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Abstract: Ectomycorrhizal (ECM) fungi and their symbiotic associations with forest trees are among major
drivers of key ecosystem functions such as carbon and nitrogen cycling, plant nutrient and water uptake
from soil, plant-plant facilitation/competition and diversity regulation via common mycorrhizal networks.
Through their functional traits and interactions with both abiotic and biotic environment, they also signif-
icantly affect the process of open land colonization by trees as well as vegetation succession coupled with
soil and ecosystem development. Here we review the role of ECM fungi in the early primary and secondary
succession following major anthropogenic disturbances. Based on the examples of mine spoils and post-ag-
ricultural lands, we demonstrate key ecosystem services provided by ECM fungi in the processes of forest
restoration. We point out ecological mechanisms and adaptations which underpin ECM fungal community
successional interactions, particularly life histories, dispersal, spatial structure, host preferences, and sensi-
tivity to environmental filters. We emphasize the need of better understanding the role of ECM fungi in the
forest restoration practice as it seems crucial for afforestation success and biodiversity rehabilitation. Thus,
ectomycorrhizal traits should be a prime consideration in afforestation and carbon sequestration polices,
sustainable forest management and biodiversity conservation practices.
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and are the primary means by which most plants sup-
plement their nutrient and water requirements in na-

Mycorrhizal associations are found in almost all  ture, contributing at least 10-25% of their net pho-
terrestrial habitats (Read, 1991; Smith & Read, 2008)  tosynthate carbon (C) (Simard et al., 2002; Hobbie,



92 Izabela L. Katucka, Andrzej M. Jagodzinski

2006; Lambers et al., 2008). The extensive hyphal
surface area and the small diameter of individual hy-
phae enable mycorrhizal fungi to radiate through the
soil effectively and to take up essential compounds,
especially nitrogen (N) and phosphorus (P) from or-
ganic residues and insoluble inorganic compounds
which can be weathered by a variety of secreted en-
zymes (Read & Perez-Moreno, 2003). Radiating from
the rhizosphere, vegetative mycelia of mycorrhizal
fungi also provide a possible interface for the neigh-
bouring plants to form mycorrhiza and establish
common mycorrhizal networks that interconnect dif-
ferent plant individuals (van der Heijden & Horton,
2009; Simard et al., 2012). Moreover, they have been
proved to be important drivers of the structure and
dynamics of plant populations and communities (van
der Heijden et al., 1998; Klironomos et al., 2011).

Mycorrhizal fungi are crucial for the ability of their
plant partners to colonize novel sites, help open suc-
cessional processes and develop plant communities
(Dickie et al., 2013), driving primary and secondary
succession that initiated by natural events (e.g., gla-
cier retreat, volcanic eruption, wind-throw, or natural
fire), or even intensive anthropogenic disturbances
(e.g., mining, prescribed burning, timber harvesting,
or agricultural activities). Reclamation of areas de-
stroyed by human activities is one of the most im-
portant and urgent issues of management planning
regarding a sustainable use of natural resources and
efficient biodiversity conservation. Restoring de-
stroyed landscapes and rehabilitating of natural func-
tions, afforestation is one of the most widely applied
practice (Hittl & Weber, 2001; FAO, 2001). Second-
ary forests stands are planted to counteract with an-
thropogenic climate change by the reduction of at-
mospheric CO, and carbon sequestration (Stoate et
al., 2009; van Breugel et al., 2011).

In this review, we provide a comprehensive survey
about the importance of successional traits of ecto-
mycorrhizal (ECM) communities and fungal-specific
ecosystem services on the successful restoration of
forests. We focussed on two types of sites represent-
ing strong, long-lasting legacies of human-induced
disturbances: (i) on mining-affected areas (primary
successional sites) and (ii) on post-agricultural areas
(secondary successional sites).

Mine spoils and post-mining
disturbed sites

Severe disturbances, such as opencast mining, in-
cluding the removal of the upper soil layer, and the
formation of vast areas with stripped land and vari-
ous kinds of spoils and tailings usually stored in the
form of spoil heaps (slag heaps, spoil banks, dumps),
lead to the formation of primary successional sites.

These activities result soils with a very low initial
level of macronutrients, containing no organic mat-
ter or mineralizable nitrogen, lacking water-stable
micro-aggregates, having a poor water-holding ca-
pacity with a low porosity and unfavourable air-water
conditions, and absorbing much solar energy causing
high surface temperatures. These soils tend to get
very compacted, but are frequently prone to wind and
water erosion, and may show high metal(loid) con-
centrations, salinity and extreme pH values (Marx,
1975; Conesa & Schulin, 2010).

Ideally, all these disturbed areas, if polluted, should
be subjected to an extensive phytoremediation, and
to restoring their original vegetation (Bradshaw &
Johnson, 1992). In general, reclamation includes also
geologic protection and carbon sequestration objec-
tives (Stanturf et al., 2014). Reclamation may either
rely on natural, spontaneous successional process-
es (passive reclamation) or is supported by human
assistance and various amelioration measures, in-
cluding reinstatement of topsoil layers, fertilization,
organic enrichment, seeding grasses and legumes,
and tree planting (active reclamation) (Hiittl & We-
ber, 2001; Macdonald et al., 2015). During an active
reclamation, both the abiotic and biotic conditions
of soils are being improved, which often accelerates
considerably the restoration process (Macdonald et
al., 2015).

