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Coffea arabica, the wild ancestor of all commercial Arabica coffee cultivars worldwide, is endemic to the montane
rainforests of Ethiopia. These forests, which harbour the most important C. arabica gene pool, are threatened by
increasing anthropogenic disturbance, potentially altering the mating patterns, pollen dispersal and maintenance
of genetic diversity in C. arabica understorey populations. We genotyped 376 adult coffee shrubs and 418 progenies
from three natural unmanaged, and three highly managed coffee populations, using 24 microsatellite markers.
Mating system analysis of C. arabica yielded an overall multilocus outcrossing rate of 76%, which contrasts with
the common knowledge that C. arabica is a predominantly selfing species. In highly managed coffee populations,
paternity could be assigned to 78% of the progenies, whereas in the unmanaged natural coffee populations, only
57% of the progenies could be assigned to a father, indicating reduced long-distance pollen dispersal in managed
forests. Furthermore, the fraction of selfed progenies was significantly higher in managed (23%) than unmanaged
(10%) coffee forests. Finally, the lack of spatial genetic structure in all studied populations suggests high seed
dispersal in unmanaged populations, and intense berry harvesting and coffee planting in the managed populations.
Our results imply that in situ conservation of the wild gene pool of C. arabica must focus on limiting intensification
of coffee forest management, as decreased pollen dispersal and increased selfing in C. arabica in intensively
managed populations may increase the risk of genetic erosion. © 2014 The Linnean Society of London, Biological
Journal of the Linnean Society, 2014, 112, 76–88.
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INTRODUCTION

Coffee is one of the largest export commodities and is
a livelihood crop for over 100 million people world-
wide (Vega, 2008). Of the 124 coffee species described

to date (Davis et al., 2006, 2011; Davis, Rakotonasolo
& De Block, 2010), commercial coffee production
relies on only two species, Coffea arabica (arabica or
highland coffee, c. 70%) and C. canephora (robusta or
lowland coffee, c. 30%) (ICO, 2013). Currently, over 60
countries throughout the tropics grow coffee, on more
than 11 million hectares (Waller, Bigger & Hillocks,
2007). Despite the current wide geographical range of
Arabica coffee cultivation, the genetic base of the
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cultivars used is narrow (Anthony et al., 2002).
Whereas this has resulted in a crop with homogene-
ous agronomic behaviour (Lashermes, Benoît &
Hervé, 2009), adaptability in response to environmen-
tal changes and climatic hazards is expected to be
low.

The ancestor of cultivated Arabica coffee is wild
C. arabica L., a shrub endemic to south-west Ethiopia
(Anthony et al., 2001, 2002), where it naturally occurs
in the understorey of the Afromontane moist forests.
Wild populations of Arabica coffee in these rainforests
are genetically diverse, and probably possess desir-
able traits that can be used to improve the cultivated
varieties of C. arabica worldwide (Aga, Bekele &
Bryngelsson, 2005; Aerts et al., 2013; Tesfaye et al.,
2013). At least within Ethiopia, active selection and
hybridization activities with wild coffee individuals in
recent decades have led to numerous landraces or
farmers’ varieties (reviewed by Labouisse et al.,
2008). The importance of the Ethiopian wild coffee
populations can be expected to increase in the future
as breeders attempt to address the threats of the
combination of global environmental change and a
higher demand for food (Foley et al., 2011). Conser-
vation of the genetic diversity of C. arabica in Ethio-
pian rainforests is therefore of major importance, but
the conservation of wild gene pools of cultivated
species generally remains an often undervalued chal-
lenge for conservation biologists (Honnay, Jacquemyn
& Aerts, 2012).

The traditional coffee production systems practised
in Ethiopia are Forest Coffee (FC) and Semi-Forest
Coffee (SFC), and they differ profoundly by the inten-
sity of the rainforest management (Senbeta & Denich,
2006; Labouisse et al., 2008; Aerts et al., 2011). While
forests under the FC system experience little or no
disturbance, interventions such as removal of shrubs
and emerging seedlings, and selective thinning of the
upper canopy to increase coffee yield are typical for
the SFC system (Schmitt et al., 2009; Aerts et al.,
2011). Because yield of coffee shrubs in FC systems is
very low (15 kg ha−1 year−1; Schmitt et al., 2009),
increasing human population densities and increas-
ing demand for Arabica coffee on the world market
have caused a major shift from FC systems towards
the more intensively managed SFC systems (Senbeta
& Denich, 2006). Not much is known so far, however,
about how intensified rainforest management may
affect the in situ conservation of the wild C. arabica
gene pool (but see Aerts et al., 2013).

