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Introduction:

Mushrooms have long been thought to sequester heavy metals and other elements from the soil. The ecological effects of high heavy metal content in mushrooms could be far-reaching, as mushrooms are at the base of the food chain for many insects and small animals and are also part of the human food chain. The possibility of using mushrooms as monitors of ecosystem health has been researched, mainly concluding that each habitat and its specific fungi should be surveyed before determining which species of fungi can be considered indicators of ecosystem health or stress. 

The focus of this interdisciplinary research is to determine which (if any) species of fungi sequester metals in their fruitbody that are potentially harmful to organisms higher up the food chain and to explore relationships between fruitbody metal content and site on a general level rather than a species-specific level.  Mushrooms have several life strategies or forms.  This research involves mycorrhizal or plant-root associated fungi and saprobic or decomposer fungi. This research is significant in establishing the role of mushrooms as an indicator or monitor of overall ecosystem health in the Adirondacks. Sampling includes soil in order to compare metal levels in the mushrooms to background levels in the soil.  Soil characteristics such as the baseline metal concentration, soil pH and the organic matter content of the soil may also be related to uptake and accumulation effects.  The depth of the litter layer (where present) may also relate to the amount of metals uptaken and sequestered in fungal fruitbodies. 

This research is dealing specifically with levels of heavy metals (lead, cadmium, zinc, iron, copper, silver, and aluminum) in mushrooms near mines and mine wastes.  Whether there is a difference in heavy metal uptake between mycorrhizal or plant-associated fungi and saprobic or decomposer fungi will also be examined. Heavy metals are a poorly defined group of elements which all exhibit metallic properties.  Metals that cause environmental pollution (heavy-metal pollution) come from a number of sources such as industrial pollution, mining waste or the leaching of metal ions from soil by acid rain.

The Wildlife Conservation Society (Adirondack Chapter) is researching mercury and its effects on the common loon.  Loons are long-lived as well as being high on the food chain; they suffer from several threats due to heavy metals.  Loons are primarily impacted by mercury and acid deposition and secondarily by consumption of lead sinkers from fishing.  In this cycle, mercury is entering the food chain aquatically, whereas the fungal food chain is terrestrial.  Metals transition from terrestrial to aquatic ecosystems typically as the result of pollution. The effects of metals are magnified as trophic level is increased, so that organisms at the top of the food chain have the most metals in their systems.
There are many mycophilic or mycophagous (mushroom-eating) organisms in the Adirondack Park, such as insects, insectivorous organisms, small mammals, deer, and humans. Mining was a significant industry in the Adirondacks. The region is rich in magnetic iron ores, and titanium, which was mined heavily.  In the 1800’s, there were over 200 iron mining or smelting operations in the Adirondack region and until 1870, most of the iron produced in the United States came from New York State.  Today, most of these mines are closed; there has been very little habitat rehabilitation.  Acid deposition or acid rain has also impacted metal pollution in the Adirondack Park.  Acid rain decreases soil pH which increases metal mobility in the soil and cycles more metals into the food chain.
Methods:
Three sites were selected in the Adirondack Park region of New York State.  The Wolf Lake site served as a control area with no historically recorded mining activity.  Wolf Lake State Forest is located in Talcville, NY and is dominated by hardwoods including sugar maple (Acer saccharum), American beech (Fagus grandifolia), and paper birch (Betula papyrifera).  The silt-loam soil supports typical Adirondack flora and a thriving understory.  

The other two sites are on lands belonging to former strip mines.  The Benson Mines in Star Lake, NY was an open pit magnetite iron ore mine which closed in 1978.  The site chosen is a large curtailing pile, located approximately half a mile from the strip mine in which the habitat was completely altered due to mining activities.  This curtailing pile has sparse trees and other flora, mainly in patches and protected areas.  The dominant tree species are gray birch (Betula populifolia) and aspen (Populus tremuloides).  

The Tahawus Mine in Tahawus, NY, now owned by National Lead Industries (Kronos), was initially an iron ore mine, shifting to a titanium mine before closing in 1989.  The site chosen is adjacent to the strip mines and was heavily impacted by mining activities.  The dominant tree species include aspen (Populus tremuloides), gray birch (Betula populifolia) and sugar maple (Acer saccharum).  

At each site, four plots (500 m2 each) were established.  Plots were sampled approximately monthly from June to October 2008.  During each sample, all fleshy mushrooms were picked from the plots and then photographed, recorded, identified and dried before beginning chemical analysis. Soil samples and dominant vegetation samples (leaves) were also collected for analysis.  

Once mushrooms are sampled, they are dried in an oven for approximately 48 hours.  Then the samples are ground with a mortar and pestle until very fine.  Mushroom samples are then digested following EPA method 3050B, using nitric acid, hydrogen peroxide and heat.  The digestion moves metals and elements from the solid sample into the solution.  The digest or solution is then analyzed using an inductively-coupled plasma atomic emission spectrometer (ICP-AES) to determine metal and elemental concentrations.  
Results:

The soil pH of the three sites differed slightly, although all are in the acidic range which is to be expected in the Adirondack Park.  The pH at the Benson Mines plots averages 5.3 with the average at the Tahawus Mine plots 5.3.  The pH at Wolf Lake State Forest is more acidic at 4.9, suggesting that the mine waste has a more basic pH then the natural soil community.   