In areas, where woodland vegetation dominates,
restoration practices usually aim to perform af-
forestation (Hiittl & Weber, 2001; Macdonald et al.,
2015). However, the establishment of trees and their
development on physically and chemically harsh sub-
strates often meets difficulties. Therefore, the inoc-
ulum potential and the role of ECM fungi in facili-
tating tree growth in such environments have been
extensively studied. The occurrence of ECM fungal
propagules in strongly disturbed soils, like young
mine spoils and other pure reclamation materials
is usually very low (Malajczuk et al., 1994; Lunt &
Hedger, 2003; Bois et al., 2005). Fungal propagules
can arrive via airborne or animal-dispersed spores
or via the vegetative spread of common mycorrhizal
networks from adjacent tree stands (if present) (Al-
len, 1991; Thiet & Boerner, 2007). It is reported by
Bois et al. (2005), that the inoculum potential of
ECM fungi increases with the age of reclaimed sites
and along the successional stages of the habitat and
vegetation (Bois et al., 2005). Also, as suggested by
Malajczuk et al. (1994), with age, a more diverse ec-
tomycotrophic plant community can provide more
niches for further ECM fungal species.

The inoculum potential, ECM root colonization,
and host plant growth can be increased significant-
ly by retaining topsoil, which was removed from the
site at the beginning of mining, or transported sub-
sequently from other places (Helm & Carling, 1993;
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Lunt & Hedger, 2003; Bois et al., 2005). Such types of
soils are usually rich in ECM fungal propagules and
hence, by placing it on the surface of the spoil, may
serve as a source of symbiotic fungi for the first gen-
eration of trees. Organic enrichment of mine spoils
with leaf litter was found to stimulate ECM coloni-
zation and therefore, facilitate the growth and foliar
N concentration of tree seedlings (Lunt & Hedger,
2003). Seedling establishment and root colonization
by a diverse community of ECM fungi can also be
enhanced significantly by soil subsurface preparation
methods (Bauman et al., 2013).

Succession on vast abandoned and unreclaimed
coal mines can be very slow. As it is reported by Rus-
sell & La Roi (1986), the total cover of plants did not
exceed 10% after 26 years, with still no ECM shrubs
or trees. Formation of dense (>90% cover), but iso-
lated vegetation patches that comprise the ECM host
Pinus halepensis in metalloid enriched tailings may take
40 years (Parraga-Aguado et al., 2014). Spontaneous
arrival of ECM pioneer trees (Salix, Populus, Betula,
and Pinus spp.) onto different types of non-meliorat-
ed coal-mine wastes was observed after 10-30 years
of their establishment, and after 50 years, a relatively
diverse and abundant ectomycorrhizal community
were found on their roots (Pachlewski, 1956, 1958).
Trees that colonize mine spoils and tailings have a
significant impact on soil features and accelerate fur-
ther vegetation development. They are key factors in
forming fertility islands that may promote the estab-
lishment of a diverse plant community under their
canopies (Parraga-Aguado et al., 2014). Therefore,
besides different amelioration measures, an effective
way of facilitating succession and forest restoration
processes is an artificial introduction of tree seed-
lings on reclaimed sites (Hiittl & Weber, 2001; Mac-
donald et al., 2015).

Few ECM fungi have been shown to comprise the
spore bank of row, or relatively young reclamation
materials, available for emerging or transplanted
seedlings. The following ECM fungal taxa, proven by
greenhouse bioassays, had the ability to grow on row
reclamation materials: Wilcoxina sp. (E-strain), Tu-
ber sp., Cenococcum geophilum, Laccaria sp., Thelephora
americana, Suillus luteus, S. tomentosus, Rhizopogon-like,
as well as Sebacinoid and Pezizales species (Daniel-
son et al., 1983; Bois et al., 2005).

Within the first years of tree colonization on re-
claimed soils, the indigenous ECM communities are
usually poor consisting of a few species. ECM fungal
species found on roots of seedlings and young trees
up to 7 years growing on raw, or relatively young
mine spoils are Wilcoxina sp., Tuber sp., Amphinema
byssoides, Thelephora terrestris, Suillus-like spp. and
Suillus spp. on Pinus banksiana (Danielson & Viser,
1989; Danielson, 1991), Cenococcum geophilum on
Quercus rubra and Pinus massoniana (Gebhardt et al.,

2007; Huang et al., 2012), Wilcoxina sp. and Am-
phinema byssoides on Picea glauca (Danielson, 1991),
Laccaria laccata and Hebeloma crustuliniforme on Quer-
cus robur (Lunt & Hedger, 2003), Tomentella sp. and
Geopora sp. on Pinus halepensis (Rincén et al., 2007)
and Rhizopogon buenoi, Tomentella ellisii, Inocybe curvi-
pes, Suillus granulatus and Atheliaceae sp. on Pinus mas-
sontana (Huang et al., 2012). At the end of the sec-
ond growing season, natural infections of Thelephora
americana, Amphinema byssoides, Sebacina sp., Wilcoxina
sp., Laccaria bicolor were observed on the roots of Pi-
nus banksiana and Picea glauca trees, which were out-
planted on reclaimed oil sands (Onwuchekwa et al.,
2014). Pisolithus tinctorius was reported as a typical
early-stage ECM fungus, which is well-adapted to
the low pH and the high temperatures of anthracite
and hard coal spoils (Schramm, 1966; Marx, 1975).
This species has gained a special attention because
it is a common and widespread multi-host species
known from many highly disturbed sites (Marx,
1977). Prior to outplanting, it has been widely used
for artificial inoculation of tree seedlings, and proved
perfect to increase the effectiveness of afforestation
in post-mining landscapes, especially in warmer and
drought-susceptible parts of the world (Marx et al.,
2002).