As forest management practices typical for the SFC
system have important consequences for forest struc-
ture and plant species composition (Senbeta &
Denich, 2006; Schmitt et al., 2009), they can also be
expected to strongly affect pollinator abundance
and behaviour (Brosi et al., 2008; Brosi, 2009;

González-Varo, Arroyo & Aparicio, 2009; Jha &
Vandermeer, 2010), and therefore to affect the mating
patterns (i.e. the pattern of pairing of gametes and
their genetic relatedness) in the understorey coffee
populations (Obayashi et al., 2002; Eckert et al.,
2010). A recent meta-analysis of 22 studies involving
27 plant species indeed showed significantly lower
outcrossing rates in plant species in disturbed com-
pared with undisturbed habitats (Eckert et al., 2010).
At the population level, the alteration of mating pat-
terns can have significant consequences with respect
to the intergenerational transfer of genetic diversity.
As severe anthropogenic disturbance may decrease
pollinator availability, this may result in reduced
pollen dispersal and increased selfing, decreasing the
effective population size, and reducing the genetic
diversity of the progeny produced (Tani et al., 2009;
Fuchs & Hamrick, 2011; Zalucki, King & Hughes,
2013). Increased selfing or mating between geneti-
cally related individuals can also be expected to result
in a strong local pedigree structure, with higher
genetic similarity among neighbouring than among
more distant individuals (Vekemans & Hardy, 2004).
Quantifying small-scale population genetic structure
can therefore yield insight in realized mating in the
adult generation (Krauss et al., 2009; Zhao, Xia & Lu,
2009; Barluenga et al., 2011).

The mating system of coffee under natural condi-
tions, and its reliance on pollinator services for fruit
set, can also be expected to mediate the impact of
forest management on mating patterns. Owing to its
reported self-compatibility and high degree of
autogamous selfing (Free, 1993), fruit set in Arabica
coffee has been traditionally considered to be rela-
tively independent from insect pollinators. However,
empirical studies have recently shown a considerable
increase in fruit set of highland coffee in pollinator-
rich environments (Roubik, 2002; Klein, Steffan-
Dewenter & Tscharntke, 2003; Veddeler et al., 2008;
Vergara & Badano, 2009). So far, a formal analysis of
the mating system of C. arabica in its natural
habitat, based on genetic markers, is lacking.

The general objective of this study was to quantify
mating patterns in wild C. arabica populations in
their natural habitat, the Ethiopian montane rainfor-
ests. To that end, we used 24 simple sequence repeat
(SSR) markers to genotype 376 adult coffee shrubs
and 418 progeny plants from three FC populations
and three SFC populations. Our first specific aim was
to examine the mating system of wild C. arabica. Our
second specific aim was to compare (1) selfing and
outcrossing rates, (2) pollen flow patterns, (3)
intergenerational transfer of genetic diversity and (4)
spatial genetic structure, between coffee populations
from natural FC systems, and coffee populations from
highly managed SFC systems.
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MATERIAL AND METHODS
STUDY SPECIES

Highland coffee (Coffea arabica L.: Rubiaceae) is the
only self-fertile species of the genus Coffea (Davis
et al., 2006, 2010). Coffea arabica is an allotetraploid
(2n = 4x = 44), resulting from a relatively recent
natural hybridization between its two putative
diploid parents, i.e. C. canephora and C. eugenoides
(Lashermes et al., 1999; Maurin et al., 2007).
Coffea arabica flowers and bears fruit at an age of
3 years (Free, 1993; Puff, 2003). In south-west Ethio-
pia, flowering is triggered by rain showers after a dry
spell of 3–4 months, often between January and April
(Aerts et al., 2013). The stigma is receptive when a
flower opens at dawn and the anthers dehisce soon
afterwards (Klein et al., 2003). The base of the style
secretes nectar, which attracts different pollinator
taxa, in Ethiopia mainly bees (Fichtl & Admasu,
1994).

