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Fungal communities associated to conifers have been typically studied in temperate conifer forests, but
little is known about tropical habitats. The present study examined the macrofungal succession and cor-
responding sporocarp production in Pinus patula stands in Ethiopia. For this purpose, we surveyed nine
permanent plots (100 m2) established in five-, eleven- and thirty-six years old P. patula plantations
and estimated fungal taxa richness, diversity and sporocarp yields. Composite soil samples were also col-
lected from each plot to determine explanatory edaphic variables for fungal taxa compositions. We found
a total of 53 fungal taxa belonging to Basidiomycota, with the exception of Xylaria hypoxylon which is
Ascomycota. The majority of the collected taxa were saprophytic and about 6% were ectomycorrhizal
fungi. About 36% of the taxa were classified as edible. Taxa richness, the Shannon diversity index and
sporocarp yields showed significant increasing trends towards the more mature P. patula stands.
Fungal community composition was also correlated significantly with N, K, and pH. This study extends
our knowledge on fungal diversity and community structure in managed P. patula plantations. Higher
diversity and sporocarp production was found in older stands. Thus, the deliberate presence of mature
trees in Pinus stands could provide incentives for the production and conservation of ecologically and
commercially important fungal species in the study area.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

In Ethiopia, natural forests cover was about 40% of the total land
area, delivering a wide range of social, economic and environmen-
tal benefits including key components of biodiversity (Badege,
2001; Thomas and Bekele, 2003). Anthropogenic disturbances,
however, are causing a dramatic decline of the natural forests
and gradually changed the scene. Today the area covered with nat-
ural forests is less than 3% of the country’s total lands (Lemenih
and Bekele, 2008; Taddese, 2001). Illegal logging, agricultural land
expansion and forest fires are the main factors that have been
affecting forests in the country. The remaining natural forests are
highly fragmented and are being modified by plantations of non-
native tree species (Bekele, 2011; Moges et al., 2010; Tesfaye
et al., 2016).

Plantation forestry in Ethiopia began near the turn of the 19th
century (FAO, 2009; Teketay, 2000). During this period, Eucalyptus
was the first introduced species, followed by Cupressus, and Pinus
tree species (Bekele, 2011; Tesfaye et al., 2015). The importance
of the plantation sector in the country is increasing as the demand
for woody raw materials is rising and the supply from the natural
forests is decreasing. Accordingly, the areas under plantation have
been increasing from an estimated 190,000 ha (ha) in 1990 to
972,000 ha today (Bekele, 2011). Most of the plantations were
established as community forests and they have a considerable
potential for sustainable production of high value timber and
Non Timber Forest Products (NTFPs) (Lemenih and Bekele, 2008).
Pinus tree plantations, however, are established mainly in state-
owned forests, occupying the third position in terms of plantation
area coverage (Bekele, 2011; Gezahgne, 2003). They contribute to
the production of round wood for sawn timber, poles and posts
owing to their rapid growth (Gezahgne, 2003).

Pinus trees are well known to form symbiotic associations with
mycorrhizal fungi crucial for their growth and survival (De
Mendonça Bellei et al., 1992). Colonization by fungi improves the
ability of trees to acquire mineral nutrients and water from the soil
and plant pathogen resistance (Dahlberg et al., 2001; Dalong et al.,
2011). In return, fungi benefit from the host tree by obtaining car-
bohydrates (Lindahl et al., 2007). Saprotrophic fungi also play
essential ecological roles in the decomposition of dead organic
matter and nutrient cycling in the forest ecosystems (Ferris et al.,
2000). Some mycorrhizal and saprotrophic fungi are edible, and
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represent economically important NTFPs in plantation forest sys-
tems (Boa, 2004). Edible fungi provide supplementary economical
incomes as a complement to those obtained from timber, and in
some cases, they could generate higher benefits than timber pro-
ductions (Oria-de-Rueda et al., 2008).

As forests develop, changes in succession of the associated fun-
gal species occur (Gassibe et al., 2011; Luoma et al., 1991; Smith
et al., 2002). Thus, the fungal species could be early-stage, which
develop from the spore bank present in the soil before the develop-
ment of the stand, and late-stage fungi, whose fruiting is enhanced
by the new conditions (Hernández-Rodríguez et al., 2013). Both
early and late stage fungi play a role in soil stabilization and
restoration of soil microflora (Claridge and Trappe, 2004). Fungal
succession in Pinus plantations have been studied previously
(Fernández-Toirán et al., 2006; Gassibe et al., 2011; Mediavilla
et al., 2014). These studies reported an increase of fungal richness
and their sporocarps production following stand development in
Mediterranean ecosystems, where the rotation period is typically
long.