The majority of fungal taxa listed in the above
paragraph are thought to be early-stage, or early
successional fungi, but some of them belong to the
multi-stage group (Visser, 1995). They are known
to inhabit mineral soils of a low nutrient content,
or even fertilized, disturbed, or polluted urban soils
with extreme pH values (Miinzenberger et al., 2004;
Bois et al., 2005; literature cited therein). Many of
these taxa can survive high metal(loid) concentra-
tions and can provide the ability for trees to colonize
metalliferous substrates, or smelter waists (Stauden-
rausch et al., 2005; Hrynkiewicz et al., 2008; Huang
etal., 2012). Metal-adapted local populations/strains
of ECM fungi can significantly improve the surviv-
al rate and the performance of host trees in such
sites providing a powerful tool for phytoremediation
(Adriaensen et al., 2005; Jourand et al., 2010; Col-
paert et al., 2011). At the level of species or higher
taxa, there are not many taxa selective for, or adapt-
ed to metal-contaminated soils (Huang et al., 2014).
Moreover, high metal concentrations limit the occur-
rence of the most ECM species (Huang et al., 2014),
and species assemblages that can survive these con-
ditions are only a subset of the species pool present in
similar, but less contaminated sites (Staudenrausch
et al., 2005). The occurrence of many ECM taxa may
be not affected strongly by heavy metals, since local
ECM populations that well-adapted to high levels
of toxic metals can also be recorded. Similarly, ECM
communities are determined strongly by other soil
features typical among early successional conditions,
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such as the immaturity of soil, the low levels of or-
ganic matter, extreme pH values, and fluctuations in
soil temperature and moisture (Staudenrausch et al.,
2005; Huang et al., 2012). Among these adverse con-
ditions, environmental filtering seems to be a very
strong limiting factor, especially in non-meliorated
sites.

Prior to outplanting, mycorrhization of seedling
roots can improve the effectiveness of forest restora-
tion overcoming the problem of the probable lack of
indigenous ECM fungi on the sites. Also, inoculation
by selected ECM fungi can be a key advantage for
tree seedlings to surmount the initial stress of trans-
plantation, and to acclimate to a harsh environment
and adverse substrates during the first year(s) after
outplanting (Grossnickle & Reid, 1982; Reddell et
al., 1999; Rincén et al., 2007). The best results are
expected when fungal inocula are specifically adapted
to the environmental conditions of transplantation
sites (Rincoén et al., 2007). However, if not intention-
ally mycorrhized, tree seedlings usually get colonized
by native ECM fungi during their development in
nurseries (Leski et al., 2010; Pietras et al., 2013). In-
oculated or nursery-originated ECM species are often
poor competitors among field conditions (Danielson
& Visser, 1989; Xu et al., 2001; Rincén et al., 2007),
but they can help seedlings to develop new short
roots susceptible to the colonization of indigenous
ECM symbionts (Grossnickle, 2005), or to increase
the overall percent of ECM root mycorrhization (On-
wuchekwa et al., 2014). After the initial shock and
drop of the mycorrhization level in the first year after
transplanting, the percent ECM colonization of tree
roots increases significantly. For example, two years
after the plantation into a degraded gypsum soil, the
level of mycorrhization of Pinus halepensis seedlings
reached 60-77% by indigenous ECM fungi (Rincén
et al., 2007). Similarly, indigenous ECM fungi
formed mycorrhizae on 4, 33, and 72% of total short
root number of Pinus banksiana outplanted on oil-
sands after 1, 2, and 3 years, respectively (Danielson
& Viser, 1989). When seedlings are not mycorrhized
artificially, the colonization rate may stay lower for
a much longer time. On the roots of Quercus rubra
seedlings, it reached 15% after 5 years on a lignite
mine spoil (Gebhardt et al., 2007), on the roots of
Pinus massoniana seedlings, reached 26% after 7 years
on a Pb-Zn mine tailing (Huang et al., 2012), and
reached 3-36% on the roots of 20-30 year-old Salix
caprea individuals at a former ore mining area rich in
Pb, Zn, Cu and Cd (Hrynkiewicz et al., 2008).

The development and functioning of ECM fun-
gal assemblages in reclamation areas may be affect-
ed by different amelioration measures. Also, even if
the colonization rate is low, the biodiversity of ECM
communities can also be high due to the rapid turn-
over of ECM species (Staudenrausch et al., 2005), or

to the high soil heterogeneity in mining sites that
provide various microhabitats for different ECM fun-
gi (Huang et al., 2014).