A Loss on Ignition test was performed to determine the amount of organic matter (or relative fertility) of the soil at each site.  The Wolf Lake site averages 30.79% organic matter.  At Tahawus, the two plots in a more forested, longer-since-disturbance area averaged 17.85% OM, while in the more disturbed, barren plots, the OM was incredibly low at 0.387%.  Benson Mines followed this incredibly low organic matter pattern in both the more forested and more disturbed plots averaging 0.836% organic matter.  
For each identified sample, the mushroom was classified as either mycorrhizal or saprobic.  A total of 489 samples were gathered, of which 308 were identified to at least genus.  At Wolf Lake, 42 mycorrhizal, 92 saprobic and 117 unknown samples were collected for a total of 251 samples.  At the mining sites, overall fruiting was decreased; however, the occurrence of mycorrhizal mushrooms was increased.  At Tahawus, 72 mycorrhizal, 30 saprobic and 31 unknown samples were collected, totaling 133.  Benson Mines yielded 56 mycorrhizal, 16 saprobic and 33 unknown for a total of 105 mushrooms.  The ratio of mycorrhizal to saprobic mushrooms at Tahawus was 12:1, while at Benson Mines it was 3.5:1.  Wolf Lake differed by having many more decomposer mushrooms.  The most frequently found genera of mycorrhizal mushrooms at the two mining sites were Amanita, Inocybe, Laccaria, and Thelephora.  This could indicate that these mycorrhizal genera are supporting the limited plant growth and paving the way for succession.  New plants inoculated with these mycorrhizae may establish faster and grow better then those inoculated with non-native species or without any mycorrhizae.

Silver (Ag) levels in the soil at all three sites were undetectable.  However, the average Ag concentration for the Benson and Tahawus mushrooms is 48 ppb and 8 ppb, respectively.  The highest level for all three sites was 314 ppb found in a Laccaria at Benson Mines.  The mycorrhizal genus Laccaria also had the highest Ag level found at Tahawus, 136 ppb.  Aluminum levels were highest at Tahawus, as were the levels found in mushrooms, particularly Inocybe sp. and Leccinum scabrum.

Soil and fungal levels of cadmium were highest at the Wolf Lake site at 6.4 ppb and 2.1 ppb, respectively.  However, the highest cadmium level in a mushroom was 329 ppb found at Tahawus in the saprobic mushroom Collybia dryophila. . Perhaps cadmium was removed from the curtailings in the mining process.  Copper concentrations were highest at Benson Mines, with the soil averaging 1 ppm and the mushrooms averaging 314 ppb.  The highest accumulation of copper (1.97 ppm) was seen in Clitocybe which is primarily a decomposer.

Soil iron levels were over 10 times higher at Tahawus (1584 ppm) then at Wolf Lake (184 ppb), and over 5 times higher at Benson Mines (596ppm).  Increased iron levels were expected from iron mining waste; this was reflected with increased accumulation in mushrooms at the mining sites. Soil levels of lead varied at each site, with Wolf Lake having the highest (277 ppb), followed by Tahawus (189 ppb) and Benson Mines (106 ppb).  The fungal concentrations also varied considerably, but never exceeded 265 ppb (Collybia at Tahawus).  

Zinc soil concentrations varied, with Tahawus having the highest (1.4 ppm), followed by Wolf Lake (764 ppb) and Benson Mines (410 ppb).  Scleroderma (6.7 ppm), Russula (5.6 ppm) and Leccinum scabrum (3.2 ppm) were all determined to be high in zinc, perhaps indicating hyper-accumulation by these primarily mycorrhizal species.  Zinc is a micronutrient required for plant growth and these mycorrhizal fungi may be providing their host plants with higher levels of zinc than typically available.  
Discussion and Conclusions:
Previous studies on metal accumulation in mushrooms have been conducted, especially in Europe.  It has been suggested that metal accumulation is dependent on species and differs between mycorrhizal and saprobic species.  It has also been shown that metal concentrations are higher in fungi growing in the organic layer versus on wood.  This research hopes to confirm these results and further illustrate the role of mycorrhizal mushrooms in monitoring and possibly restoring polluted habitats.  
Also to be investigated is whether metal differences occur between mushroom species or within a species, if metal accumulation is site specific or species specific, if the metal concentration of mushrooms is correlated with soil or vegetation levels, if the metal concentration of mushrooms is correlated with their mycorrhizal/saprobic relationship, and if there is an impact on metal accumulation because of differences in uptake mechanisms in relation to life form.
Mycorrhizae directly influence the nutrient status of plants and trees through a mutualistic relationship.  Mycorrhizae also protect plants against pathogens and can ameliorate host plant reactions to potentially toxic metals. The relationship between metal concentration of mycorrhizal mushrooms and the metal concentration in the soil still needs to be uncovered, which will then help to illuminate the role of mycorrhizae in sequestration and movement of metals in an ecosystem, especially in forests and polluted areas.
Saprobic fungi are the major decomposers in most terrestrial habitats and therefore play a critical role in biogeochemical and nutrient cycles.  Saprobes serve to degrade organic matter to inorganic molecules which can then re-enter metabolic pathways in plants or other organisms. 

Bioindicator organisms should be abundant and common in the area of interest, as well as being documented as high accumulators of the toxin of interest.  It is also important that bioindicator organisms have low intraspecific variation in absorption and accumulation.  Macromycetes would make excellent bioindicators due to their ephemeral sporocarps (mushrooms) and long-lived mycelium.  Because the mushrooms only exist for a few weeks, there is little time for leaching or atmospheric deposition to alter the chemical composition of the mushroom.

In terms of habitat and especially soil restoration, the use of both saprobic and mycorrhizal fungi can reduce the need for fertilizers. Soil structure can be built by loosening the soil while decomposing organic matter and allowing for more air and water-filled spaces, which in turn stimulates plant growth.  This forms a closed cycle in which increased plant growth increases the amount of organic matter deposited (dead leaves, branches, etc.) and thus increases the mycorrhizal community.
