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Abstract Arbuscular mycorrhizal fungi (AMF) are associ-
ated with the root system of coffee (Coffea arabica L.)
plants, but their distribution in smallholder agroforestry and
monocultural coffee systems is not well known. This study
investigates the spatial distribution of AMF spores in a field
study in southwestern Ethiopia. Soil samples from different
depths (0–50 cm) were collected under the tree canopies of
Acacia abyssinica, Albizia gummifera, Ficus sur, Ficus
vasta and randomly selected unshaded coffee plants at
different sampling points (canopy base, radius, edge and
outside canopy). Significantly higher AMF spore densities
were recorded at canopy bases and at 0–30 cm soil depth.
Spore populations were found to belong to five genera:
Acaulospora, Entrophospora, Glomus, Gigaspora and
Scutellospora, with Glomus and Acaulospora dominating.
Sampling points, sites and depths, shade tree species and
shade tree/coffee plant age affected AMF spore density.
Agroforestry practices including the use of leguminous
shade trees effectively maintained AMF numbers in soils
even at depth compared with unshaded coffee plants
(monocultures).
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Introduction

The agriculture-based Ethiopian economy is highly depen-
dent on Coffee arabica L., which contributes more than
60% of the country’s foreign currency (Gole et al. 2002).
Traditional shaded coffee is cultivated principally by small-
scale growers and is the main livelihood for more than 60%
of the local population in the coffee-growing montane
rainforest areas of southwestern Ethiopia (Tafesse 1996).

Cultivation involves planting young coffee plants in the
understorey of a remnant native tree cover that includes
Albizia gummifera (Gmel) C.A.Sm, Acacia abyssinica
Hochst. ex Benth., Millettia ferruginea (Hochst.) Baker,
Ficus sur Forssk., Ficus vasta Forssk., Cordia africana
Lam., Croton macrostachyus Del. and others (Taye 2001).
Coffee crops in Ethiopia are managed with low-input
technology (no agrochemicals), which means that much of
Ethiopia’s coffee production can be considered organic,
although little certification has taken place as yet. The
present investigation placed special emphasis on this type of
production system, which protects the environment and
maintains biodiversity because of various shade tree species.

Studies have revealed that agroforestry coffee systems
are effective in soil conservation compared with conven-
tional monocultural (unshaded) coffee systems (Cardoso et
al. 2003). To improve the efficiency of nutrient recycling in
these agroforestry systems, however, a better understanding
of the underlying biological processes is needed. In this
regard, studies on the distribution of beneficial soil micro-
organisms such as arbuscular mycorrhizal fungi (AMF) are
vital because there is growing evidence that agroforestry
practices may be important in maintaining the mycorrhizal
inoculum potential in soils (Cardoso et al. 2003). The
ability of AMF to enhance tropical crop (host plant) uptake
of relatively immobile nutrients, in particular P and Zn, in
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nutrient-poor soils is well recognised (Thompson 1987).
Furthermore, Graham (2001) has indicated that arbuscular
mycorrhiza colonisation may also protect host roots from
certain pathogens and improve moisture status, especially
under nutrient-limited conditions.

Coffee is highly dependent on arbuscular mycorrhizal
association (Habte and Bittenbender 1999). Monoculture may
reduce the spectrum of AMF species found in the soil after
several years of continuous cultivation (Sieverding 1991).
Coffee monoculture is a common practice in southwestern
Ethiopia, where the current study was carried out.

In Ethiopia, propagules of indigenous AMF have been
encountered in natural coffee forests (Muleta et al. 2007), in
traditional agroforestry land (Asfaw 2003) and in dry
afromontane forests (Wubet et al. 2003, 2004). However,
information on the spatial distribution of indigenous AMF
populations in smallholder agroforestry and monocultural
coffee systems in the country is very scarce. Studies in
Bonga and Yayu natural coffee forests have revealed
significant variations in AMF spore density with soil depths
(Muleta et al. unpublished). A decrease is often found
already at 15–25 cm soil depth in the percentage of roots
colonised by AMF, the number of infective propagules, the
amount of extra-radical AMF hyphae and species numbers
(Oehl et al. 2004). In addition, He et al. (2004) reported
significantly higher spore density at the stem base of a tree
legume compared with that in the canopy radius.