Green-tree retention as a forest management practice has been
undertaken in different parts of the world to achieve multifunc-
tional goals, mainly of wood production and biodiversity conserva-
tion (Nyland, 2002). This approach has also important implications
for forest floor microhabitats, such as moisture, temperature, and
substratum (Smith et al., 2008). However, such management
approach is poorly represented into forest management systems
in Ethiopia as the plantation forests mainly depend on the tradi-
tional silvicultural systems. For instance, the rotation time for Pinus
trees is usually about 26–30 years (Bekele, 2011). In some cases,
the trees are deliberately left for more years than mentioned in
order to provide large-sized logs. Pinus plantations are managed
using a ‘‘plant, clear fell and replant” cycle method (Teshome,
2011). Retention of trees in some structure classes for ecosystem
maintenance is not a common practice. This indicated that the rel-
atively short rotation period of the tree and the management prac-
tices may impact the succession and sporocarp production of
ecological and commercially important macrofungal species
(Mediavilla et al., 2014; Paillet et al., 2010), though such impacts
are yet understudied in Ethiopia. Thus, understanding of the fungal
succession along stand ages may be a means to improve biodiver-
sity, sporocarp production, and fungal conservation in plantation
forest systems in Ethiopia. This might also help to compare the
fungal succession in Pinus plantations relative to other areas with
longer gestation periods.

This pioneering work was designed to generate information
helpful for integrated forest management aimed at combining both
timber and NTFPs production in Ethiopia, especially mushrooms
for both economic and ecological benefits. Thus, the general objec-
tive was to characterize the fungal communities among P. patula
stands of three age classes and explain the fungal compositions
based on edaphic variables in Southern Ethiopia. The specific
objectives include: (1) to evaluate fungal taxa richness and diver-
sity variation among stands of three age classes, (2) to examine
sporocarps biomass yield among stands based on edibility and
total production, and (3) to correlate explanatory edaphic variables
with fungal taxa compositions.
2. Methodology

2.1. Study area

The study was conducted at Wondo Genet College of forestry
plantation forest area in Southern Ethiopia. The study area is found
approximately 265 km from Addis Ababa, the capital city of Ethio-
pia (Fig. 1). It is located at 7�060–7�070 N latitude and 38�370–38�420
E longitude with an altitudinal range between 1600 and 2580 m
above sea level (m.a.s.l.) (Belaynesh, 2002). The climate of the
study area is characterized by Woyna Dega agro-climatic type.
The rainfall pattern is bimodal, with minor rainfall during spring
and the major rain season is during summer. The average annual
rainfall and temperature of the study area is 1210 mm and 20 �C
respectively (Belaynesh, 2002; Fenta, 2014). The topography is
slightly undulating and the soils are young and of volcanic origin,
characterized by sandy loam. The soil is shallow at steep convex
slopes but deeper at lower altitudes (Eriksson and Stern, 1987)
where most of the plantations are located.

The original vegetation of the study area was destroyed long
ago as a result of clearance for cultivation and logging (Teshome,
2011). Consequently, mass plantation of exotic tree species was
established and currently about 100 ha (hectares) of non-native
forests of different tree species are found in the study area. The
three predominantly planted species are Cupressus lustianica, Grav-
illa robusta and P. patula (Bekele et al., 2013; Teshome, 2011).
2.2. Sporocarps sampling

Three different P. patula stands were selected based on their
ages: 5-, 11- and 36-years-old stands (Table 1). Following previous
studies, fungal diversity and production was obtained by using
transect methods (Smith et al., 2002). In our case, three 2 � 50 m
(100 m2) plots were established at each stand, i.e. nine plots in
total according to Gassibe et al. (2011) and Hernández-Rodríguez
et al. (2013). Within each of the selected stands, plots were placed
systematically about 120 m apart from each other (Luoma et al.,
1991). All plots were similar in terms of their ecological conditions
such as climate, altitude, and soil. This work could be considered as
a case study since the plots were established in a single stand for
each age class, and conclusions regarding other stands need to be
taken with caution.

All sporocarps found in the plots were fully harvested weekly
during the rainy season in July and August in 2015. Fresh weight
measurements were carried out in situ and the data are given in
kilograms per hectare per year (kg fwt/ha/year). Also, abundance,
the number of sporocarps per species, data was taken from each
plot. Sample fruit bodies from each species were taken to the lab-
oratory and dried. Herbaria specimens were used for molecular
and microscopic taxa identification. Furthermore, in the field, spec-
imens were photographed and their ecological characteristics were
noted in order to assist and facilitate taxa identification processes.
2.3. Soil sampling

To relate taxa composition to explanatory edaphic variables,
soil samples were taken from each study plot. Composite soil sam-
ples, from the center and the four corners of each plot, were taken
by clearing plant matter and debris from the surface. The soil was
extracted to a depth of 20 cm with the aid of an auger and spade.
Then the samples were mixed thoroughly, and approximately
500 g of soil was finally taken in a plastic bag for laboratory anal-
ysis. After air drying in shade, soil chemical properties such as pH,
organic matter, Cation Exchange Capacity, Na, K, Ca, Mg, N, P and
soil physical properties such as sand, silt and clay were determined
using the test methods of DTPA extraction, KH2PO4 extraction,
Olsen, Kjeldahl digestion Walklay Black, Ammonium Acetate and
instrumental respectively (Table 2). The analysis was conducted
in Water Works Design and Supervision Enterprises, laboratory
service sub-process, soil fertility section at Addis Ababa, Ethiopia.



Fig. 1. Location map of the study area, Wondo Genet, Ethiopia.

Table 1
Characteristics of Pinus patula study stands in Wondo Genet (Ethiopia), DBH, diameter at breast height, Ht, height, ha, hectares. Source: Zewdie et al. (2010).

