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Introduction 
  

Estonia relies on vast reserves of oil shale to produce 
electricity.  The mining and burning of oil shale is extremely 
inefficient and produces large quantities of tailings and ash 
(Vallner and Sepp 1993). Over the past century, large hills of 
semicoke ash have been built in northeastern Estonia.  Young 
ash hills are barren landscapes, and after several years, 
Populus seedlings are transplanted to stabilize the hills (Fig. 2).  
Eventually, native plants begin to colonize. Astonishingly, 
among the first colonizers are rare terrestrial orchids from the 
Dactylorhiza, Epipactis and Orchis genera (Fig. 3). These 
orchids are considered habitat specialists, yet they are capable 
of colonizing these new (<100 yr), unique locations.  
Furthermore, successful orchid establishment is dependent 
upon the supply of organic carbon to the seedling from 
specific mycorrhizal fungi (Rasmussen 1995). Although the 
fungal symbionts associating with several orchid species on 
the ash hills have been identified (Shefferson et al. 2008), the 
distribution of fungal inocula in the soil is unknown. Given the 
obligate mycorrhizal association for orchids, assessing soil-
fungal community composition is crucial to understand 
successful establishment of orchids on ash hills.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Estonia is the northern-most Baltic state  
and has a population of 1.4 million people. The 
burning of oil shale provides electricity for most of 
the nation, and ash hills are abundant in the 
northeastern region near Narva. 
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Figure 3. The orchid species found on the ash 
hills are more typically found in meadows; (A) 
Epipactis atrorubens, (B) E. palustris, (C) Orchis 
militaris, and (D) Dactylorhiza sp. 
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Figure 2.  (A) An oil shale-ash hill planted with 
Populus  seedilngs in northeastern Estonia. (B) 
The soils on the ash hills are mostly bare, 
containing little organic material. (C) An 
Epipactis atrorubens individual established in 
the ash.  
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Abstract  
The burning of oil shale provides electricity for the people of 
Estonia.  The resulting ash and tailings hills are desolate, 
environmentally toxic, and prohibitive to potential plant 
colonizers. However, plants eventually colonize the hills. Rare 
terrestrial orchids are among the first colonizers, surprising 
since successful orchid establishment requires associations 
with specific mycorrhizal fungi. We assessed the composition 
of the soil fungal community to determine the availability of 
suitable fungal symbionts.  We extracted DNA from the soil, 
PCR-amplified fungal ribosomal (ITS) and mitochondrial DNA, 
and sequenced the PCR products.  Mycorrhizal fungi are 
abundant and dominate the soil-fungal community. Moreover, 
the prevalence of symbiotic fungi in the ash hill soils enables 
orchids to populate this harsh, polluted environment.  
Although the initial carbon source for maintaining these fungi 
in the soil remains unclear, once orchids have become 
established, the potential development of mycorrhizal 
networks may facilitate colonization by later arriving 
propagules.  Importantly, the successful establishment of 
orchid species on ash hills indicates that highly impacted 
habitats should be regarded as important opportunities for 
rare and critically endangered species conservation.  

Methods 
We collected 60, 5 ml soil samples in the vicinity of existing E. 
atrorubens populations on the ash hill in September 2009.  
We extracted DNA from 2 ml of each soil sample using the 
MoBio UltraClean Soil DNA isolation kit, and performed PCR 
using the following combinations of fungal specific primers:  
ITS1f-ITS4 (Gardes and Bruns 1993), ITS1OF-ITS4OF (Taylor 
and McCormick 2008), and ITS1f ςCNL2f (Taylor et al. 2003) 
for ribosomal ITS region; and ML5-ML6 (Bruns et al. 1998) for 
mitochondrial DNA.  We obtained PCR products from 48 of the 
60 samples. Most samples contained several unique PCR 
products, likely due to the presence of multiple fungal species 
present in each sample. As many as four fungal species were 
found in individual soil samples.  We used bacterial cloning to 
isolate individual PCR products from mixed samples, and then 
sequenced the isolated DNA.  Fungal species were identified 
by BLAST searches against the GenBank database.   

Results and Discussion  
The majority of the fungal species identified in the ash hill 
soils were from the Thelephoraceae (in 51.7% of samples) and 
the Cortinariaceae (33.3%), both families composed of fungi 
forming ectomycorrhizal associations (Figs. 4 and 5).  Other 
mycorrhizal fungi (Russula sp. and Tulasnellaceae) and dark 
septate endophytes (Pezizales) were present in 4 soil samples.  
Saprotrophic fungi (Mortierella sp., Phoma sp., and 
Plectosphaerella sp.) were found in only 6 samples.  The ash 
hill soils contain very little organic material, likely sufficient to 
support only modest growth of saprotrophic fungi.   The 
majority of carbon available to the soil fungal community is 
derived from the roots of the sparse plant community, 
possibly accounting for the prevalence of mycorrhizal fungal 
species in the soil samples.  Although few of the soil samples 
contained fungi associating with orchids reported by 
Shefferson et al. (2008), many orchids associate with 
ectomycorrhizal fungi (McCormick et al. 2004).  We suggest 
the potential for mycorrhizal networks connecting Populus 
and orchid individuals and between orchid individuals, and 
that such networks increase orchid recruitment.  
 

Mycorrhizal fungi allow for increased plant tolerance to 
drought stress, heavy metal toxicity, and other unfavorable 
edaphic conditions associated with ash hills and mine spoils 
(Smith and Read 2008).   The natural colonization of orchids 
on ash hills reveals a unique avenue for the conservation of 
rare species and the rehabilitation of severely polluted 
habitats. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Fungal species were found in 48 of the 60 soil 
samples, and most samples contained multiple different 
fungi. Fungi from the mycorrhizal fungal families 
Thelephoraceae and Cortinariaceae are common in the 
ash. Conversely, saprotrophic fungi are relatively rare. 
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Figure 4. Fungal ITS phylogenies show that 
some fungi isolated from the ash hill soils are 
members of the genus Tomentella in the 
Thelephoraceae (A) and the genus Inocybe in 
the Cortinariaceae (B) 
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