SAMPLE COLLECTION AND STUDY POPULATION

Coffee leaf samples were collected from six popula-
tions in the Afromontane rainforest of the Jimma
zone in the Oromia region in south-west Ethiopia
(Fig. 1). Three populations were located in the remote
part of the Belete-Gera National Forest Priority Area
(NFPA). The canopy of this natural forest consists of
a mixture of broadleaved tree species 10–30 m tall
with emergent trees that can reach a height of
30–40 m. Dominant tree species include Syzygium
guineense, Prunus africana, Olea welwitschii,
Schefflera abyssinica and Ilex mitis. These sites expe-
rienced no or very little forest management, and are
further referred to as FC systems. The other three
populations were located in three intensively
managed coffee forests that have been continuously
managed for coffee production over the past 50 years.
These fragments are located in the coffee-producing
agricultural landscape east of NFPA. These forests

A B

Figure 1. Map showing sampling plots in the Afromontane forests of south-west Ethiopia. Letters represent sampled
forest fragments: a, unmanaged continuous forest; b, intensively managed forest fragments; A4, A10 and Q11 refer to the
studied populations in FC whereas F8, G10 and G24 refer to the populations in SFC. Satellite imagery © 2013
DigitalGlobe GeoEye and Cnes/Spot Image via Google Earth.
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experienced rigorous tree thinning and removal of
understorey shrubs (Aerts et al., 2011). The dominant
tree species here include Albizia gummifera,
A. schimperiana, Croton macrostachyus and Millettia
ferruginea. We further refer to these sites as SFC
systems.

We established rectangular sampling plots at each
study site with average plot size of 400 m2, aiming
to include approximately 60 adult coffee shrubs
(Senbeta & Denich, 2006). All coffee shrubs (N = 376)
were sampled and leaves were dried on silica gel.
While sampling, we randomly marked five fecund
shrubs per plot for later berry collection. Fifty to 60
open pollinated berries were collected from each
marked shrub and progenies were raised in a green-
house. After germination, leaf samples were randomly
collected from on average 14 (range 9–15) progenies
per mother shrub (total 418 samples), and also dried
on silica gel.

GENOMIC DNA EXTRACTION AND SSR GENOTYPING

Prior to DNA extraction, leaf material was homog-
enized with a mill (Mixel Mill MM, 200, Retsch).
Genomic DNA was extracted from 20–22 mg of dried
leaf samples using the CTAB protocol of the
NucleoSpin Plant II isolation kit (Machery-Nagel).
Compared with the standard protocol, we increased
incubation time during cell lysis to 60 min at 65 °C and
used a two-step elution procedure incubated at 70 °C
for optimal recovery of bound nucleic acids. DNA
samples were assayed using the 24 microsatellite loci
(from Combes et al., 2000; Silvestrini et al., 2007;
Hendre et al., 2008; López-Gartner et al., 2009)
detailed in Aerts et al. (2013). The 24 SSRs were
amplified in six multiplex PCRs using a Gene Amp
PCR system 9700 thermal cycler (Applied Biosystems).
PCR reactions were performed in total sample volumes
of 10 μL, consisting of 5 μL Qiagen Multiplex PCR mix,
0.2 μL of each forward and reverse primer of one mix
(10 μM) complemented with RNase-free MQ water and
2 μL sample/template DNA. The multiplexes had
equal thermocycling profiles with 15 min initial dena-
turation at 95 °C, followed by 25 cycles of denaturing
at 94 °C for 30 s, annealing at 57 °C for 90 s and
extension at 72 °C for 1 min, with a final extension step
at 60 °C for 30 min. Then, 1 μL of the PCR reaction was
added to a solution of 8.8 μL formamide and 0.2 μL of
the Applied Biosystems GeneScan 500 LIZ size stand-
ard. Sized fragments were scored using GeneMapper v
4.0 (Applied Biosystems).