Thus, the aim of this work was to study the spatial
distribution of AMF spores associated with smallholder
agroforestry and monocultural (unshaded) coffee systems in
southwestern Ethiopia. The specific objective was to
measure the spatial variation in AMF spore density and
genus with respect to coffee production practices, type of
shade trees, age of shade trees/understorey coffee bushes,
sampling points, soil depth profiles and sites.

Materials and methods

Description of the study areas

The sample sites included Yayu (Illubabor zone), Agaro,
Yabbu, Melko and Shabe areas (Jimma zone), all in Oromia
regional state, Ethiopia (07°28′–08°28′N, 35°50′–36°45′E).
The altitude ranges from 1,376 to 1,890 m above sea level.
The mean annual rainfall is about 1,600 mm, the majority
of which falls in the period June to August. Rainfall
distribution in the study areas is bi-modal, and temperatures
range between 15 and 25°C.

The soil in southwestern Ethiopia is of volcanic origin,
with a high nutrient-holding capacity by clay minerals
(Dubale and Mikru 1994), and the soil composition is clay
(13%), loamy clay (29%), silty clay (29%) and sandy clay

(22%) in relative proportions, with a pH ranging mostly
from 5 to 6.8 (water extract; Höfner 1987). The topsoil is
commonly dark brown or brownish in colour. There are
four types of coffee production systems in Ethiopia: forest
coffee, semi-forest coffee, smallholder coffee and plantation
coffee (Aga et al. 2003). Small-scale coffee farmers are the
major producers of coffee in the country and were the focus
of the present investigation. Under such a production
system, coffee plants are grown at low density beneath
the canopy of suitable shade tree species, ranging from 500
to 1,800 trees per hectare (Dubale and Mikru 1994). They
are fertilised with organic wastes and rarely intercropped.
There is little pruning, field hygiene or stumping. Unshaded
coffee plants are generally grown in the vicinity of farmers’
dwellings but sometimes in fields on farmland. The size of
the monocultural coffee sites investigated here ranged from
0.13 to 0.25 ha. Coffee plants were generally hoed and
cleared at least once annually.

Sampling design

All the 13 study sites chosen according to a reconnaissance
survey were located in the same climate and class of soil
and occupied similar positions in the landscape. Only sites
with more than 300 coffee stems/site were included. Patchy
on-farm/field shade tree species and monocultures were
checked and identified. Farmers were interviewed about the
age of shade trees and coffee plants and their coffee
management practices. During this survey, the study team
identified the major shade tree species at all sites to be A.
abyssinica and A. gummifera (Leguminosae). F. sur and F.
vasta (Moraceae) were the other shade tree species
identified. C. africana (Boraginaceae) was rarely encoun-
tered and is not included in this study. The southwestern
part of the country was once fully covered with forests, and
these trees are remnant forest species.

