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ABSTRACT 

 

Ectomycorrhizal (ECM) fungal fruiting bodies have been proposed as suitable 

accumulators of heavy metals such as mercury (Hg). This study was to examine ECM 

fungal fruiting bodies as suitable indicators of environmental Hg pollution, and to 

estimate an annual Hg sequestration by the fruiting bodies from the underlying soil 

substrate. Sampling of common fungal fruiting bodies, underlying soil, and 

surrounding mosses were conducted from selected forests on Grand Manan Island, 

the south-west shore region at Lepreau and New River Beach, and the interior at 

Fredericton, of the province of New Brunswick, Canada. Across this gradient, 

atmospheric fog-borne Hg input decreases from island-to-coast-to-mainland. 

This study determined total mercury concentration (THg) variations of the 

fungal fruiting bodies by taxonomical groups (family, genus, and species), type of 

body part (cap and stalk), developmental stages, and elemental sulphur (S), nitrogen 

(N), and carbon (C) contents. THg concentrations of the fungal tissue were positively 

correlated with fungal S content, decreased from cap to stalk, and decreased with 

increasing developmental stages (emerging > mature > senescent).  

THg concentrations of the fungal fruiting bodies increased with increasing 

THg concentrations of F-layer, and decreasing total S levels and soil depth. Also, the 

fruiting bodies surrounded by Polytrichum jumiperium and Pleuzorium shreberi (with 

the highest mean THg concentrations) had higher mean THg concentrations than 

bodies near Sphagnum sp. and Ptilium crista-castrensis (with the lowest mean THg 

concentrations) and non-moss sites.  
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Similar to previous studies, Hg in the soil bonded to S groups of organic soil 

and in the mineral soil its concentration decreased with decreasing soil C content. 

THg concentrations of the forest floor were associated with greater THg in moss 

tissue and affected by moss species type. THg concentrations in the moss increased 

with increasing S content of the moss tissue and THg concentrations of the soil, and 

with decreasing tissue height and S content of the soil.  

This study revealed that high variations in the THg concentrations of the 

fungal fruiting bodies, moss, and soil were found to obscure the use of these three 

matrices as suitable Hg pollution in the study locations. Particularly, THg 

concentrations in these matrices were slightly influenced by location (island > coast > 

mainland). Annual extent by THg sequestrated by fungal fruiting bodies from the 

underlying soil layers were determined to be insignificant in terms of overall Hg 

quantities within the soil, and estimated inputs of annual atmospheric Hg deposition 

rates.  

Particularly, variation of THg concentrations by developmental stages is a 

new work that will assist in developing a sampling design procedure that would 

minimize this variation. This new investigation also, is a preliminary step for further 

studies on ECM fungal species.  

Key words: developmental stage, ectomycorrhizal, fungal fruiting bodies, forest, 

mercury, moss, soil layer, soil organic matter. 
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CHAPTER 1: INTRODUCTION AND OBJECTIVES  

 

This thesis deals with analyzing the total mercury (THg) concentrations in 

forest-based ectomycorhizal (ECM) fungi, as related to fungal species, soil substrate 

[litter (L), fermentation (F) and humification (H) horizons of the forest floor; top 

mineral soil horizon (A) below the forest floor], and geographic gradient of 

atmospheric Hg deposition (off-shore island, coast, interior) in south-western New 

Brunswick. This research was done to elucidate whether fungi play, at least in 

principle, a role in the terrestrial Hg bio-accumulation pathways, and could serve as 

terrestrial indicators of local and regional Hg pollution. In general, little is known 

about physical, chemical and metabolic specifics and extent of Hg accumulation and 

related transformations within their tissues and soil-based substrates, although it has 

been suggested that some of these fungi could be Hg hyper-accumulators, especially 

if substrate-based Hg concentrations are enhanced by way of atmospheric deposition, 

or through local Hg pollution (Kalac & Svoboda 2000). The objectives of this 

research are to:  

1) Generate information about THg concentrations in the fruiting bodies (caps, 

stalks) of a number of fungal species common to the south-western region of New 

Brunswick, along a geographic gradient starting from Grand Manan Island, to the 

main coast at Lepreau and New River Beach, and the mainland interior at 

Fredericton (specifically the forest of the University of New Brunswick). 
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2) Determine the extent to which these species tend to bio-accumulate Hg, based 

on field-sampled THg concentrations in their soil substrates (L-, F-, H-, and A- 

layers), in the absence or presence of mosses. 