Plantation time Stand age (year) Area (ha) Density per ha Mean DBH (cm) Mean Ht (cm) Silvicultural treatments

2010 5 5 1958 – – Weeding and slashing
2004 11 4.8 1880 7.0 7.3 Weeding and slashing
1979 36 1.7 239 34.8 24.9 Thinning and pruning

Table 2
Selected edaphic variables of the three Pinus patula stands in Wondo Genet area
(Ethiopia).

Soil parameter Stand age groups

5-Year 11-Year 31-Year

Sand (%) 66.63a 50.10b 52.39b

Silt (%) 19.93a 23.33a 24.06a

Clay (%) 14.44a 19.89ab 21.88b

pH 6.04a 5.42a 5.44a

Na (meg/100 g soil) 0.85a 0.78a 1.10a

K (meg/100 g soil) 1.32a 0.42b 0.77c

Ca (meg/100 g soil) 22.62a 13.66a 16.01a

Mg (meg/100 g soil) 7.96a 4.36b 6.67a

CEC (meg/100 g soil) 49.54a 28.07b 42.04c

% OM 5.96a 7.27a 13.33b

N (%) 0.83a 0.71b 0.34c

P (mg P2O5/kg soil) 35.70a 36.99a 38.56a

Note: Lower case letters indicate differences among stand ages. Values with the
same letter are not significantly different.
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2.4. Taxa identification and characterization

Both morphological and molecular analyses were used for taxa
identification. The taxonomic classification was aided by close
microscopic examination of tissues and spores with an Optika B-
350PL microscope. Small samples of dried specimens were re-
hydrated and mounted in 5% KOH. The following keys were mainly
used for the purpose: Antonin (2007), Hama et al. (2010),
Heinemann (1956), Morris (1990), Pegler (1969, 1968, 1977),
Rammeloo and Walley (1993), Ryvarden et al. (1994), Singer
(1965). Specimens were deposited in the laboratory herbarium at
the University of Valladolid. Up-to-date fungal taxa names and
authors’ names were obtained from Mycobank database (http://
mycobank.org).

Molecular identification involved sequencing of the ITS region
of the nuclear ribosomal genes (rDNA). For this, fungal DNA was
extracted from dry sporocarps using an EZNA� Plant DNA kit
(Omega Bio-Tek, USA) according to the manufacturer’s instruc-
tions. Final elutions were done in a total volume of 100 ml. The
internal transcribed spacer (nrITS) was amplified with primers
ITS1F (Gardes and Bruns, 1993) and ITS4 (White et al., 1990). For
PCR reactions, HotBeganTM Hot Start Taq DNA Polymerase (Canvax
Biotech, Cordoba, Spain) was used following manufacturer’s
instructions, adding 1 ml of genomic DNA to a final reaction volume
of 25 ml. PCR conditions were: 5 min initial denaturation at 94 �C
followed by 40 cycles of: 45 s denaturation at 94 �C, primer anneal-
ing at 56 �C for 30 s, and extension at 72 �C for 40 s, followed by a
final extension step of 10 min at 72 �C. The PCR products were
checked on a 2% agarose gel. Sequences were obtained in the lab-
oratories of Macrogen (Amsterdam, Netherlands) using the primer
ITS4 as a template.

Taxa edibility classification was accomplished by adapting the
criteria used by Bonet et al. (2004). If the taxon is described in
the literature as either non-edible or edible, we classified it as a
non-edible. If the taxon is described in the literature as having
doubtful edibility, we classified it as a non-edible. As edible (E)
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were classified all species that are listed as such in the large major-
ity of the literature consulted.

2.5. Statistical analysis

Shannon’s H0 diversity index (Shannon and Weaver, 1949) was
estimated for each plot using the following formula, where pi indi-
cated the relative abundance of each macrofungal taxa. This index
increases with both the number of species and the evenness of
their distribution. It usually ranges between 1.5 and 3.5 and rarely
exceeds 4.5 (Kent and Coker, 1993).

H ¼ �
X

PiðlnpiÞ
‘‘Richness” (number of taxa), was defined as the total number of

species found per plot.
Richness, Shannon index, and Fresh weight (for the edible and

total taxa) estimates were subjected to one-way ANOVA analysis
and a post hoc least square means difference test (LSD, P � 0.05)
in order to test for differences among stand ages. Data were log-
transformed when needed to achieve the parametric criteria of
normality and homoscedasticity that ANOVA requires. All analyses
were done with SAS software (SAS Institute Inc., 2012).

Species accumulation curves were also constructed to compare
the rate at which new species are weekly found among the three
studied stands and to provide an estimate of species richness.
The curves were generated using sample based estimator of Esti-
mateS Version 9 (Colwell, 2013). The cumulative number of species
encountered during each weekly visit to plots within a stand con-
stituted the sample represented in the output axis. These curves
were generated based on a total of 6 weekly samplings.