Despite their extensive use as markers of choice in
many genetic studies dealing with diploid species, the
application of microsatellite markers (SSRs) in a
polyploid species is limited by the difficulty to identify
true genotypes of partial heterozgotes. Here, we used

ATetra (Van Puyvelde, Van Geert & Triest, 2010)
to handle co-dominant microsatellite data of allo-
tetraploid species. ATetra computes suits of diversity
measures (see below). However, similar techniques do
not exist for paternity, mating system and spatial
autocorrelation analysis in polyploid species. For
these analyses, we transformed our co-dominant
microsatellite data into a dominant data set, similar
to an amplified fragment length polymorphism
(AFLP) profile, by considering each microsatellite
allele as an independent locus. Although an inherent
loss of information (heterozygosity) is expected in this
kind of transformation, the approach has been widely
used by several studies (e.g. Vanderpoorten et al.,
2011; Sampson & Byrne, 2012; Aerts et al., 2013;
Vallejo-Marin & Lye, 2013).

PATERNITY ANALYSIS

Parent versus offspring reconstruction was performed
in the six studied populations, using FaMoz (Gerber
et al., 2000). We used a likelihood approach to detect
the most likely father using the logarithm of likelihood
ratio (LOD score) for dominant markers. Paternity
assignment was carried out after setting LOD thresh-
olds using the cross-section of the LOD distributions of
simulated offspring from inside versus outside stands
assuming an error rate of 1 and 0.01% for calculation
and simulation, respectively, and a deviation from
Hardy–Weinburg equilibrium of 0.25 based on our
outcrossing estimation. Offspring were assigned to the
most likely parent when the LOD score of that parent
was higher than the LOD threshold. When the parent–
offspring LOD score fell below the LOD threshold,
offspring paternity was left unassigned. Once pater-
nity assignment was completed, cryptic gene flow was
estimated using 10 000 simulations. Because cryptic
gene flow was zero for two populations and near zero
for the other populations, all unassigned offspring
were considered to result from pollen inflow. Next, to
investigate the impact of management (FC vs. SFC) on
pollination patterns, we used binomial Generalized
Linear Models (GLMs) for event/trial data. Dependent
variables were the number of selfed offspring and the
number of offspring sired by outside sources, relative
to the number of genotyped offspring per mother plant.
Management type and population nested within man-
agement type were included as independent factors.
Analyses were performed using SPSS 19.0 (SPSS Inc.).

TRANSFER OF GENETIC DIVERSITY

BETWEEN GENERATIONS

The within-population genetic diversity of each popu-
lation and each generation (adult trees versus seed-
lings germinated from the berries) were estimated
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using the program ATetra 1.2a (Van Puyvelde et al.,
2010). We calculated expected heterozygosity cor-
rected for sample size (HEc), Shannon–Wiener Diver-
sity Index corrected for sample size (H’c), Nei’s
measure of population differentiation (GST), the
interpopulational gene diversity (Dm) and Nei’s
genetic distance (D). We used a Mann–Whitney test
to compare average percentage intergenerational
transfer of genetic diversity between FC and SFC
systems.

SPATIAL GENETIC STRUCTURE

Estimation of spatial genetic structure (SGS) helps to
gain insights into the dispersal behaviour of genes
(pollen and seed) within populations. We used
GENALEx 6.5 (Peakall & Smouse, 2006, 2012) to
assess fine-scale spatial genetic structure of all adult
shrubs within each management system using
genetic and spatial data. The software (GENALEx)
follows the multivariate approach described by
Smouse & Peakall (1999), and tests for significance by
establishing lower and upper 95% boundaries for the
autocorrelation coefficient (r) based on 999 random
simulations of the null model, i.e. no autocorrelation.
Similar confidence intervals are established around
the estimate of r using 999 bootstraps, and structure
is inferred for non-overlapping positive distance
classes.

MATING SYSTEM ANALYSIS OF FOREST COFFEE

To gain insight in the mating system of C. arabica,
overall mating system parameters were quantified in
both the three FC populations and the three SFC
populations. To estimate outcrossing rates, we

employed the multi-locus method of moments proce-
dure, which is a weighted average of individuals
within families, using population gene frequencies
(Ritland, 2002). First, we estimated outcrossing rates
following the Newton–Raphson method for 24 loci,
with standard errors based on 1000 bootstraps, by
including known maternal genotypes. Second, we
estimated the parameters of the correlated matings
model, using the maximum-likelihood approach. For
each of the six populations, we estimated: (1)
multilocus outcrossing rates (tm), (2) biparental
inbreeding or the difference between the multilocus
and single locus outcrossing rate (tm – ts), (3) correla-
tion of paternity (rp) and (4) the correlation of selfing
among family (rs).