After the initial period of a low richness and poor
diversity of ECM communities in disturbed sites, fun-
gal communities can develop quite rapidly. In Pinus
sylvestris afforestations on Mt Kamiensk, a reclaimed
lignite mine spoil heap in Poland, the number of ECM
species (counted based on sporocarps) changed from
one species (Geopora arenosa) to five (G. arenosa, Hebe-
loma mesophaeum, Inocybe dulcamara, Rhizopogon roseo-
lus, Suillus luteus) for the third year after outplanting;
and reached up to 23 species (Table 1) 14 years later,
which was the time of canopy closure, the start of a
detectable soil profile formation, and co-occurrence
of many pioneer species known from younger stands
and new, forest-dwelling species (Katucka, unpubl.).
In 20-25 years old first generation stands of Populus
tremula growing in a heavy metal contaminated site,
54 ECM fungal taxa were found, many of them are
selective for early successional or disturbed sites (Kr-
pata et al., 2008). Here, the root colonization rate
reached 95%, and a preferential occurrence of some
species in a well-developed organic horizon was re-
corded. The sporocarp production of ECM fungi in
post-mining habitats may be rather low (Gebhardt et
al., 2007). However, a massive production has been
observed for some taxa (for Geopora, Hebeloma, Hel-
vella, Inocybe, Rhizopogon, Suillus, and Tricholoma spp.),
with a high total ECM sporocarp production exceed-
ing 40 kg ha-'yr! (dry weight) in a 17 years old stand
(Table 1) (Katucka, unpubl.).

Mine spoils and other soil-disturbed sites are ex-
tremely diverse and heterogeneous habitats concern-
ing the harsh characteristics of their soils and chemi-
cal compounds, therefore they mean a great challenge
for both vegetation succession and afforestation prac-
tices. Mine restoration forests differ from the forests
of the same age and grow under better conditions in
root biomass (Jagodzinski & Katucka, 2010) and al-
location of above-ground biomass (Jagodzinski et al.,
2014), which probably both affect their ECM com-
munities. Forest stands and their fungal assemblages
are exposed to strong, site-dependent environmen-
tal filtering that may be also modified by a variety of
restoration and amelioration measures. Variation in
successional trajectories may be very high. In such ar-
eas, the main factors affecting ECM communities are
microclimatic conditions (Glen et al., 2008) and soil
properties, such as the content of metalliferous con-
taminations (Huang et al., 2014), the maturity of soil
and the presence of organic matter (Staudenrausch
et al., 2005; Huang et al., 2012; 2014). A strong host
effect was also observed (Huang et al., 2014). The
positive effects of years elapsed since rehabilitation
(stand age/tree size) are obvious. With time, ECM
community richness and diversity tends to be more
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Table 1. The occurrence of ectomycorrhizal fungal sporocarps in three Scots pine plantations of different ages on Mt
Kamiensk spoil heap (Belchatéw Industrial Region, Poland)

Species AC3y P3y SF Species AC3y P3y SF
A. 3-year-old stand (Z03) C. 17-year-old stand (Z17)
Geopora arenosa 5775 1438.0 100 Chroogomphus rutilus 2 0.7 10
Hebeloma mesophaeum 1 0.2 10 Cortinarius decipiens 3 0.3 30
Inocybe dulcamara 5 0.8 10 Geopora arenosa 22 5.5 20
Rhizopogon roseolus 3 2.5 10 Hebeloma dunense 14 4.2 10
Suillus luteus 3 33 10 Hebeloma mesophaeum 1708 398.0 100
B. 14-year-old stand (Z14) Hebeloma sp. 1/Z17 114 61.8 80
Chroogomphus rutilus 131 43.4 90 Helvella lacunosa 116 118.6 100
Cortinarius sp. 1/214 7 1.7 10 Helvella leucomelaena* 1351 3858.5 100
Cortinarius sp. 2/Z14 4 0.7 10 Hygrophorus hypothejus 4 0.7 20
Cortinarius decipiens 270 30.2 40 Hygrophorus pustulatus 127 19.8 80
Geopora arenosa 597 148.7 70 Inocybe tjallingiorum 9 1.1 10
Hebeloma cylindrosporum 15 4.2 10 Rhizopogon roseolus 3 2.5 20
Hebeloma mesophaeum 975 227.2 70 Suillus bovinus 3 2.3 10
Hebeloma sp. 1/Z14 65 35.2 40 Suillus luteus 39 43.4 60
Helvella lacunosa 8 8.2 20 Thelephora caryophyllea 15 4.2 10
Helvella leucomelaena* 2468 7048.6 100 Thelephora terrestris 11 4.2 30
Hygrophorus hypothejus 3 0.5 10 Tricholoma imbricatum 230 705.2 60
Inocybe dulcamara 2158 349.6 100 Tricholoma scalpturatum 530 163.8 60
Inocybe tjallingiorum 8 1.0 10 Tricholoma terreum 17920 6953.0 100
Inocybe malenconii 269 39.0 50 Explanations: Stand (plot) area: 1000 m?* each, divided into 10 sub-
L ea o pe e o a3y 0 et i)
Rhizopogon roseolus 505 428.7 100 (number) of sporocarps in the plot during 3 years; P3y - to-
L osao e o (g oy wegh) i el don
Suillus luteus 920 1023.0 100 sporocarps of a species were found); * — data from 2 years
Thelephora caryophyllea 22 6.1 10
Thelephora terrestris 12 4.6 20
Tricholoma albobrunneum 15 14.9 20
Tricholoma scalpturatum 302 93.3 20
Tricholoma terreum 25 9.7 20

