K (L) statistic and the expected value 
under CSR together with the 95% confidence interval was 
plotted as a function of the distance radius. A positive K 
(L) value above the confidence interval indicates a signifi-
cant clumping of individuals over space in comparison to 
CSR. To test whether the immigration occurred continu-
ously or discontinuously over generations, the distribution 
of size (DBH) as a surrogate of age of the immigrants in 
the ISP was compared with the DBH of residents by using 
a non-parametric Kolmogorov–Smirnov test (Sokal and 
Rohlf 1995). This test indicates if the two data sets belong 
to the same frequency distributions or not. To depict the 
relative frequency of immigrants compared to residents, the 
DBH frequency distribution of immigrants and residents in 
ten size classes were depicted in a histogram.

Spatial genetic structure (SGS) and gene dispersal 
parameters were estimated using SPAGeDi v1.5 (Hardy and 
Vekemans 2002). Kinship (ancestral) coefficients accord-
ing to Loiselle et al. (1995) between individual trees within 
ten evenly distributed distance class intervals were used to 
infer SGS. Its significance was determined using the 5% 
probability value of the upper and lower level confidence 
intervals obtained after 10,000 permutations of individu-
als. In this way SGS was assessed for both the ISP and the 

whole metapopulation, respectively. The regression slope 
of kinship coefficients to the logarithmic distance bk was 
used to quantify SGS (Vekemans and Hardy 2004). The 
significance value of the bk was obtained after 10,000 per-
mutations of individuals. Significant bk indicates the pres-
ence of an significant SGS. The Sp statistics which was 
obtained from −bk/(1−r(1)), where the r(1) refers to the 
average kinship coefficient of the first distance class was 
additionally used to quantify SGS. The Sp value allows the 
quantification of SGS when several populations are com-
pared (Vekemans and Hardy 2004). Calculations of mean 
gene dispersal distances (α) and neighbourhood size (Nb) 
were also done in SPAGeDi for the two sampling scales 
(ISP and whole metapopulation), by an iterative procedure 
to determine these parameters by regressing pairwise kin-
ship coefficients to logarithmic distance.

Results

In total, 248 alleles (24.8 alleles per locus) were identified 
(Supplementary Table 1). Observed (Ho) and expected het-
erozygosities (He) were nearly identical for all populations 
averaging to 0.76 and 0.68, respectively (Table  3). How-
ever, null alleles were detected at several loci at a range 
between 0.00 to 0.35 (Supplementary Table  1), creating 
heterozygote deficit and leading to departure from HWE 
in several loci and populations (Supplementary Table  2), 
and affecting the estimation of inbreeding coefficients (Fis). 
Therefore Fis values per population corrected for the pres-
ence of null alleles derived from INest were obtained; these 
revealed positive and higher Fis values for the two smaller 
subpopulations (SL and KM) compared to subpopula-
tions TG and WE (Table 3). Evenness (Ne/AR) amounted to 
approximately 0.7 for all populations. In SL and KM recent 
bottlenecks were likely (p < 0.05). Dividing the core popu-
lation of TG into three cohorts of different DBH did not 
result in significantly different estimates, though a weakly 
significant bottleneck in the young age class was detected 
(Table 3).

Average subpopulation differentiation was very low 
(global FST = 0.016, G′ST = 0.094; Supplementary Table 2). 
Pairwise genetic distances were also low (FST: 0.013–0.042; 
G′ST: 0.047–0.158), with WE and SL showing the largest 
divergence (Table  4). Differentiation measures were also 
calculated by omitting the two loci with the largest fre-
quency of null alleles (ssrOeUA-DCA11 and UDO099-
043), but this did only marginally affect the results (data 
not shown), therefore all ten loci were retained for the con-
secutive analyses. The four geographical subpopulations 
were grouped into two intermingled genetic subpopulations 
in the Geneland analysis: WE on the one hand and TG, 
KM and SL on the other hand (Fig. 2). The location of the 
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population fragments on hill tops had no impact on popu-
lation differentiation; rather spatial distance of WE to the 
other studied populations appeared as the decisive factor.