An ordination technique based on fungal fresh weight data was
used in order to identify significant edaphic explanatory variables
related to taxa composition. Firstly, the fresh weight data per taxa
were subjected to a Detrended Correspondence Analysis (DCA) (Ter
Braak and Prentice, 1988). Since the length of the extracted gradi-
ent was greater than 3 SD units (3.03), the Canonical Correspon-
dent Analysis (CCA) (Ter Braak, 1986) was used to assess the
correlation of edaphic variables and fungal taxa composition. For-
ward selection was used to select significant explanatory variables
and only those significant at P < 0.05 levels were included in the
models. The statistical significance of the Canonical axes was eval-
uated by Monte Carlo permutation tests (499 permutations). The
analysis was conducted using CANOCO for Windows v.4.5 (Ter
Braak and Šmilauer, 2002). The CCA result was displayed by ordi-
nation diagrams drawn with Cano Draw 4.1 (Ter Braak and
Šmilauer, 2002).
3. Results

3.1. Taxa richness and diversity

In a single rainy season, a total of 1129 sporocarps were col-
lected and classified into a total of 53 fungal taxa (Table 3). All of
the taxa belonged to Basidiomycota except Xylaria hypoxylon (L.)
Grev, which is in the division Ascomycota. Complete identification
of the taxa to species level was not always possible; 28 (53%) were
identified to species level, 24 (45%) to genus level and 1 (2%)
remained completely unidentified. The identified taxa were repre-
sented by 15 families (Fig. 2A) and 31 genera (Fig. 2B). Family to
genus and genus to species ratios were 0.48 and 0.58 respectively.

The families that contained the highest number of species were
Agaricaceae (18), Psathyrellaceae (9), Marasmiaceae (5), and
Strophariaceae (5), which together accounted for about 70% of the
total surveyed taxa (Fig. 2A). The distribution of the identified taxa
by trophic groups revealed a dominance of saprophytic species
(94%) while the ectomycorrhizal (ECM) taxa were lower in num-
bers (6%). According to edibility status, 19 (36%) of the total taxa
collected were edible (Table 2).

The fungal species accumulation curve for 36-years-old stand
showed a relatively steep rising initial slope and tends to leveled
off for each additional taxa added in this stand as most of the taxa
found in this stand were collected just in the earlier weekly sam-
plings. The curves for the 5- and 11-years-old stands portrayed a
relatively low inflection point and accumulate fungal taxa progres-
sively as fungal species were added with each additional sampling.
A significance difference in taxa richness was also observed among
the studied stands (P5–P11 = 0.002, P5–P36 = 0.001, P11–P36 = 0.002).
The highest richness is for 36-years old stand, followed by the 11-
and 5-years-old stands (Fig. 3A), indicating an increasing trend
towards the more matured P. patula stands (Table 3). Since the
number of ECM taxa was very small, separate analyses of ECM
and saprophytic taxa was not considered. The ECM taxa were col-
lected exclusively from the 11- and 36-years-old stands (Table 3).

The Shannon’s H0 diversity value also showed the same trend as
in richness. The lowest Shannon’s value was obtained from the 5-
years-old P. patula stand (Fig. 3B) and this value was significantly
different from those of the 11- and 36-years-old stands (Fig. 3B,
P5–P11 = 0.003, P5–P36 = 0.001). The difference in Shannon‘s value
was also significant between the 11- and 36-years-old stands
(Fig. 3B, P = 0.002).

3.2. Sporocarp productions

We found significant differences in mean total sporocarp pro-
duction (P = 0.007) among the three age class stands. The lowest
yield was obtained from the 5-year-old stand (7.53 kg ha�1 yr�1).
This value was significantly different from those of the 11- and
36-year-old stands (Fig. 4, P5–P11 = 0.017, P5–P36 = 0.003). The
highest yield was obtained from the 36-years-old stand, with an
average production of 35.86 kg ha�1 yr�1, but the value was not
significantly different when compared with that of the 11-year-
old stand (Fig. 4, P = 0.051).

The average edible sporocarp yield also showed an increasing
significant trend following the stand ages (P = 0.004). The highest
yield was obtained from the 36-years-old stand, with a production
of 16.30 kg ha�1 yr�1. This value was significantly higher than that
of the yield from the 5- and 11-years-old stands (Fig. 4, P36–
P5 = 0.002, P36–P11 = 0.043). The lowest production was from the
5-year-old stand, with a production of 1.5 kg ha�1 yr�1. This value
was also significantly different from the 11-year-old stand (Fig. 4,
P = 0.008).

3.3. Taxa composition

Based on similarity and productivity of the taxa, the three P.
patula stands tended to form distinct groups of taxa composition
(Fig. 5). The 36- and 11-years-old stands showed distinct groups
characterized by relatively high taxa richness (Fig. 5). The 5-
years-old plots also clustered together, but characterized by a
lower number of species. Furthermore, in the ordination diagram
(Fig. 5), axis one separated the 11-years-old stands taxa from 36-
years-old stands. Axis two also further differentiated the 5-years-
old stands taxa from the remaining stands.

The eigenvalues indicated that the variability in terms of taxa
composition, explained by the gradients associated with axis one
is higher as compared to axis two. It explained 34.9% of the varia-
tion in the taxa data and an accumulative variance for the interac-
tion between taxa and environment of 54.1% (Table 4).

According to the forward selection process, three edaphic vari-
ables were significantly (P < 0.05, Table 5) correlated with the fun-
gal taxa composition. The model was significant according to



Table 3
Total taxa list collected from Pinus patula stands in the study area, Wondo Genet, Ethiopia.