Ten different shaded and three unshaded (monoculture)
coffee sites were investigated (Table 1). The patchy on-
farm/field shade tree species and monoculture coffee plants
were scattered along the specified altitude range at five
major sites, including Agaro (one sampling site), Melko
(two sub-sites), Shabe (two sub-sites), Yabbu (three sub-
sites) and Yayu (five sub-sites).The distance between the
five main sites was 20–130 km, while the distance between
sub-sites was 2–3 km. Soil samples for AMF spore counts
were collected from root zones of coffee bushes that were
under the canopy of shade tree species at four sampling
points (canopy base [CB], canopy radius [CR], canopy
edge [CE] and outside the canopy [OC, approx. 3 m away
from the CE]) at ten different sub-sites and from unshaded
coffee systems at three different sites. Soil samples were
collected using a soil auger of 5 cm diameter at four places
at each sampling point and mixed to obtain representative
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samples for the soil depths studied (0–10, 10–20, 20–30,
30–40 and 40–50 cm). The rhizospheres of coffee plants
were not specifically targeted for soil sampling in the case
of OC (shade trees) because the distribution of coffee
bushes was restricted to CB–CE. The same implies for CR,
CE and OC in monocultures because coffee plants were not
uniformly encountered at these particular sampling points.
In all cases, triplicate composite soil samples (about 1 kg), a
total of 780 (4×5×3×13) samples, were collected from the
study sites and transported to the laboratory within 3 to
4 days in an insulated container and stored at 4°C before
processing.

AMF spore extraction and enumeration

Spore isolation and characterisation were carried out
according to Brundrett et al. (1996). Spores were extracted
from 50-g triplicate sub-samples of soil by the wet sieving
method and sucrose density centrifugation. The centrifuged
samples were observed under a stereomicroscope at ×40
magnification for quantification and characterisation. In
addition, a compound microscope was used to identify the
quantified spores to their respective genera based on spore
size, colour, surface ornamentation, wall structure and
presence/absence of subtending hyphae.

Statistical analysis

The significance of differences in spore density at different
sites, sampling points, depth profiles and production systems
was tested using Tukey’s Honestly Significantly Different
post-hoc test at p<0.05 after a one-way analysis of variance
using SPSS version 10. Pearson correlation analysis was
used to explore the relationship between shade tree and
coffee plant parameters and altitude and AMF spore density.

Results and discussion

Shade trees and coffee management practices

Of the ten coffee shade trees investigated, eight were
legumes belonging to two genera (Acacia and Albizia;
Table 1). The age of the coffee plants was estimated to be
approximately 6–26 years and that of the shade tree species
15 to more than 100 years (Table 1). Coffee crops were
hand planted at all sites investigated except the Yabbu2,
Yayu1 and Yayu4 sub-sites, which had naturally growing
plants. The shaded sites were either grazed virgin land
(seven sites) or tilled farmlands, whereas the unshaded
coffee plants were all on tilled lands.

Enumeration of AMF spores

AMF spores were recovered at varying densities from all
sites investigated, regardless of soil management and
production system. The overall AMF spore density at the
individual sites ranged from 38 to 119 per 100 g of dry soil.
Spore numbers showed variations with respect to site (type
and age of shade tree species), age of coffee plants,
sampling points and depth profiles. There were significant
differences (n=13, F=18.61, p<0.001) in number of AMF
spores between sites. The highest AMF spore counts were
recorded at the Agaro site (under the canopy of A.
gummifera), followed by Yayu1, Yabbu2 and Yayu4 (all
under the canopy of A. abyssinica) and Yayu3 (under the
canopy of A. gummifera; Fig. 1). The lowest density of
AMF spores was recorded in soil samples collected from
Yayu5 (unshaded coffee; Fig. 1). Analysing the combined
spore densities of coffee plant root zones under shade trees
and comparing them with those of unshaded coffee plants
revealed a strongly significantly (F=25.84, p<0.001)

Table 1 General description of the smallholder agroforestry based/monocultural coffee systems studied in southwestern Ethiopia

Number Site Shade trees/
monoculture

Age of shade
trees (years)

DBH (m) Canopy
diameter (m)

Age of coffee
plants (years)