A total of 62 migrants among populations were 
detected in the GENECLASS analysis. Expectedly, the 
absolute number of detected immigrants into a geo-
graphical subpopulation was dependent on its size, but 
the proportion of immigrants to the total number of sam-
pled genotypes varied: 7.4% in SL, 10.4% in WE, 11.7% 
in TG, and 22.7% in KM. Out of the 50 immigrants into 

Table 3   Sample sizes, genetic 
diversity parameters, fixation 
indices (before and after INEst 
correction) and bottleneck 
estimates for the four Olea 
europaea subsp. cuspidata 
subpopulations and the three 
ages classes in the ISP

N number of samples, NA, number of observed alleles, Ne number of effective alleles, AR allelic rich-
ness (rarefacted to 17 individuals for subpopulations and 76 individuals for each age class), Ho observed 
heterozygosity, He expected heterozygosity (corrected for sample size), Fis fixation index using FSTAT, 
Fis(INESt) fixation index after INEst correction, TPM p-value for presence of bottleneck (*p < 0.05, NS non 
significant)

Population N NA Ne AR Ho He Fis Fis(INESt) TPM

Tara Gedam (TG) 445 23.3 8.17 10.53 0.7 0.77 0.09 0.01 0.222NS

Washa Endrias (WE) 48 14.3 7.37 10.4 0.66 0.77 0.14 0.02 0.121NS

Silassie (SL) 27 10.8 6.19 9.53 0.67 0.75 0.11 0.07 0.030*
Kidane Mihiret (KM) 22 9.1 5.9 8.61 0.67 0.74 0.09 0.04 0.018*
ISP young 114 17.1 8.02 15.91 0.7 0.77 0.09 0.01 0.0297*
ISP medium-aged 109 17.5 8.1 16.42 0.72 0.76 0.08 0.02 0.3606NS

ISP old 84 15.1 8.23 14.92 0.72 0.75 0.10 0.01 0.0844NS

Table 4   Pairwise differentiation among four geographic subpopula-
tions measured by FST (lower diagonal) and G′ST (upper diagonal) of 
Olea europaea subsp. cuspidata 

Significance levels: *p ≤ 5%, ***p ≤ 0.1%

Population TG WE SL KM

TG – 0.057*** 0.059*** 0.047***
WE 0.015* – 0.158*** 0.104***
SL 0.016* 0.042* – 0.078***
KM 0.013* 0.028* 0.022* –

Fig. 2   Map for the probability 
of individual membership to 
two of the putative populations 
of the metapopulation detected 
by Geneland. Black dots in 
the light show Olea europaea 
subsp. cuspidata individu-
als from Tara Gedam, Kidane 
Mihiret and Silassie forests (first 
cluster) and dots in dark shade 
show individuals from Washa 
Endrias (second cluster)
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TG 64% originated from the two adjacent geographic 
subpopulations. Migration was mostly bidirectional, 
except in two cases of unidirectional gene flow (SL to 
TG; WE to SL; see Fig. 1). Ripley’s K analysis showed 
that immigrants into the ISP were spatially not randomly 
distributed but rather clumped (Fig.  3). The Kolmogo-
rov–Smirnov test showed that DBH distribution of immi-
grants was statistically different (P = 0.04, two-tailed 
t-test) from the DBH distribution of the non-immigrants. 
To depict the relative frequency of immigrants compared 
to residents in the ISP, the relative DBH frequency dis-
tribution of immigrants and residents in 10 DBH classes 
are shown in a histogram (Supplementary Fig.  1). The 
frequency distribution of DBH classes between immi-
grants and non-immigrants showed a sharp increase in 
the fourth class interval (Supplementary Fig. 2).

Kinship coefficients of the first distance class, signifi-
cant regression slopes  (P < 0.001), and the Sp statistics 
are given in Table 5. For the whole metapopulation up to 
a distance of about 90 m a significant clumping of simi-
lar genotypes was found (Fig. 4). When the ISP was con-
sidered alone a significantly positive value was obtained 
up to a distance of approx. 55 m (Fig. 5). Adults showed 
slightly stronger spatial structure (Sp = 0.0081) than 
younger trees (Sp = 0.0064). Gene dispersal parameters 
were estimated for the metapopulation by assuming an 
effective population density of 23 individuals per hectare 
and resulted in a neighborhood size of 1395 trees with a 
mean gene dispersal (σ) estimate of 220 m. However, no 
convergence for gene dispersal parameters was obtained 
when only the ISP at TG was considered.