Species Code 5 yr 11 yr 36 yr Mode Edible

Agaricus aff. campestroides Heinem & Gooss.-Font. Agc x S E
Agaricus sp.1.L. Ags x S
Agaricus sp.2.L. Agpf x S
Agaricus sp.3.L. Agpv x S
Agaricus sp.4.L. Agps x S
Agaricus subedulis Heinem. Agub x S E
Agrocybe sp. Fayod. Agy x S E
Bovista dermoxantha De Toni. Bova x S
Calvatia sp. Fr. Calvs x S E
Calvatia subtomentosa Dissing & M. Lange. Calsu x S E
Collybia piperata (Beeli) Singer. Coia x S
Conocybe sp.Fayod. Cosp x S
Coprinellus domesticus (Bolton) Vilgalys, Hopple & Jacq. Johnson. Codo x x x S E
Coprinellus sp. P.Karst. Cops x x S E
Coprinopsis sp.1. P.Karst. Copo x S E
Coprinopsis sp.2. P.Karst. Copst x x x S E
Cyptotrama asprata (Berk.) Redhead & Ginns. Cypas x x x S
Geastrum aff. saccatum Fr. Gesa x x EM
Gerronema hungo (Henn.) Degreef & Eyi. Geru x x x S
Gymnopilus pampeanus (Speg.) Singer. Gypa x S
Hygrophoropsis aurantiaca (Wulfen) Maire. Hygu x S E
Hymenagaricus sp. Heinem. Hyag x S E
Hypholoma fasciculare (Huds.) P. Kumm. Hyol x x x S
Infundibulicybe aff. mediterranea Vizzini, Contu & Musumeci. Indib x x x S
Lepiota aff. cristata (Bolton) P.Kumm. Lepri x x x S
Lepiota sp. (Pers.) Gray Lepio x x x S
Leucoagaricus holosericeus (J.J. Planer) M.M. Moser. Lehol x S E
Leucoagaricus leucothites (Vittad.) Wasser. Lleu x S E
Leucoagaricus aff. rubrotinctus (Peck) Singer. Leub x S E
Leucoagaricus sp.1. Locq.ex Singer. Lepo x S E
Leucoagaricus sp.2. Locq.ex Singer. Lespt x x S E
Leucocoprinus cepistipes (Sowerby) Pat. Leep x S E
Lycoperdon sp. Pers. Lycer x S E
Marasmius buzungolo Singer. Mabu x x x S
Marasmius katangensis Singer. Mark x x S
Marasmius sp. Fr. Mars x x x S
Parasola sp.1. Redhead, Vilgalys & Hopple. Parpo x x x S
Parasola sp.2. Redhead, Vilgalys & Hopple. Parpt x x x S
Polyporus aff. badius (Pers.) Schwein. Polba x x x S
Polyporus aff. tuberaster (Jacq. ex Pers.) Fr. Polyt x S
Psathyrella sp.1. Fr.ex Quél. Psptr x x S
Psathyrella sp.2. Fr.ex Quél. Psspf x x S
Psathyrella sp.3. Fr.ex Quél. Pspfi x x S
Psilocybe cyanescens Wakef. Psilcy x S
Psilocybe merdaria (Fr.) Ricken. Psile x x x S
Psilocybe sp. (Fr.) P. Kumm. Psisp x x x S
Rhodocollybia aff. maculata (Alb. & Schwein.) Singer. Rhma x S
Scleroderma bovista Fr. Sclbo x EM
Stropharia sp.1. (Fr.) Quél. Stpo x x S
Stropharia sp.2. (Fr.) Quél. Stpt x x S
Tylopilus niger (Heinem. & Gooss.-Font.) Wolfe. Tylop x EM E
Undescribed sp. Unkn x S
Xylaria hypoxyloni (L.) Grev. Xyhy x S

Note: 5 yr: stands at the age of 5; 11 yr: stands at the age of 11; 36 yr: stands at the age of 36; EM: ectomycorrhizae; S: saprotrophic; E: edible.

T. Dejene et al. / Forest Ecology and Management 395 (2017) 9–18 13
Monte Carlo permutation test for the first axis (P = 0.002, F = 2.683)
and for all canonical axes (P = 0.002, F = 3.533). In this case, axis
one was positively correlated with Nitrogen (N), and negatively
correlated with pH and Potassium (K). Axis two also correlated
positively with all the three significant edaphic variables i.e. N, K
and pH (Fig. 5).
4. Discussion

4.1. Taxa richness and diversity

In this study, a total of 53 different fungal taxa were collected
associated with three different Pinus patula stands. The taxonomic
classification of the collected taxa was challenging and we could
only identify about 48% of the taxa to genus level. This might be
an indication that the majority of the fungal biodiversity in Ethio-
pian forests is yet undescribed and more scientific studies on the
local fungal flora are needed. The number of fungal taxa reported
here is the highest among the literature in Ethiopia. Although with
a different study aim, Hjortstam and Ryvarden (1996) reported 15
taxa, Alemu (2013) reported seven taxa, and Decock et al. (2005)
reported four taxa. Most recently, Dejene et al. (2017) also reported
an equivalent number of fungal taxa from the dry Afromontane
forests in the country. This could indicate the important ecological
role in terms of diversity which plantations can play in Ethiopian
forests, as fungal richness is as high as that observed in natural
forests.