1 Yabbu3 Albizia gummifera 100 3.60 16.00 26
2 Shabe1 Ficus sur 45 7.30 17.40 24
3 Yayu2 Ficus vasta 40 8.09 19.00 25
4 Yabbu1 Acacia abyssinica 35 2.85 11.00 23
5 Yayu1 Acacia abyssinica 30 3.50 8.70 10
6 Melko1 Acacia abyssinica 26 3.15 13.00 9
7 Agaro Albizia gummifera 25 6.70 20.00 15
8 Yayu4 Acacia abyssinica 20 2.76 12.00 10
9 Yayu3 Albizia gummifera 17 2.98 8.00 17
10 Yabbu2 Acacia abyssinica 15 1.65 10.00 6
11 Shabe2 Unshaded coffee NA ND 0.43 12
12 Yayu5 Unshaded coffee NA ND 1.00 25
13 Melko2 Unshaded coffee NA ND 0.89 17

NA Not applicable, ND not determined
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higher mean value associated with shade trees. Likewise,
grouping the three sites with A. gummifera, five with A.
abyssinica, two with Ficus species and three with unshaded
coffee plants revealed significant differences (n=4, F=
17.96, p=0.001) between these groups. There was also a
significant difference (p<0.05) between the tree legumes
and Ficus shade tree species, but there was no significant
difference (p>0.05) between the latter group and unshaded
coffee plants.

The lands beyond the canopy of coffee plants shaded by
leguminous plants were grazed virgin land with the
exception of Yayu3, which was a tilled plot of land from
which maize had been harvested in the previous year. Maize
is also a suitable host for AMF. Legumes, however, are
generally more mycotrophic than other plants (Plenchette et
al. 2005). In coffee plantations, legume intercropping has
been found to increase the concentration of AMF spores in
the soil (Colozzi and Cardoso 2000). It appears that this
kind of interaction is mutualistic because nitrogen fixation
demands high P (Hokka et al. 2004), which is supplied by
AMF, and fixed nitrogen can be transferred to non-nitrogen
fixing plants (coffee and other plants) via AM fungal
hyphae without entering the soil solution (Mårtensson et al.
1998). The higher spore densities recorded under the
legume shade trees (this study) strongly support their use
as agroforestry trees for coffee growers. Remarkably, these
tree species are among the most preferred plants by the
farmers for coffee production (Muleta et al. unpublished).

The mean spore density of AMF was not related to
diameter at breast height, average canopy diameter or
altitude. Although not fully significant, the age of shade
tree species (n=10, r=−0.59, p=0.07) or coffee plants (n=13,

r=−0.43, p=0.14) and mean spore density of AMF were
slightly negatively correlated. It appeared that the age
(directly or indirectly) of both shade tree species and coffee
plants gave rise to low AMF spore counts in cases where
both shade trees and their understorey coffee plants had ages
exceeding 30 and 20 years, respectively (Table 1; Fig. 1). In
shaded cacao plantations, AMF mean spore density has
been shown to decrease in the plant age order nursery
6 months>young (20 years)>mature (20–30 years)>old
(40–70 years old; Cuenca and Meneses 1996). Aged roots
probably have lower starch concentrations and exudates,
which may put stress on both myco- and autobionts.

Mean spore density was found to be significantly higher
(n=4, F=20.21, p=0.001) at the CB of the stems compared
with the CR, CE and OC at all sites investigated, regardless
of the land use system or shade tree species (Fig. 2a–d).
The mean spore values obtained at CR were not signifi-
cantly different (p>0.05) from those at CE but significantly
higher (p<0.05) than at OC (the CE spore numbers were
intermediate between CR and OC). Observation of the
highest AMF mean spore density at CB (this study) is in
agreement with another study under the canopy of Acacia
species (He et al. 2004), although the two study areas differ
in climatic conditions. Furthermore, reports from southern
Ethiopia indicate that beneath common coffee shade tree
species such as C. africana and M. ferruginea (trees
scattered on maize fields), the proportion of colonised roots
decreases with increasing distance laterally from the tree
trunk (Asfaw 2003). AMF survive better when they are
close to the host crop on which they develop (Kabir 2005).
This is probably because of their obligate biotrophic nature
of existence, as close to tree trunks, there are more roots