similar between the older stands of spoil heaps and
the surrounding forests (Gebhardt et al., 2007; Glen
et al., 2008), or other mature forests (Krpata et al.,
2008). However, their ECM fungal species composi-
tion is different. Specifically, the relative abundances
of taxa selective for non-disturbed forests (late suc-
cessional fungi, such as members of Thelephoraceae
or Russulaceae) were lower (Glen et al., 2008; Huang
et al., 2012), while the members of the typical early
successional genera (e.g., Cenococcum, Hebeloma, Ino-
cybe, Laccaria, Pisolithus, Scleroderma, Tomentella, Tuber,
and Wilcoxina) were reported to be persistent in dis-
turbed habitats (Glen et al., 2008; Hrynkiewicz et al.,
2008; Krpata et al., 2008).

Post-agricultural sites

Farmland abandonment, resulted by demographic
changes (e.g., ageing of rural population, migration
of the youth to the towns), and population move-
ments caused by wars and changes in the agricul-
tural policy of the governments, was intensive and
well documented process of many parts of the world,
especially of Europe. Here, many farmlands were tak-
en out of agricultural production, which is expected
to be one of the most striking features of the recent
landscape (Falinski, 1998; Stoate et al., 2009). In
many areas, the abandonment of traditional agricul-
tural farmlands provides a basis for the re-establish-
ment of natural or semi-natural habitats. However,
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the intensive agricultural activities and the rapid en-
vironmental changes may lead to increasing numbers
of old fields that show a low recovery of secondary
habitats with similar characteristics to the historic
vegetation states (Cramer et al., 2008). The immedi-
ate afforestation of abandoned agricultural lands as a
strongly supported restoration practice, especially in
recent years, is getting to be an increasingly impor-
tant ecological phenomenon (FAO, 2001).

The change or the end of cultivation practices in
farmlands followed by afforestation lead to substan-
tial changes in most of the physical, chemical and bi-
ological properties (contents of organic matter, nitro-
gen and other elements, pH, porosity, bulk density,
microbial activity and the overall rate of soil process-
es) of soils. These previous land-use activities may
have persistent effects on forest communities and
their functioning, manifesting in a long-term, 80-
100 years long or even longer recovery of forest soils
(van der Wal et al., 2006; Olszewska & Smal, 2008;
Smal & Olszewska, 2008; von Oheimb et al., 2008).

Agricultural management can reduce the abun-
dance and diversity of soil microfungi and arbuscu-
lar mycorrhizae, and affect the rate of recovery of a
post-disturbed plant community (van der Heijden et
al., 1998; Hedlund, 2002). Moreover, serious diffi-
culties in establishment of trees and ecosystem func-
tioning in old fields have been reported (Dominik,
1961; Szujecki, 1990). In old fields, the rates of nat-
ural succession and the recovery of a late succession-
al, well-structured, mature woody vegetation with
a stable composition of forest-dwelling species vary
considerably: up to 140 years in European mesophil-
ous pine forests and 350 years in European mixed
hardwood forests (Faliniski, 1986). In the Alps, 100
years after pasture abandonment, some areas were
still in an early stage of transition from grassland to
a savannah-like forest community with an open can-
opy (Wiemken & Boller, 2006), which delayed suc-
cession was ascribed to the limitations of ectomycor-
rhiza formation.

Boerner et al. (1996) showed that ECM inoculua
in an active agricultural field were sparse, patchily
distributed and surrounded by large areas with a lack
of infectivity. This observation was related strongly
to the ploughing pattern of the area, where there was
a little chance of any seeds of ECM-forming plants to
find fungal partners and effectively colonize the site.
However, both the infectiveness (calculated based
on the number of bioassay seedlings colonized, and
the number of ECM tips per a seedling) and rich-
ness (the number of ECM types, and the number
of rare ECM types) of ECM community increased
significantly with time after disturbance, especially
in the first 5-10 years. The pre-disturbance level of
ECM fungal inocula re-established 25-30 years after
agriculture cessation. During these years, increasing

number of discrete patches with a high potential of
infectiveness were recorded, suggesting a major role
of animal faces in ECM dispersal in old fields.

In deforested sites, which were used for agricul-
tural purposes for 30 years and then abandoned for
15 years, a diverse community of ECM propagule
bank was found with a high proportion of species
of significant host preferences. But this community
was different from the one revealed in the reference
forest site. The former was less rich in species and
showed a strong dominance of Wilcoxina micolae. In
the deforested site, the ECM colonization rate on the
roots of seedlings was relatively high, but, on some
hosts, still lower compared to that of the reference
site (Ding et al., 2011).