Similarly, in studies carried out in Pinus stands other countries,
a lower number of fungal taxa were also reported. For example 49
taxa were reported by Oria-de-Rueda et al. (2010) and 39 taxa



Fig. 2. Distribution of the total macrofungal taxa by family (A) and by genus (B) collected from Pinus patula stands of successive ages in Wondo Genet, Ethiopia.

Fig. 3. Species accumulation curves generated using the rarefaction sample-based estimator of EstimateS (A) and Shannon diversity indices (B) of fungal community found in
the entire Pinus patula stand of three age classes in Wondo Genet, Ethiopia. The species richness curves (S(est) are based on a total of 6 weekly samples. The data in Shannon
diversity (B) are in mean ± SE. S(est)-5 yrs (A) & 5-yrs (B): stands at the age of 5; S(est)-11 yrs (A) & 11-yrs (B): stands at the age of 11; S(est)-36 yrs (A) & 36-yrs (B): stands at
the age of 36.

Fig. 4. Production of sporocarps according to total production (black) and edible
taxa (gray) collected from Pinus patula stands in Wondo Genet, Ethiopia. The data
are in mean results ± SE. Values with the same letter are not significantly different.
5 yr: stands at the age of 5; 11 yr: stands at the age of 11; 36 yr: stands at the age of
36.
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were also reported by Martín-Pinto et al. (2006) from P. pinaster
stands in the Mediterranean regions. Such difference in taxa num-
ber might be due to differences in site ecological factors that can be
expressed in terms of soil, climate and host species, which are deci-
sive factors affecting the fungal richness in an area (Oria-de-Rueda
et al., 2010). On the other hand, higher number of fungal taxa asso-
ciated with Pinus stands was also reported by Bonet et al. (2004),
Gassibe et al. (2015, 2011), and Kutorga et al. (2012). In all these
cases, the collection was done for longer periods of time. Such pro-
longed studies likely have a positive effect on taxa numbers as
fungi occurrence show considerable seasonal and yearly variation
(Tibuhwa et al., 2011). Although our results are based on a single
rainy season sampling, we could provide preliminarily general
information about the fungal association and their succession
along stand development of P. patula plantation during the study
period. However, a follow up study including observations of the
same stands along different years would be highly desirable as this
would avoid any uncontrolled confounding effect unevenly affect-
ing our stands.

The majority of the taxa collected in this study were sapro-
phytic. Only about 6% were ectomycorrhizal (ECM) (Table 3). Dif-
ferent studies reported fungal assemblages in Ethiopian habitats
(Alemu, 2013; Decock et al., 2005; Hjortstam and Ryvarden,
1996), however, none of them reported ECM fungi. This result is
not surprising as most tropical woody tree species are unable to
form associations with ectomycorrhizal fungi (Brundrett, 2009).
Thus, we believe this to be the first report on ECM fungi and it pre-
sented important ramification of the non-native tree forests for the
maintenance of functional fungal diversity in Ethiopia. The lower
proportion of ECM fungi and their exclusive occurrence in older
stands could be explained in terms the nature of ECM fungi
dynamics (Ashkannejhad and Horton, 2006; Widden, 1981). Typi-
cally, several ECM fungi inhabit the root system of an individual



Fig. 5. CCA ordination bi-plot showing: fungal taxa abbreviated shown in Table 1.
Plots in similar color are in a group (Green square: 5-years-old stands, Brown Circle:
11-years-old stands and Blue up triangle: 36-years-old stands), and environmental
factors (arrows)). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Table 4
Summary of CCA of fungal taxa presence and environmental factors for the study area,
Wondo Genet, Ethiopia.

Axes 1 2

Eigenvalues 0.537 0.303
Taxa-environment correlations 0.987 0.959
Cumulative percentage variance of
taxa data 34.9 54.6
taxa-environment relation 51.4 80.4

Table 5
Significant edaphic variables associated with fungal taxa composition in Pinus patula
plantations in Wondo Genet, Ethiopia.

Variables F-ratio p-value

N 3.01 0.002
K 2.89 0.002
pH 2.37 0.028
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tree (Hui et al., 2011) and practically all fine roots of coniferous
trees are colonized by ECM fungi (Taylor et al., 2000). Along with
the development of the forest stands, ideal microhabitats could
be created at the soil level (Dighton et al., 1986) and continuous
root-hyphal contacts could be initiated (Kranabetter et al., 2005).
Thus these conditions are important for their occurrence and
thereby govern their spatial and temporal abundance in the forest
systems. Also, the use of our study plots as agricultural land before
plantation could potentially have had a negative impact on the
occurrence and diversity of ECM fungi. Furthermore, Pinus is an
exotic tree species to the area, and there might be no inocula of
compatible ECM fungi in the surroundings, irrespective of the pre-
vious land use.
The species accumulation curves indicated a rapid increase in
initial number of fungal species caught in all the three stands
(Fig. 3A). Latter, however, the 36-years-old curve goes higher and
demonstrated a tendency of stabilization than the other curves
as more sampling are considered. Thus, this suggests that the sam-
pling period is more representative for total fungal taxa richness in
the 36- than in 5- and 11-years-old stands. In general terms, our
study underestimates fungal richness since the progressive
propensity in the curves for 5- and 11-years-old stands indicated
that more samplings are required to capture sufficient number of
fungal taxa to accurately predict the richness in these stands
(Thompson and Withers, 2003).