Discussion

High genetic diversity and low genetic differentiation 
among wild olive subpopulations

Fragmentation of forests in Ethiopia has been ongoing for 
an extensive time period already. Therefore, comparatively 
low genetic diversity estimates in small subpopulations due 
to size and potential reproductive isolation may have been 
expected. In contrast, our results showed that even relative 
small geographic subpopulations can maintain high levels 
of genetic diversity. Heterozygosity estimates were similar 
among all geographic subpopulations and the average was 
similar to other studies on wild Olea europaea using micro-
satellites (Baali-Cherif and Besnard 2005; García-Verdugo 
et al. 2009; Besnard et al. 2013). We expected a decay of 

Fig. 3   Results of the modified 
Ripley’s-K (L) analysis about 
the spatial aggregation of immi-
grants of Olea europaea subsp. 
cuspidata at the ISP: observed 
values (solid line), theoretical 
value under CSR (complete 
spatial randomness; dotted line) 
and confidence interval (grey 
area). The observed modified 
K (L) is above the confidence 
envelopes at nearly all distances 
ranges, which indicates that 
immigrant individuals are 
spatially significantly clustered 
at all scales

Table 5   Dispersal parameter estimates of Olea europaea subsp. cus-
pidata obtained for the whole metapopulation, ISP, and for the three 
different age classes in the ISP, respectively

r(1), the average kinship coefficient between individuals separated by 
the first distance interval according to Loiselle et  al. (1995), bk the 
regression slope to logarithmic distance, Sp statistics = −bk/1 − r(1) 
according to Vekemans and Hardy (2004)

r(1) bk Sp

Whole metapopulation 0.0085 −0.0020*** 0.0018
ISP 0.0124 −0.0067*** 0.0068
Young 0.0132 −0.0067*** 0.0068
Medium-aged 0.0091 −0.0053*** 0.0054
Old 0.0230 −0.0079*** 0.0081
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allelic richness in the small geographic subpopulations as 
this estimate is much more sensitive to population size than 
heterozygosity. However, allelic richness (after rarefac-
tion) was similar among all subpopulations studied. The 
relatively high diversity estimates in subpopulations in a 
fragmented landscape may stem from two reasons: firstly 
extensive pollen flow via wind and distant seed movement 
may maintain a high level of genetic diversity even in iso-
lated populations of O. europaea (Baali-Cherif and Bes-
nard 2005; Breton et  al. 2006; Besnard et  al. 2007, 2009, 
2013); secondly, the olive tree is one of the most long-lived 
tree species (up to thousands of years; Kaniewski et  al. 
2012) and, therefore, the generation-number related decay 
of heterozygosity due to drift is to be expected to be rela-
tively small (cf. Baali-Cherif and Besnard 2005). Therefore 
the current diversity of the populations may indeed also 
reflect the pre-fragmentation diversity level of a different 
landscape.

The natural vegetation of the region was dominated 
by Olea and Juniperus until around the fourteenth to 
the seventeenth century, and deforestation started after-
wards. Darbyshire et  al. (2003) showed that the reduc-
tion of forest cover in Ethiopian highlands over the past 

three millennia is highly related to expansion for agricul-
tural land. A reduction of church forests in the study area 
especially during the past 300 years could have wors-
ened due to the shift of the Axumite dynasty to Gondar 
and the consecutive expansion of agricultural land and 
increased demand for fuel wood (Henze 2000). However, 
the current landscape shape is probably mainly the result 
of accelerated deforestation in the past 100 years due to 
intensification of agriculture and increased wood demand 
(Wassie et al. 2010). The two bigger subpopulations (TG 
and WE) which were established before the begin of frag-
mentation, have large population sizes of more than 500 
individuals. Therefore, the effect of genetic drift on them 
is expected to be very small. Theory predicts that at least 
five generations are required to detect the effect of genetic 
drift (Young et  al. 1996). Taking into account the long 
life span of the olive tree and the fact that most trees of 
the studied populations have an adult size, we can assume 
less than five generations within the past 100 years. Plot-
ting of immigrants in the ISP at TG indicated no direct 
reduction of seed movement. However, we found a mani-
festation of the fragmentation in the corrected inbreeding 
coefficient, i.e. the presence of higher inbreeding in the 

Fig. 4   Correlogram of average 
kinship coefficient according 
to Loiselle et al. (1995) (solid 
line) with 95% confidence 
interval (dotted lines) to spatial 
distance (m) of Olea europaea 
subsp. cuspidata for the whole 
metapopulation

Fig. 5   Correlogram of average 
kinship coefficient according to 
Loiselle et al. (1995) (solid line) 
with 95% confidence interval 
(dotted lines) to spatial distance 
(m) of Olea europaea subsp. 
cuspidata in the intensive study 
plot
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two smaller subpopulations (SL and KM). In addition, 
evidence for a recent bottleneck in these populations was 
provided, although this was not highly significant.