A high ECM inoculum potential of post-agricul-
tural soils after 10 years of abandonment was shown
in a mycorrhization experiment carried out by Men-
kis et al. (2007). Pine and spruce seedlings, pre-in-
oculated with Cenococcum geophilum, Piceirhiza bicolo-
rata and Hebeloma crustuliniforme, showed a fast and
effective colonization of a diverse ECM community
(19 morphotypes, including inoculated species, Rhiz-
opogon sp., Suillus luteus, Suillus sp., Thelephora terres-
tris, Paxillus sp., Amphinema byssoides and numerous
unidentified taxa) over two growing seasons, show-
ing a low impact of inoculation on subsequent fun-
gal community development in this type of habitats.
The persistence of the T. terrestris isolate, inoculated
on the roots of pine seedlings, and its beneficial ef-
fects on the mycorrhizal abundance (counted based
on the number of mycorrhizal tips) after two years
of outplantation was also confirmed (Hilszczanska &
Sierota, 2006). Other morphotypes found on these
seedlings were Amanita sp., Hebeloma sp., Suillus sp.,
Thelephora terrestris (an indigenous strain) and oth-
er unidentified species. After 6-8 years, 17 morpho-
types with different proportions were found on the
roots of saplings (including the pre-inoculated spe-
cies) indicating the importance of environmental
conditions for the persistent establishment of ECM
fungi (Hilszczanska et al., 2011).

Besides the time elapsed after disturbance and the
above-ground dispersal vectors, the distance from es-
tablished vegetation has proved to be a key element
for ECM inoculum occurrence and vitality in post-ag-
ricultural systems. Mycorrhizal inocula were shown
to have low levels on seedlings growing far from ma-
ture trees (the abundance of mycorrhizae declined
sharply within the circle of 15 m radius from the base
of trees), along with, the mycorrhization level, foliar
N concentrations, and survival of seedlings was high-
er near established trees (Dickie et al., 2002; Dickie
& Reich, 2005; Dickie et al., 2007). The ECM spe-
cies richness and community composition were also
affected: the species richness declined with distance
from trees with a higher number of infrequent spe-



Successional traits of ectomycorrhizal fungi in forest reclamation... 97

cies close to the trees. Ascomycetes were relatively
more represented at greater distances (Dickie & Re-
ich, 2005). On the one hand, the facilitation of tree
seedlings may be more efficient if seedlings grow
near the forest edges and are incorporated into the lo-
cal common mycorrhizal network (Thiet & Boerner,
2007). On the other, the close vicinity of abandoned
fields to well-established woodlands may contribute
to a fast restoration of ECM spore bank (such as in
the case of plant seeds, compare Symonides, 1986;
Falinski et al., 1998). The close locality of the sites to
an established forest, or a single tree, or a group of
trees, is among the most important factors affecting
the successional trajectories of meadow-type vegeta-
tions (Falinska, 2003; Gomoryova et al., 2009).

In post-agricultural systems, a successful tree es-
tablishment may be hampered not only by the lack of
ECM inocula, but the competition with herbs, which
can limit seedlings regardless their distance from ma-
ture trees (Dickie et al., 2007). The same effect can be
caused by a management practice of sowing addition-
al herbs onto the sites: in which cases, ECM coloniza-
tion and the survival of tree seedlings were higher in
areas where only naturally colonized herbs occurred
(Hedlund & Gormsen, 2002). The composition and
structure of vegetation developing in old fields soon
after cultivation cessation may vary considerably de-
pending on the type and magnitude of disturbance,
crop plant species identity, the time of management
discontinuation (spring vs. autumn) and the status
of the abandoned field (was it a ploughland, a fallow,
or a stubble), soil features, microrelief, the distance
from the seed source of native habitats, the animal
activity (their rooting, digging, feeding behavior, etc.)
and the appearance of mosses and lichens (Falinski,
1998; van der Putten et al., 2000; Cramer et al., 2008;
Tokuoka et al.,, 2011). All these factors may form
strong filters for ECM trees or instead, open “the win-
dows of opportunity” for their establishment.

Early successional post-agricultural areas proved
to be good model systems for the studies of ECM
fungal chronosequences. A series of investigations in
the 1980’s were carried out in first generation forests
planted in old fields; that underpinned the concept of
“early-” and “late-stage” fungi. Based on the obser-
vations of spatial and temporal occurrence of ECM
sporocarps, it was assumed that fungi never form a
random pattern. Under recently outplanted saplings
of Betula pendula and B. pubescens, Hebeloma crustulin-
iforme, followed by a Laccaria sp., occurred as a first
colonizer. These fungi were joined soon by Thelepho-
ra terrestris, Inocybe lanuginella and Lactarius pubescens,
other species of Hebeloma, and later by Amanita, Cor-
tinarius and Leccinum. Ten years after outplanting of
the birch seedlings, sporocarps of Russula appeared.
Sporocarps tended to occur in zones of progressive-
ly increasing radius, and the new species occurred

usually closer to the stem base, associated to the old-
er roots, representing successional changes in ECM
community composition related to tree age (Mason
et al., 1982; Last et al., 1983). Similar patterns were
observed concerning other tree species, e.g., Pseudot-
suga menziesii (Chu-Chou & Grace, 1981), and Pinus

radiata (Chu-Chou, 1979; Chu-Chou & Grace, 1988),

and in another study on birch trees, based on ECM

morphotypes (Deacon et al., 1983).