RESULTS
PATERNITY ASSIGNMENT

The theoretical cumulative exclusion probability cal-
culated over 24 loci was high. The mean single parent
exclusion probability was 0.971 and the mean parent
pair exclusion probability was 0.998 (Table 1). Of the
418 genotyped progenies, 78.2% (SE 6.96) and 56.8%
(SE 4.37) were unambiguously assigned to a single
father from within the study plots in SFC and FC
populations, respectively. Of the 225 genotyped SFC
offspring, 53 (23.0%, SE 0.065) were the result of
selfing, while 18 (9.7%, SE 0.050) of the 193
genotyped FC offspring were self-pollinations (Fig. 2).
GLMs confirmed that the fraction of selfed offspring
(S) and the fraction of offspring sired by outside
sources (pin) differed significantly between manage-
ment systems (S: χ2 = 247.17, P < 0.001, pin:
χ2 = 57.07, P < 0.001).

Table 1. Paternity assignment in six populations of Afromontane coffee forests using 24 SSR markers: A4, A10 and Q11
refer to the studied populations in FC whereas F8, G10 and G24 refer to the populations in SFC

Population N
Expected
probability Kw Ka Pw S O CYG

Forest coffee (FC)
Afalo-4 (A4) 65 96.73 29.00 37.00 56.92 3.00 56.00 0.000
Afalo-10 (A10) 59 93.86 22.00 38.00 64.40 0.00 65.00 0.015
Qacho-11(Q11) 69 98.32 35.00 34.00 49.27 26.00 28.00 0.000
Mean 96.30 28.67 36.33 56.87 9.67 49.70 0.005

Semi-forest coffee (SFC)
Fetche-8 (F8) 75 97.22 25.00 50.00 66.67 33.00 33.00 0.004
Garuke-10 (G10) 75 98.64 17.00 58.00 77.33 8.00 71.00 0.004
Garule-24 (G24) 75 97.96 7.00 68.00 90.67 28.00 61.00 0.011
Mean 97.94 16.33 58.67 78.22 23.00 55.00 0.006

CYG, cryptic gene flow; Ka, number of progenies assigned from within study plot; Kw, number of progenies not assigned
from the study population; N, number of progenies genotyped; O, outcrossing rate at individual maternal shrub level; Pw,
per cent progenies sired by a single father from within the study plot; S, selfing rate at individual maternal shrub level.
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INTERGENERATIONAL TRANSFER OF GENETIC

DIVERSITY AND SPATIAL AUTOCORRELATION

Transfer of genetic variation from the adult genera-
tion to the progeny tended to be higher in SFC than
FC populations (Fig. 3 and Table 2). Expected
heterozygosity corrected for sample size (HEc) was
reduced by on average 5.29% in the FC populations
compared with 2.0% in SFC populations (Fig. 3A).
Similarly, we found a higher reduction of the genetic
diversity (Shannon–Wiener Diversity Index corrected
for sample size (H’c) in FC compared with SFC
(mean = 14.39, SE 0.04 vs. 9.48, SE 0.05, respectively)
(Fig. 3B). None of these differences in loss of genetic
diversity between FC and SFC was significant,
however, according to Mann–Whitney tests.

To visualize the dispersal behaviour of genes
(pollen and seeds) within the population, spatial
autocorrelation analysis was performed for the adult
population. Accordingly, we found non-significant
fine-scale spatial autocorrelation in the studied adult
populations (see Fig. 4 for examples).

MATING SYSTEM IN COFFEA ARABICA

The mean multilocus outcrossing rate (tm) for
C. arabica in the FC populations was 0.76 (SE 0.093).
Mean biparental inbreeding was 0.155 (SE 0.030)
while the mean correlation of selfing among families
was 0.814 (SE 0.100). We found a mean correlated
paternity of 0.200 (SE 0.117) (Table 3). Our mating

analysis for the intensively managed fragmented
coffee forests (SFC) yielded a mean tm of 0.70 (SE
0.038) (Table 3). The mean correlated paternity, cor-
relation of selfing among families and biparental
inbreeding in SFC populations were 0.265 (SE 0.051),
0.885 (SE 0.066) and 0.074 (SE 0.044), respectively.