In our investigation very high frequency of null alleles 
were detected at two of the loci (ssrOeUA-DCA11 and 
UDO099-043). The corrected per population inbreeding 
values are much lower than the original estimates in the 
two bigger populations (TG and WE) and this well explains 
that most of the increased homozygosity in comparison to 
the HWE is due to the presence of null alleles. When we 
divided TG into three cohorts of different ages we expected 
a higher inbreeding value in the cohort of young trees com-
pared to older trees due to a selection against inbreeds over 
time (Yazdani et al. 1985; Latouche-Hallê et al. 2003), but 
we found exclusively significant positive values between 
0.01 and 0.02 in all cohorts. Our data contrast findings - 
Fis values were not significantly different from zero - in 
studies on other O. europaea subspecies which were partly 
conducted with the same microsatellite loci as used in 
our study (subsp. laperrinei, Besnard et  al. 2007; subsp. 
guanchica; García-Verdugo et al. 2010).

Subpopulations showed low but significant differentia-
tion (FST = 0.016; G′ST = 0.094). This low level of differ-
entiation despite strong fragmentation is probably due to 
effective pollen dispersal and long distance seed movement 
by birds and other animals, e.g. civets frequently occur in 
the study area (Abiyu 2012; Abiyu et al. 2015). In this con-
text it is noteworthy that the pollen-to-seed migration ratio 
has been found to be close to one in O. europaea subsp. 
guanchica. This is two orders of magnitude lower than in 
other wind-pollinated, zoochorous tree species (García-
Verdugo et  al. 2009). Moreover, one may also argue that 
our studied subpopulations are the remnants of one for-
merly larger population and therefore FST must be small. 
Although the local scale of our study implies this, results 
provided by Geneland do not support this argument. Hence, 
we conclude that effective gene flow very likely hampered 
a more pronounced subpopulation differentiation as found 
in other Olea subspecies. Besnard et al. (2009) showed that 
even four, highly fragmented O. europaea subsp. laperri-
nei populations in Algeria that were separated by more than 
100 km showed very low differentiation (FST = 0.017) and 
that effective pollen dispersal could range from less than 
100 m to a 2000 m radius depending on the availability of 
flowering trees, topography and the level of fragmentation. 
Their global differentiation estimate was almost identical 
to the one reported in our study. This shows how effective 
gene flow connects fragmented subpopulations in Olea. 
For four wild Moroccan and Algerian populations of O. 
europaea subsp. europaea a slightly higher genetic differ-
entiation was reported [GST = 0.032, calculated based on 
data given in Baali-Cherif and Besnard (2005)], while in 
the Canary Islands subspecies guanchica a much higher 

genetic differentiation was reported (FST = 0.15; García-
Verdugo et al. 2009).

High immigration from the two small geographical sub-
populations (SL and KM) to the biggest one (TG) could 
be due to frequent dispersal of seeds by civets over lim-
ited distance. Abiyu et al. (2015) found high abundance of 
civetries (defecation sites) inside TG. Presumably civets 
prefer a dense habitat and/or a home range less affected 
by humans. Birds are also important dispersers of Olea 
seeds. Fourteen fruit eating bird species of different size 
and behavior were identified in TG and in its surround-
ings (Abiyu 2012). In that study, seeds were predominantly 
trapped at water holes of a dry river bed located between 
TG and WE and therefore these water holes may have ham-
pered an even more pronounced seed flow. This highlights 
how disperser behavior affects local population structure.

The relative proportion of immigrants was highest in 
KM indicating a sink population. From a source-sink-
dynamic point of view a sink population inhabits a rela-
tively poor habitat and might not be viable without the 
influx of immigrants (Dias 1996). Due to the geographi-
cal location of KM this subpopulation might receive more 
migrants due to frequent bird and civet movements. Moreo-
ver, our results indicate that also relative small populations 
(KM, SL) are effectively contributing to seed flow, high-
lighting again the fact that even small populations are very 
important for the conservation of forest genetic resources.

The results of the modified Ripley’s K-function analy-
sis indicated that immigrants were found aggregated across 
space within the ISP. This might be due to the availability 
of small forest openings, scattered breeding sites of birds 
and/or centers of home-ranges of civets. As the DBH dis-
tributions of migrants and non-migrants were statistically 
different, and plotting of the DBH classes for both immi-
grants and non-immigrants shows no general trend towards 
decrease or increase of immigration over time, we conclude 
that immigration occurred erratically rather than synchro-
nously with seeding years. However, the histogram of the 
diameter distributions (Supplementary Fig.  1) shows a 
sharp increase in the number of immigrants in the DBH 
size class 40 which gives an indication of an immigration 
peak during a certain period.