Temporal and spatial sequential appearances of
ECM fungi were observed in the natural processes
of post-agricultural land reforestations during the
study in the complete series of seral communities
representing spontaneous vegetation change from
a psammophilous grassland to a mesophilous pine
forest, which is located in the unique complex of old
fields of different age near the edge of the Biatowieza
old-growth forest (Poland) (Katucka, 2009). In the
plots representing 7 distinctive phases of forest re-
turn (13,000 m? in total, stands up to 100 years old),
sporophores of 98 ECM fungal species were recorded
in the whole chronosequence; based on sporocarps,
after 8-15 years of field abandonment, 44 species
were found growing under 6-8 years old pine trees.
Strong relationships among the patterns of ECM
species composition, frequency and abundance, and
forest development, the age of trees, stand structure
and soil profile formation suggested that ECM fungal
succession is best explained by the development of
the vegetation and the habitat. In this successional
trajectory of ECM fungi, three successional stages
were distinguished:

- Colonization stage — rapid colonization by a rich
ECM community, corresponding in some aspects
to the “initial floristic composition” model (Egler,
1954), dominated by Inocybe lacera, Laccaria proxi-
ma, Suillus luteus, Cortinarius cf. cinnamomeoluteus,
Amanita muscaria and Hygrophorus hypothejus, and
characterized by a fast increase in species rich-
ness, diversity (H-index), sporocarp abundance,
and biomass production; it begins with the arrival
of the first tree seedlings and ends in open psam-
mophilous grasslands with junipers and scattered
pines up to 12 (16) years old (pine cover less than
50%);

- Stabilization stage — characterized by the increas-
ing abundances of above-mentioned fungal spe-
cies (except for I. lacera), and with the distinctive
occurrence of Chalciporus piperatus, Lactarius rufus,
many small-sized Cortinarius, and Tricholoma spe-
cies; with further increase in species richness
and diversity, the sporocarp production reaches
its maximum; it begins when pine cover reaches
ca 50%, and continues when patches of juniper
shrubs and pines increase in their relative cover at
the expense of intermixing psammophilous grass-
lands with a rich moss and lichen layer, until the
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canopy becomes closed when pines are 18 (25)

years old; at the end of the period of canopy clo-

sure with an intensified litter accumulation, root
overgrowth and more xeric soil conditions, the
total number of ECM sporocarps decreases and

Tricholoma spp. become prevalent in sporocarp bi-

omass production;

- Replacement stage - highlighted by a gradual
change in ECM species composition, a partial re-
placement of species selective for the pre-forest,
semi-open habitats; numerous forest-dwelling
species, mainly members of genera Russula, Lac-
tarius, Cortinarius and Amanita arrive; fungal spe-
cies diversity further increases, despite decrease
in species richness, conspicuous decrease in the
overall carpophore abundance and biomass; Rus-
sula spp. become predominant in sporocarp bio-
mass production; it begins when pines are ca 30
years old, with the formation of a multilayered
stand structure, the development of soil profile
and humus layer; distinct qualitative changes are
seen in this stage; 30 ECM species were record-
ed in the 100 years old stands out of which only
one third of taxa were present regularly in earlier
(pre-forest) stages.

In undisturbed mature and old-growth forests,
ECM fungal species composition is in a relative-
ly stable state, and formed generally by typical for-
est-dwelling species.

In post-agricultural fields, which were subjected to
afforestation by setting naturally mycorrhized, nurs-
ery-grown tree seedlings, the successional trajectory
of the ECM fungal community can be significantly
accelerated, as it was shown in the author’s (ILK)
unpublished study carried out in a chronosequence
of 1-42 years old Scots pine stands in Poland. In a
pine stand of 1000 m? set in an arable field immedi-
ately a year after crop cultivation by using one year-
old, nursery-grown seedlings, the first ECM fungal
sporocarps appeared three years after outplantation.
Here, Hebeloma cavipes, Laccaria proxima, Inocybe lacera,
and Suillus luteus were recorded. For the fourth year,
additional taxa emerged, such as Hebeloma mesophae-
um, Thelephora terrestris and Tomentella sp. (Table 2).
Within the whole chronosequence of stands exam-
ined, the general pattern of the continuous increase
in ECM fungal species richness and diversity was ob-
served, while sporocarp number and biomass produc-
tion were peaked short before the canopy closure (in
a 7-year-old stand). The period of highest sporocarp
production coincided with an intensive development
of fine root biomass (Jagodzinski & Katucka, 2011).
On former agricultural fields, similar pattern of ECM
community development was found in the chronose-
quence of Norway spruce plantations (Gaper & Liz-
on, 1995; Mihal, 1999).

Table 2. The occurrence of ectomycorrhizal fungal sporo-
carps in three Scots pine plantations of different ages on
a post-agricultural land (Belchatéw Industrial Region,
Poland)