DISCUSSION
MATING SYSTEM IN WILD COFFEA ARABICA

Coffea arabica is widely perceived as a predominantly
selfing species with an outcrossing rate of c. 10% (e.g.
Free, 1993; Anthony et al., 2001; Davis et al., 2006).
This knowledge stems from pollination studies in
C. arabica cultivars, reporting outcrossing rates of
less than 10% in Colombia (Castillo-Zapata, 1976),
12% in Brazil (Carvalho & Krug, 1949) and 7–15% in
Kenya (Van der Vossen, 1974). Our mating system
analysis, which was the first to examine mating pat-
terns in wild Arabica coffee populations based on
the inheritance of genetic marker variation, yielded
completely different values. We found an overall
multilocus outcrossing rate as high as 76%, typical for
mixed mating species (Goodwillie, Kalisz & Eckert,
2005; Busch et al., 2010; Zhu & Lou, 2010). This
supports the prediction of Meyer (1965), who reported
self-fertility of 40–60% in wild Arabica coffee shrubs
that were collected from the wild and planted at a
common garden in Jimma, Ethiopia, but who sug-
gested higher outcrossing rates in wild Arabica coffee

Figure 2. Percentage of progenies assigned to fathers from within the study plot (white bars), percentage of pollen inflow
from outside study plot (grey bars) and fraction of selfed progenies (black bars) in the six studied populations: FC,
unmanaged forest coffee; SFC, intensively managed semi-forest coffee; A4, A10 and Q11 refer to the studied populations
in FC whereas F8, G10 and G24 refer to the populations in SFC.
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populations. Throughout the domestication process of
C. arabica, self-pollination and biparental inbreeding,
due to low pollinator availability and the presence of
genetically similar genotypes, respectively, may have
increasingly promoted self-fertility. If seed set follow-
ing self-fertilization is low due to expression of lethal
alleles in the homozygous state, then successive gen-
erations of inbreeding can increase self-fertility due to
the selective decrease in frequency of deleterious
alleles (Johnston & Schoen, 1996; Crnokrak &

Barrett, 2002). The abundant availability of pollina-
tors, pollination by multiple pollen donors [as indi-
cated by the moderate correlated paternity value
(0.2)] and relatively low biparental inbreeding (0.155)
all probably maintain high outcrossing rates in wild
Arabica coffee populations. Pollination by multiple
pollen donors and relatively low biparental inbreed-
ing are also in accordance with the typical low density
of plants in wild Arabica coffee populations (Senbeta
& Denich, 2006; Labouisse et al., 2008; Schmitt et al.,

(A)

(B)

Figure 3. Relative heterozygosity losses (A) and reduction in genetic diversity (H’c) (B) from the parental to the offspring
generation for unmanaged forest coffee (FC) and intesively managed semi-forest coffee (SFC); A4, A10 and Q11 refer to
the studied populations in FC whereas F8, G10 and G24 refer to the populations in SFC. The mean expected
heterozygosity loss was 0.053 (SE 0.015) in FC and 0.020 (SE 0.018) in SFC while the mean genetic diversity (H’c) loss
was 14.39 (SE 0.048) in FC and 9.48 (SE 0.049) in SFC.
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2009; Aerts et al., 2011), promoting longer flight
distances. Moreover, substantial gene flow between
populations of wild Arabica coffee in Ethiopia
has been reported (Aga et al., 2003; Tesfaye et al.,
2013).

EFFECT OF FOREST MANAGEMENT ON

POLLEN DISPERSAL

Paternity assignment demonstrated modest but sig-
nificant effects of coffee forest management on mating

Table 2. Estimates of expected heterozygosity corrected for sample size (HEc), Shannon–Wiener Diversity Index
corrected for sample size (H’c), Nei’s measure of population differentiation (GST), the interpopulational gene diversity (Dm)
and Nei’s genetic distance (D) for Coffea arabica populations in south-west Ethiopia based on 24 microsatellite loci: A4,
A10 and Q11 refer to the studied populations in FC whereas F8, G10 and G24 refer to the populations in SFC

Population

HEc H’c Adult vs. progeny subpopulations

Adult Progeny Adult Progeny GST Dm D

Forest coffee
Afalo (A4) 0.5692 0.5349 0.9798 0.8676 0.0034 0.0039 0.0526
Afalo (A10) 0.5208 0.4376 0.9003 0.6611 0.0057 0.0067 0.0306
Qacho (Q11) 0.6011 0.5600 1.0389 0.9586 0.0098 0.0134 0.0629
Mean 0.5637 0.5108 0.9730 0.8291 0.0063 0.0080 0.0487