Fig. 1 The overall AMF mean spore density of the 13 sampling sites,
regardless of soil profile and sampling point. Abbreviations: Ag1
Albizia gummifera 1 (Agaro), Aa1 Acacia abyssinica 1 (Yayu1), Aa2
Acacia abyssinica 2 (Yabbu2), Aa3 Acacia abyssinica 3 (Yayu4), Ag2
Albizia gummifera 2 (Yayu3), Aa4 Acacia abyssinica 4 (Melko1), Fs

Ficus sur (Shabe1), Aa5 Acacia abyssinica 5 (Yabbu1), Fv Ficus
vasta (Yayu2), Ag3 Albizia gummifera 3 (Yabbu3), Mo1 monoculture
1 (Melko2), Mo2 monoculture 2 (Shabe2) and Mo3 monoculture 3
(Yayu5). Significant differences between sites are indicated by
different letters above the bars. Bars represent means+SE
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that can be colonised by potential propagules and more
spores are expected.

AMF spore density was highest in the topsoil (0–30 cm
soil depth), with most peaks at 20–30 regardless of site,
sampling point relative to stems, tree species or land use
system, and decreased gradually with increasing soil depth
(Fig. 2a–d) as also observed by other investigators (Oehl et
al. 2004; Kabir 2005; Muleta et al. unpublished). This
distribution of AMF spores is most likely related to the
higher organic matter (Osorio et al. 2002) and/or root
biomass in the topsoil. On the other hand, Guadarrama and
Álvarez-Sánches (1999) reported that high temperature and

light intensity (stresses), which are silent features of surface
soils, can also augment AMF sporulation.

In the present study, the observed decrease in spore
density in the deepest soil layers (30–50 cm soil depth) at
CB and CR (Fig. 2a,b) was more noticeable in soil samples
collected from the root zones of monoculture coffee plants
(17.3–29.0 spores per 100 g at CB) than those of
agroforestry coffee systems (50.3–98.7 spores per 100 g
soil at CB; Fig 2a). The main reason for the higher spore
numbers in the deeper soil layers in the agroforestry is
probably the presence of more roots in the deeper soil
layers in these shaded coffee systems (Cardoso et al. 2003).

Fig. 2 Mean AMF spore densi-
ty per 100 g soil in samples
collected from fields of small-
holder agroforestry and mono-
cultural/unshaded coffee
systems at different sampling
points a canopy base (CB), b
canopy radius (CR), c canopy
edge (CE) and d outside canopy
(OC). Abbreviations: Aga Agaro
(A. gummifera), Sh1 Shabe1 (F.
sur), Yy1 Yayu1(A. abyssinica),
Yb1 Yabbu1 (A. abyssinica),
Yb2 Yabbu2 (A. abyssinica),
Yb3 Yabbu3 (A. gummifera),
Yy2 Yayu2 (F. vasta), Yy3
Yayu3 (A. gummifera), Yy4
Yayu4 (A. abyssinica), Mel1
Melko1(A. abyssinica), Sh2
Shabe2 (monoculture), Yy5
Yayu5 (monoculture) and Mel2
Melko2 (monoculture). Bars
represent means+SE
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AMF genera

At all sites investigated, members of the Glomeromycota
had more or less similar frequencies of occurrence in both
production systems except for Entrophospora, which were
rare in the monoculture (unshaded) coffee fields. Glomus
(31.2%) followed by Acaulospora (26.7%) dominated at all
sites surveyed, in keeping with results from the Bonga
natural coffee forest (Muleta et al. 2007). The relative
abundance of Glomus in many ecosystems regardless of
degree of disturbance or land use system has been
frequently reported (Daniell et al. 2001; Wubet et al.
2004). The dominance of Glomus observed in this study
could therefore be very important for the highly mycotro-
phic coffee plants (Habte and Bittenbender 1999), as the
monocultural production systems in particular invariably
involve a certain degree of soil disturbance.