Species AC3y P3y SF
A. 4-year-old stand (P04)
Hebeloma mesophaeum 2 0.5 10
Hebeloma cavipes 467 200.3 100
Inocybe lacera 71 13.0 50
Laccaria proxima 1935 408.3 100
Suillus luteus 36 41.9 90
Thelephora terrestris 1 0.7 10
Tomentella sp. 1/P04 94 n.d. 70
B. 7-year-old stand (P07)
Amanita muscaria 236 629.9 90
Chalciporus piperatus 4 0.4 20
Hebeloma cavipes 39 16.7 50
Hygrophorus hypothejus 152 27.4 70
Inocybe jacobi 86 0.7 60
Inocybe lacera 61 11.2 30
Inocybe subcarpta 81 18.5 60
Laccaria proxima 1239 261.4 100
Lactarius rufus 18 8.7 20
Paxillus involutus 14 24.4 10
Rhizopogon sp. 1 0.5 10
Suillus bovinus 11 22.9 10
Suillus luteus 2687 3130.4 100
Thelephora terrestris 4012 1154.0 100
Tomentella sp. 1/P07 1 n.d. 10
Tricholoma albobrunneum 218 178.8 70
C. 13-year-old stand (P13)
Amanita muscaria 46 122.8 30
Cortinarius sp. 1/P13 743 83.2 60
Hebeloma mesophaeum 3848 896.6 90
Hebeloma spp. 490 214.1 70
Laccaria laccata 4 0.2 10
Laccaria proxima 1 0.2 10
Lactarius glyciosmus 10 1.1 20
Paxillus involutus 60 104.8 70
Russula fragilis 3 0.9 30
Suillus luteus 6 7.0 10
Thelephora caryophyllea 41 8.4 10
Thelephora terrestris 38 23.2 50
Tomentella sp. 1/P13 15 n.d. 40
Tricholoma albobrunneum 637 1953.0 100
Tricholoma terreum 454 127.12 40

Explanations: Stand (plot) area: 1000 m? each, divided into 10
subplots; duration of the survey: 3 years (20 observation vis-
its); age of stand: at the end of the survey; AC3y - total abun-
dance (number) of sporocarps in the plot during 3 years; P3y
— total sporocarp production (g dry weight) in the plot during
3 years; SF — spatial frequency (the percentage of subplots
where sporocarps of a species were found); n.d. — production
not estimated (no data)
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The ECM successional trajectories in spontane-
ous reforestation systems and in tree plantations
in post-agricultural lands seemed to be similar; but
in the plantations, canopy closure happens usually
earlier and at a younger age of trees. In comparable
chronosequences of pine stands growing on post-ara-
ble sites, the characteristic stage with the dominance
of Tricholoma spp. in sporocarp production, associated
to recent canopy closure, was observed under 15-20
years old trees in a spontaneously emerged system
(Katucka, 2009), but in the planted pine stand, trees
were only 11-13 years old at this successional stage
(Table 2). Instead, before canopy closure, ECM spe-
cies richness increased much faster and was con-
siderably higher in a natural successional trajectory
compared to plantations. Therefore, the factors driv-
ing the ECM community must include the above-
and below-ground structure of the stand, and both
the development of vegetations and habitats, not
only the species identity and age of trees.

It is well documented that during forest regenera-
tion after agricultural abandonment, the available N
pools decline due to the substantial transfer of min-
eralized N from soil into plants (Richter et al., 2000).
Also, the foliar %N and the total foliar N content of
overstory vegetation decrease over time, indicating a
tightening of N availability over succession (Comp-
ton et al.,, 2007). There is a strong evidence of an
increasing participation of ECM fungi in the process
of N transfer from soil into the trees via the min-
eralization-mycorrhizal-plant uptake pathway dur-
ing forest regeneration in old-fields. With time, as
stands aged, foliar 8'°N decreased and became more
negative (Compton et al., 2007). This phenomenon
is indicative for the N resource fractionation of ECM
fungi (Hogberg, 1997; Hobbie et al., 2005) and after
disturbance, for their pivotal role in forest ecosystem
recoveries at a time scale of a century.

Conclusion

Succession is one of the most important ecologi-
cal processes forming the biosphere. Pioneer or dis-
turbed ecosystems, if not permanently restricted by
climatic or edaphic conditions, or if released from dis-
turbance, follow various trajectories of successional
processes towards more mature systems. ECM fungi,
as obligatory symbionts of the whole range of trees
and shrub species, especially in the temperate and
boreal zones, are a key organism group that enhance
the development of forest communities interacting
with vegetation succession and changing soil envi-
ronment, and subjected to their own successional dy-
namics. As it was shown in this review, the success-
ful reforestation of disturbed areas, both in primary
and secondary successional sites, become possible

if only the pre-requisites of ECM fungal propagules
are fulfilled via airborne spores from local or remote
sources, or spores supplied by animals, spore banks,
or via mycelial inocula survived the disturbance, or
from functioning ECM networks that can be joined
by arriving tree seedlings. ECM inocula may be sup-
plied directly onto the roots of tree seedlings prior
to outplanting via a natural infection in the nursery,
or throughout an artificial mycorrhization. However,
in most cases, the latter one is unnecessary, or un-
profitable, or economically unjustified. In early suc-
cessional sites, ECM fungal inocula and developing
ECM communities can speed up or alter the course
of forest restoration. Thus, the role of fungi should
be considered in afforestation polices aiming land
reclamation (Rincén et al., 2006; Menkis et al., 2007)
and carbon sequestration (Kalucka & Jagodzinski,
2013). Mechanisms of ECM fungal succession and
its interactions with vegetation and habitat develop-
ment impact ecosystem trajectories after changes in
land management practices. This has important im-
plications for biodiversity and sustainability of rare
and threatened ecosystems (Thiet & Boerner, 2007;
Gomoryova et al., 2009; Dickie et al., 2011). The role
of ECM fungi should be more considered in conser-
vation polices.
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