Semi-forest coffee
Fetche (F8) 0.5578 0.5142 0.9741 0.8764 0.0174 0.0228 0.0465
Garuke (G10) 0.5731 0.5416 1.1056 0.9259 0.0155 0.0205 0.0448
Garuke (G24) 0.5314 0.5467 0.9665 0.9597 0.0399 0.0593 0.0912
Mean 0.5541 0.5342 1.0154 0.9206 0.0243 0.0342 0.0608

(A)

(B)

Figure 4. Spatial auto-correlation for adult populations of Coffea arabica in Afromontane coffee forest of south-west
Ethiopia. Letters represent studied populations: A, least managed coffee forest populations; B, intensively managed
semi-forest coffee populations. The dashed lines represent upper and lower 95% confidence intervals (10 000 permutations).
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patterns. Although outcrossing was considerable in
both systems, we found a significantly higher fraction
of selfed progenies in SFC populations (N = 53;
23.0%) compared with FC populations (N = 18; 9.7%).
Also, the fraction of outcrossed progenies sired by
outside sources was significantly higher in FC popu-
lations (N = 86; 41.0%) than in SFC populations
(N = 49; 22.0%), suggesting more intensive pollen
inflow and longer pollen dispersal distances in FC
systems. Increased pollen inflow rates and lower
selfing in FC compared with SFC populations may be
attributed to altered foraging behaviour of pollinators
in response to differences in floral display size and in
abundance of flowering coffee shrubs between the two
management systems. The density of flowering coffee
shrubs is higher in SFC than FC systems (Senbeta &
Denich, 2006; Schmitt et al., 2009; Aerts et al., 2011),
and the rigorous canopy thinning practices in SFC
systems encourage the development of more fruiting
branches per tree, increasing the number of flowers
produced per shrub. Large floral displays can be
expected to tempt pollinators to spend more time on
one shrub (Brunet & Sweet, 2006; Williams, 2007).
Because pollinators visiting hermaphroditic flowers
often deposit mixed pollen of different individuals,
including self pollen (Karron, Mitchell & Bell, 2006),
this altered pollinator behaviour in response to higher
floral densities is expected to promote selfing
(geitonogamy) in self-compatible, animal-pollinated
species (Kalisz, Vogler & Hanley, 2004; Williams,
2007), as appears to be supported by the
higher selfing rate within SFC compared with FC
populations.

The effects of differences in flower densities on
mating patterns between management types may
further have been exacerbated through reduction of
the pollinator diversity in the SFC systems.
Anthropogenic disturbances such as forest manage-

ment may cause changes in microclimate and in
availability of nesting sites for insect pollinators
(Klein et al., 2008), thus negatively affecting the
diversity of the pollinator communities (Kremen,
Williams & Thorp, 2002; Brosi et al., 2008; Klein,
2009), and the frequency of plant–pollinator interac-
tions (Steffan-Dewenter & Westphal, 2008; Eckert
et al., 2010). As a consequence, mating patterns and
gene dispersal may become jeopardized (Brys &
Jacquemyn, 2012; Mannouris & Byers, 2013).

CONSEQUENCES OF FOREST MANAGEMENT ON

INTERGENERATIONAL GENETIC DIVERSITY

The transmission rate of genetic variation from the
adult to the progeny generation was not significantly
different in FC compared with SFC populations.
Although the demonstrated loss of genetic variation
does not indicate that genetic variability is lost
throughout generations, as we sampled only the
progeny of five mother shrubs, representing only one
generation, they do suggest that forest management
is not negatively impacting the transfer of genetic
variation. One possible explanation for this is the
introduction, through planting, of coffee shrubs by
local farmers in SFC systems, artificially increasing
genetic variation. Aerts et al. (2013) have indeed
reported high genetic variation in SFC populations
and have attributed these findings to anthropogenic
introduction of diverse genotypes.