The trend of fungal taxa richness is towards more matured
stands. The maximum number of fungal taxa was counted from
the 36-years old stands, while the lower is from the 5-years-old
stands. This trend is in agreement with other studies which
demonstrated mature stands could favor more macrofungal spe-
cies and thus higher richness (Fernández-Toirán et al., 2006;
Gassibe et al., 2015, 2011; Kranabetter et al., 2005; Mediavilla
et al., 2014; Visser, 1995). This might be explained due to the suit-
ability of the environments created along the development of the
stands. Although our P. patula plantations existed in close vicinity,
they were isolated stands at different stages of forest development.
Thus the difference in relative microhabitat variation created in
each stand following canopy closure (Crabtree et al., 2010; Dove
and Keeton, 2015; Oria-de-Rueda et al., 2010), i.e. relatively high
humidity and organic matter accumulation, may enhance the high
occurrence and fructification of fungi particularly towards the
higher age classes. This assumption coincides with Dighton et al.
(1986), Smith et al. (2002), Sysouphanthong et al. (2010) who
noted higher fungal richness in well-developed stands having
higher canopy closure. This difference also further reflected in
the diversity value of the three stands. The Shannon diversity val-
ues also showed increasing trend as in richness values towards
more matured stands. This might be due to the disproportional dis-
tribution of taxa that appeared in each successional stage in P. pat-
ula plantations (Hernández-Rodríguez et al., 2013).

4.2. Sporocarp production

Mushroomharvesting is an important NTFP resource and their
demand has been increasing for the last decade (Boa, 2004). This
indicates that the commercial value of a forests can be increased
through managed timber harvesting that may improve the habitat
for valuable mushroom productions (Bonet et al., 2004). In this
study, the highest total mushroom fresh weight was obtained from
older stands while the lowest was from younger stands (Fig. 4),
indicating that sporocarp yield increases towards the more
matured P. patula stands. According to Oria-de-Rueda et al.
(2010) this kind of increasing trend can be related to the different
availability of substrata along the stand’s development. As a forest
stand matures, the humus layer develops (Dove and Keeton, 2015;
Pinna et al., 2010; Toivanen et al., 2012) and the forest soil
increases its capacity to buffer temperature and moisture. Such
conditions could enhance more fungal growth and fruiting, espe-
cially for saprotrophic fungi (Fernández-Toirán et al., 2006).

Wild mushroom utilization is a traditional common practice
among the different tribes in Ethiopia (Dejene et al., 2017;
Semwal et al., 2014). Mushrooms have been used for their nutri-
tional, traditional and medicinal properties, and are also involved
in local mythology (Tuno, 2001). In some local markets mushrooms
are also available (Abate, 2008), where they are sold by the local
people to earn some income to supplement the household econ-
omy. From our study area we collected a total of 19 edible fungal
taxa (Table 1), representing 20%, 31% and 46% of the total yield
from 5-, 11- and 36-years-old stands respectively, indicating that
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a higher yield of edible mushrooms is also found in the older P. pat-
ula stands. Apart from the suitability of the environment created
along the stand ages, such increasing association of a relative
higher yield in older stands might be explained in terms of the
abundance of taxa like Agaricus sp., Agrocybe sp., Coprinopsis sp.,
Hygrophoropsis aurantiaca, Leucoagaricus rubrotinctus, and Tylopilus
niger. Among the collected edible taxa, Agaricus species are com-
monly reported in the literatures used by the local people in the
rural area of Ethiopia (Abate, 2008).

4.3. Taxa composition

Distinctive fungal communities were observed among the
stands (Fig. 5). The 11- and 36-years-old stands showed to have
distinctive fungal communities characterized by high taxa num-
bers (Table 3). They also shared about 20 taxa in common. This
result probably was due to the positive effect of stand development
that can be expressed in terms of age, which could harmonize high
soil humification and a thicker litter layer along stand develop-
ment (Mediavilla et al., 2014; Pinna et al., 2010; Toivanen et al.,
2012). Most of the taxa found in these stands are characterized
as being generalists and associated with litter decomposition.
However, some exclusive taxa were found in either of the specific
age class. For instance, Calvatia sp., Lycoperdon sp., Polyporus
tuberaster and Psilocybe cyanescens were exclusive to 11-years-
old stands, while the Agaricus sp., Agrocybe sp., Bovista dermoxan-
tha, Collybia piperata, Gymnopilus pampeanus, Leucoagaricus holo-
sericeus, Leucoagaricus leucothites, Leucocoprinus cepistipes,
Rhodocollybia maculata, Scleroderma bovista and Xylaria hypoxylon
were exclusive to the 36-year-old stands (Table 3). This indicated
the effects of stand age to limit the type of taxa, appearing only
those able to adapt to the new conditions due to the development
of the stands (Greeshma et al., 2016). Some of the taxa collected
from these age groups like Agaricus sp., Psilocybe sp., Leucoagaricus
sp., Lycoperdon sp., and Collybia sp., were also reported as common
in relatively well-developed and older forest stands (Gassibe et al.,
2011; Mediavilla et al., 2014), indicating that these genera might
also be characteristic of late stage stands.