3) Discern whether THg concentrations in the fungi and in their substrates (forest 

floor, mineral soil, moss carpets surrounding the fungal fruiting bodies) can be 

predicted based on multi-linear regression analysis, where this analysis 

encompasses a variety of predictor variables, such as geographic location (off-

shore island, mainland coast, mainland interior), forest edge versus forest interior, 

S, N, and C elemental content of fungi, and soil substrates, soil layer type (L, F, 

H, A), absence or presence of mosses (by moss species). For example, high S 

content in fungal tissues could signal a high rate of fungal Hg retention 

(Minagawa et al. 1980); in contrast, high S contents in soils could signal the 

opposite situation. Also, increased levels of atmospheric Hg deposition along the 

geographic gradient from Fredericton to Grand Manan Island could result in a 

proportional increase in the Hg concentrations in the cap and stalk tissues of fungi 

that are commonly occurring along this gradient. In addition, higher catch of Hg-

containing fog water along forest issues (Ritchie et al. 2006) could potentially 

lead to increased Hg concentrations in fungi that grow underneath the forest edge 

than within the forest interior a few tens of meters away.   

As such, this thesis mostly focuses on examining trends in Hg concentrations 

in fungi, specifically in tissues of the fungal fruiting bodies, and their mycelial 

substrates as accessed through field sampling. Not included in this research are any 

particular biochemical assays and examinations that would shed light on specific 
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metabolic processes by which Hg accumulates in certain species and soils and not in 

others. However, the results of this thesis may provide a general framework for 

launching such studies by way of hypothesis generation. This thesis also does not 

include an analysis on the transference dynamics of Hg into soils from atmosphere, 

from soils into fungi, or from fungi into higher trophic levels. As such, the thesis only 

provides information on Hg concentrations in fungi and their substrates at the field 

sampling time. It will take another effort to learn how these concentrations might 

change over time when, e.g., atmospheric deposition rates for Hg would increase or 

decrease significantly, how and when Hg specifically enters into fungal tissues, and 

whether the Hg is being retained or further transformed or metabolized in these 

tissues. 

 

THESIS OUTLINE  

This thesis has the following structure:  

Chapter 1: Introduction: aim and scope of research objectives, and thesis outline. 

Chapter 2: Literature review: general background on Hg in terrestrial ecosystems, 

with emphasis on Hg accumulations in fungal fruiting bodies, moss and soil. 

Chapter 3: Material and method: Study area. 

Chapter 4: Material and method: Methods and sampling procedure. 

Chapter 5: Results and discussion: THg concentrations in fungal fruiting bodies, by 

taxonomical order, and location and relating to elemental sulphur (S), nitrogen (N), 

and carbon (C) contents of the fungal fruiting bodies. 
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Chapter 6: Results and discussion: Elemental Hg and S, N, and C contents in mosses 

common to the sampling areas of this study, by species and location, and relating 

THg and S, N, and C contents in mosses to the underlying soil substrate and other 

variables.  

Chapter 7: Results and discussion: THg concentrations in soil, by soil layer, location, 

soil thickness, and elemental S, N, and C contents of the soil. 

Chapter 8: Results and discussion: Ecological considerations regarding Hg 

accumulations in fungal fruiting bodies, especially an evaluation of species-specific 

bioconcentration factors (BCFs), where this factor is quantified as the ratio of Hg 

concentration in the fungal fruiting body divided by the THg concentration of the F-

layer of the forest floor. 

Chapter 9: Summary and suggestions for further work. 

Appendix I: Amino acid composition of some fungal fruiting bodies. 

Appendix II : Fungal taxonomical groups, fungal attributes, and moss habit and 

characteristics.   