Other genera identified in terms of their abundance were
Scutellospora (15.8%), Gigaspora (14.0%) and Entropho-
spora (5.5%). A considerable proportion of unidentifiable
spores (6.8%) were also encountered in both cultural
production systems. At certain sub-sites such as Yayu1
(under the canopy of A. abyssinica), Yayu2 (under the
canopy of F. vasta), Yayu5 (unshaded coffee) and Shabe1
(under the canopy of F. sur), one or two of the genera
Gigaspora, Scutellospora and Entrophospora were either
rarely encountered or not detected (data not shown). We
suggest that soil disturbance particularly selects AM fungi
with a certain degree of adaptability and eliminates others.
For instance, the Shabe1 site where Scutellospora was not
identified was close to a wetland where it suffers from
recurrent flooding during the rainy season (June to
October), which may have had an adverse effect on AMF
diversity (Pattinson and McGee 1997). At least six other
sub-sites with shade tree species (Fig. 1) showed better total
counts of AMF spores than this particular sub-site.

Although Entrophospora (cf. above) had a limited
distribution in most sites studied, it was not detected at all
at the Yayu5 site (unshaded coffee plants), and all other
sites showed better total AMF spore counts than this
sampling site (Fig. 1). Besides the lengthy age of
monoculture coffee plants (Table 1), the land OC at this
site was tilled farm land close to homestead garden. The
absence or lower abundance of Entrophospora at most sites
might be attributed to the yearly/periodical disruption of the
extra-radical hyphae of this fungus induced by human
activities during coffee plant management, as Menéndez et
al. (2001) have demonstrated that tillage and cereal
monoculture negatively affect the more labile Entropho-
spora but favour the resistant Glomus species.

Considering the distribution down the soil profile,
Glomus, Acaulospora and Gigaspora maintained a more
or less similar distribution in shaded coffee plots (data not

shown). However, in unshaded coffee plants, only the
distribution of Glomus was similar with increasing soil
depth, unlike Acaulospora and Gigaspora, the vertical
distribution of which decreased with depth (from 34.6 to
8.3% and 14.3 to 3.8%, respectively). Entrophospora was
different from that of the other genera in that its occurrence
steadily decreased with soil depth (from 8.0 to 1.4%) in the
agroforestry coffee systems, but it was not encountered at
all at depths of 30–50 cm in monocultural coffee systems.
The situation for Scutellospora was different because its
occurrence (both relatively and absolutely) gradually
increased down the soil profile in both cultural coffee
production methods (from 9.6 to 34.8% in agroforestry
systems and from 11.5 to 41.7% with a peak of 60.0% at
30–40 cm for monocutural systems). We have no obvious
explanation for this observation. However, Scutellospora is
particularly sensitive to soil disturbance (Jansa et al. 2003).
Perhaps this genus has developed a strategy to take refuge
at deeper soil layers beyond possible disturbance level, as
Scutellospora has also been detected at soil depths of 50–
70 cm in intensively managed maize fields (Oehl et al.
2005). On the other hand, Ho (1987) indicated that AMF
adapt differently to a range of temperature conditions.
Taking this into account, Scutellospora may also prefer the
relatively stable temperature of the sub-soil compared with
the topsoil, where either hoeing/farming or clearing could
expose it to high ambient temperatures.

In conclusion, the results of the current work show that a
number of the shade trees studied, particularly the tree
legumes, are ideal for agroforestry systems because most of
them presented high AMF spore counts even in deep soil
layers. Low spore densities or absence of some AMF
genera at some study sites imply, however, that these sites
had been subjected to mechanical disturbance. Because
AMF spores provide only a static picture of the AMF
community (Clapp et al. 1995; Redecker et al. 2003; Oehl
et al. 2004, 2005), molecular methods that directly involve
plant roots and/or spores in combination with the morpho-
logical tools may assist in providing a fuller picture of the
AMF community composition in the investigated areas.
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