The 5-years-old stand plots showed variability, and were more
or less scattered in the ordination (Fig. 5). The possible explanation
for such scattered occurrence might be the sampling variability
and/or the existence of a high number of shared taxa with other
plots, characterized by diverse ecological requirements. In this
stand age, we could not find exclusive taxa. All of the taxa from this
stand were broad-based and common to other age groups. Out of
the collected taxa in this group, Marasmius sp. and Hyholoma sp.
were reported as common both in young and old forest stands
(Gassibe et al., 2011; Hernández-Rodríguez et al., 2013), indicating
that these genera are also multi-stage species that might be able to
fruit in different ecological conditions and have wide substrate
requirements.

Fungal taxa compositions are sensitive to soil conditions (Setälä
and McLean, 2004) as soil nutrients have been shown to be impor-
tant factors in mycelial development and hence sporocarp occur-
rence (Harold et al., 2005; Zakaria and Boddy, 2002). In the
present study, edaphic variables such as nitrogen (N), Potassium
(K), and pH were found to be correlated significantly with the fun-
gal taxa composition. The result was in agreement with those of
Gassibe et al. (2015) and Dejene et al. (2016) who noted the corre-
lation of edaphic variables with fungal taxa composition in the for-
est systems.

Finding nitrogen (N) as an important factor correlated with the
fungal taxa compositions is in accordance with Gassibe et al.
(2015), Kranabetter et al. (2009), Reverchon et al. (2010), who
noted the influence of N on fungal richness distribution patterns.
In these reports, fungi showed community specialization towards
more soil N gradients. This might be due to the fact that nitrogen
can influence the formation of extra radical mycelium in the soil,
and play a vital role in sporocarp formations (Trudell and
Edmonds, 2004). Furthermore, other authors also noted that fungal
communities can be adapted to more nitrogen-rich sites
(Kranabetter et al., 2009; Toljander et al., 2006). Although different
fungal species have diverse responses towards a certain soil
parameter, we found that mostly Coprinellus domesticus, Hypho-
loma fascicular, Lycoperdon sp., Psathyrella sp., Bovista dermoxantha,
Lepiota sp., and Coprinopsis sp., occurred towards the higher end
points of N gradient in our ordination (Fig. 5).

Our results also showed Potassium (K) to be correlated with
fungal composition. The result coincides with Gassibe et al.
(2015) and Dejene et al. (2016) who noted fungal assembly
towards the K gradients. This might be due to the fact that K is,
along with other elements, important for the growth and sporula-
tion of fungi (Nonzom and Sumbali, 2014), thus potentially can
shape the fungal community composition. Other authors also
demonstrated the fungal distribution and community composi-
tions to be influenced by available K in the soil (Bisset and
Parkinson, 1979). Taxa such as Marasmius buzungolo, Stropharia
sp., Psilocybe merdaria, Polyporus badius, Leucocoprinus cepistipes,
and Agaricus subedulis were closely related to soil K content in
our study. Out of those, the species belonging to the genera Agari-
cus and Leucocoprinus have been cited as correlated with K (Dejene
et al., 2016).

Soil pH is the other edaphic variable we found correlated with
fungal taxa composition (Ferris et al., 2000; Talbot et al., 2013).
We found a higher occurrence of taxa around lower pH values
and it seemed that pH had an effect on fungal community compo-
sition in our study area. This coincides with the findings of
Puangsombat et al. (2010) and (Dejene et al., 2016) who noted that
the number of fungal species tends to be higher in areas where pH
value is low. However, some taxa like Infundibulicybe mediterranea,
Cyptotrama asprata, Gerronema hungo, Lepiota cristata and Maras-
mius sp. showed exceptional ordination towards the higher end
point of the pH gradient. This might be associated with their adapt-
ability of the species to higher pH values in the soil.

This work represents the first systematic investigation of mush-
room diversity and production in Ethiopia providing a starting
place in broadening management objectives for NTFPs in these
pine plantations. However reached findings must be regarded as
a preliminary indication due to sampling limitations.
5. Conclusion

This case study is the first preliminary attempt to describe the
fungal community and their succession in plantation forest sys-
tems in Ethiopia. So far, only saprophytic species have been
reported from forest systems in Ethiopia. In this study we also
found ECM fungal species in matured stands that could increase
the functional group diversity in plantation forest systems in the
country. The result also showed matured P. patula stands provided
the highest fungal diversity as compared to the middle and young
age groups. They were also characterized by higher sporocarps pro-
ductions, almost half of it corresponding to edible taxa. Thus, leav-
ing patches of matured trees through green-tree retention
management approach, could increase habitat availability, such
as substratum for saprophytic fungi and live standing trees for
mycorrhizal species after final rotation cut, and thereby provide
higher fungal diversity and edible sporocarps production. This
could serve as a means to deliver complementary incomes to rural
population from mushroom as potential NTFPs while the mature
trees could serve as a bridge for providing fungal inocula to the
new plantations.
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