EFFECT OF FOREST MANAGEMENT ON SPATIAL

GENETIC STRUCTURE

Fine-scale spatial genetic structure was non-
significant in all six studied populations. These find-
ings corroborate the unexpectedly high outcrossing
rate in wild coffee populations. A likely explanation

Table 3. Location and results of a mating system analysis of wild Coffea arabica in south-west Ethiopia using 24 SSR
markers: A4, A10 and Q11 refer to the studied populations in FC whereas F8, G10 and G24 refer to the populations in
SFC

Stand Lat. (°N) Long. (°E) Elevation (m) tm ts tm – ts rp rs

Forest coffee (FC)
Afalo-4 (A4) 76 395 362 067 1987 0.736 0.557 0.179 0.167 0.787
Afalo-10 (A10) 76 307 362 241 1825 0.932 0.835 0.096 0.015 0.657
Qacho-11 (Q11) 77 868 363 238 2108 0.612 0.422 0.191 0.417 0.999

Semi-forest coffee (SFC)
Fetche-8 (F8) 77 106 367 617 1908 0.663 0.673 −0.010 0.175 0.999
Garuke-10 (G10) 77 368 367 420 2025 0.663 0.570 0.094 0.350 0.886
Garuke-24 (G24) 77 256 367 227 2062 0.776 0.637 0.139 0.269 0.771

rp, correlation of paternity; rs, correlation of selfing among families; tm, multilocus outcrossing rate; tm – ts, biparental
inbreeding; ts, single locus outcrossing rate.
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for the absence of spatial genetic structure in the FC
populations is the high number of seed dispersal
events by different vectors such as birds, monkeys
and bats (Senbeta & Denich, 2006), and very low
seedling recruitment, due to intensive competition
between coffee and other plant species on the forest
floor. In SFC populations, the combination of high
seed removal (through coffee harvesting) and the
introduction of coffee genotypes from other sites may
have contributed to this pattern (Schmitt et al., 2009;
Aerts et al., 2011, 2013).

LIMITATIONS OF CO-DOMINANT MICROSATELLITE

(SSRS) DATA ANALYSIS IN ALLOPOLYPLOID ORGANISMS

Despite the proliferation of statistical tools in recent
years for the estimation of genetic diversity, parent-
age and mating system in diploid organisms, this
remains a serious bottleneck for polyploid organisms.
As a result, the transformation of polyploidy molecu-
lar traits (such as co-dominant markers) to dominant
molecular traits has been commonly practised (for
example, Sampson & Byrne, 2012; Aerts et al., 2013;
Vallejo-Marin & Lye, 2013). Following this approach,
we treated co-dominant markers as dominant molecu-
lar traits to estimate paternity, mating system and
spatial autocorrelation of C. arabica. This resulted in
straightforward polyploidy analyses at the cost of a
potential loss of information that could be obtained
through exploiting the co-dominant nature of the
data. Moreover, our wild coffee sampling involved
only one Afromontane coffee forest. Despite their limi-
tations, our analyses provide a first approximation of
the mating system and pollen flow pattern of
tetraploid wild C. arabica in its native range.
However, because of the allotetraploid nature of the
C. arabica genome, our mating system and pollen
flow analyses should be viewed and interpreted with
caution, until subgenome-specific markers for the
putative parent species of C. arabica (i.e. for
C. robusta and for C. eugenioides; Lashermes et al.,
1999; Maurin et al., 2007; Tesfaye et al., 2007) become
available.

CONCLUSIONS

We have provided the first formal mating system
analysis of C. arabica in its natural habitat, and we
report a mixed mating system for Arabica coffee. Our
results reveal the impact of forest management on
mating patterns in understorey C. arabica popula-
tions. Pollen exchange is higher in FC populations
than in SFC populations. Intensive rainforest man-
agement further promotes selfing in C. arabica.
Although we could not find statistically significant
effects of forest management on the transfer of

genetic diversity between generations, our results
show that, in the long term, forest management may
jeopardize the conservation of genetic diversity in
C. arabica. Our findings contribution significantly to
the ongoing in situ conservation efforts of wild
C. arabica in south-west Ethiopian forests. To guar-
antee in situ conservation of the wild Arabica coffee
genetic resources in Ethiopia, we recommend (1)
avoiding intensification of traditional forest coffee
systems to maintain diversity and abundance of the
pollinator community needed for pollen dispersal; and
(2) enhancing ecosystem pollination services in the
managed, semi-forest coffee systems.
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