SGS and gene dispersal

Positive significant SGS in low distance classes and signifi-
cant negative estimates in high distance classes were found, 
conforming to an isolation-by-distance (IBD) pattern. SGS 
slightly varied when different sampling schemes were con-
sidered, i.e. at a relatively large spatial scale (landscape 
level) of up to 3.5 km and at a very fine scale level of less 
than 300  m. Loiselle’s kinship coefficient in the first dis-
tance class amounted to only about 0.01. When we compare 
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this estimate to the coefficients of the same distance class 
of several neotropical (Hardy et  al. 2006) or dipterocarp 
tree species (Harata et  al. 2012), our estimate was very 
small. SGS is significantly affected by the density of indi-
viduals (Doligez et  al. 1998), microhabitat heterogeneity 
(Cruse-Sanders and Hamrick 2004) and local seed shadow 
overlap (Fuchs and Hamrick 2010); therefore the high num-
ber of individuals and the resulting overlap in seed shad-
ows is probably responsible for the low observed kinship 
values even at the lowest distance class. Similar findings 
have been reported in other wind polliniated species at high 
density, e.g. Unger et al. (2011). The estimated mean gene 
dispersal distance in our study was 220  m. Abiyu (2012) 
obtained an estimate of seed movement by inverse mod-
eling at TG of 192 m. These two estimates based on very 
different methodical approaches (seed ecology and popula-
tions genetics) are thus nicely coinciding.

At the subpopulations level, we found slightly higher 
estimates of Loiselles’s kinship coefficients in older trees 
(Table 5). This slightly stronger spatial structure could be 
due to differences in seed shadow overlap during colo-
nization of the adult population and mortality of seed-
lings (Jones and Hubbell 2006). Age-dependent spa-
tial population structure was also found in O. europea 
subsp. guanchica (old trees FST = 0.099 vs. young trees 
FST = 0.150; García-Verdugo et  al. 2009). To a certain 
proportion we had expected clonal individuals in our sub-
populations (cf. Baali-Cherif and Besnard 2005); however, 
clones were not detected and therefore this seems not to be 
a common way for reproduction in wild olive.

Conclusions and recommendations to preserve genetic 
resources

The wild olive has been heavily logged especially for its 
high quality of charcoal. Additionally illegal grazing by 
cattle and goats threatens regeneration of this species even 
in relatively well-protected forests such as TG and WE (see 
also Zegeye et  al. 2011). Moreover, juvenile trees are cut 
for farm tool preparation and seed picking by local people 
is further reducing regeneration. These activities diminish 
the species’ abundance and eventually jeopardize the future 
survival of wild olive. Therefore, immediate action of pro-
tection is required in order to maintain viable populations 
of this tree species in the future.

Our results of frequent seed movement and low genetic 
differentiation indicate the relevance of migration in con-
necting spatially isolated (sub)populations. Predominant 
sexual reproduction (no clonally reproduced trees were 
found—unlike in the Saharan laperrinei populations; Bes-
nard et  al. 2007), suggests a high potential for adaptation 
to environmental change. We have shown that even very 
small remnant populations maintain high genetic diversity. 

This is an important finding as small spatially up to one km 
isolated subpopulations can serve as valuable genetic 
resources. Therefore, conservation and sustainable use of 
genetic resources should not overlook the value of small 
populations. At the same time, comparatively high esti-
mates of inbreeding in these small populations in connec-
tion with evidence of population bottlenecks, highlights the 
need for their conservation and defragmentation.

Successful reappearance of wild olive tree in highly 
degraded areas makes it a key species in rehabilitation of 
the Afromontane regions in Ethiopia (Bekele 2005). Bekele 
(2005) and Raf et al. (2006) indicated that recruitment and 
survival of this tree species highly depends on the availabil-
ity of moisture and shade. Hence, a screening of genotypes 
or provenances for drought resistance would increase the 
success of enrichment plantations. Despite its wide distri-
bution and importance, genetic knowledge of this subspe-
cies is still limited. The current study was undertaken at 
a landscape level of only a few kilometers radius. Further 
studies on genetic diversity covering a wider range and fur-
ther mating system studies in this important tree species are 
crucial to develop range wide conservation efforts.
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