Appendix II I: Data and metadata. 
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CHAPTER 2: LITERATURE REVIEW  

 

Mercury, derived from the Latin name Hydrargyrum (Hg, liquid silver), is a 

heavy metal that occurs in liquid form at room temperature, and evaporates easily. 

Industrially, mercury is derived from mining and processing cinnabar ore (vermilion; 

HgS):  Hg vapor is generated from cinnabar by heating to a temperature of about 500 

ºC (Cotton & Cotton 1999). Hg vapor is then captured through cooling.  

Hg is distributed naturally and industrially throughout the world through a 

continuing sequence of emissions and deposition pathways (Gustin et al. 2003) 

Primary natural Hg emission sources are volcanic eruptions (Stracquadanio et al. 

2003). Locally, Hg often occurs in sulfide ore deposits in the form of HgS, or 

cinnabar (Kim et al. 2004).  Mercury is also a minor but environmentally significant 

associate of fossil fuel deposits (coal, tar and oil sands) (Sunderland & Chmura 

2000b; Sunderland & Chmura 2000a). Wind erosion of soils (dust), sea spray, natural 

forest and brush fires, and photo-chemically induced evasion of Hg from surface 

waters and plant surfaces lead to the re-emission of surface-deposited Hg back into 

the atmosphere (Richardson et al. 2003). Industrial emission sources are fossil-fuel 

burning power plants (Pacyna et al. 2006), and municipal and medical waste 

incinerators (Keating et al. 1997).  

Hg occurs in three oxidation states Hg0, Hg+ and Hg2+in aqueous solutions and 

the terrestrial environment (Morita et al. 1998). [Univalent Hg ions (Hg2
2+) are not 

stable because ligands such as NH3 (ammonia), -NH2 (amines), OH- (hydroxide), CN- 

(cyanide), SCN- (thiocyanide), S2- (sulfide) and CH3COOī (acetate) lead to the dis-
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proportionation (simultaneous oxidation and reduction transformation) of Hg2
2+ to 

Hg0 and Hg2+, e.g.  

Hg2
2+ + 2 OH- Ÿ Hg (l) + HgO (s) + H2O; 

Hg2
2+ + S2- Ÿ HgS (s); and 

Hg2
2+ + 2 CN- Ÿ Hg (l) (Cotton & Cotton 1999)]. 

Hg in the atmosphere undergoes various reactions, from the gas phase to the 

aqueous phase, and back, by way of a cycle of photochemical oxidation and reduction 

reactions. Gas phase oxidation of Hg vapor that results in subsequent absorption of 

Hg+ and Hg2+ by air particles is very slow (Brosset & Lord 1991). However, in the 

atmosphere, aqueous Hg reactions in cloud-water and on rain-drop surfaces increases 

the amount of oxidized Hg which can then be easily deposited to other parts of the 

ecosystem through wet and dry deposition. This oxidation is facilitated by the 

presence of air-borne ozone (Brosset & Lord 1991; Iverfeldt & Lindqvist 1986; 

Munthe 1992). Mercuric sulfide (HgS), mercuric oxide (HgO) and mercuric chloride 

(HgCl2) are dominant examples of divalent Hg species (Garrels & Christ 1965).  

Methyl mercury (MeHg) is the most common organic form of Hg. Methylation 

of Hg2+ occurs in soil and sediments based on the action of sulfate-reducing bacteria 

and possibly other pathways as well (Batten & Scow 2003). Other organic Hg forms 

refer to bimethyl (Me2Hg), and ethyl (Et2Hg) mercury (Pacyna et al. 2006). Both are 

highly neurotoxic because of their rapid absorption by and transference across cellular 

membranes throughout faunal tissues, including skin and other blood barriers to 

various organs (Marn-Pernat et al. 2005; Pazderov et al. 1974). In Canada, MeHg is of 
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concern in fish tissue, especially in northern Canada where regional and international 

Hg emissions have caused elevated Hg input in to the fresh water over decades (New 

England Governors Eastern Canadian Premiers Conference & Committee on the 

Environment 2001). In humans, the frequent fish consumption, specifically fish from 

exposed aquatic ecosystems to Hg species, accelerates the MeHg toxicity depending 

on the fish type, type of accumulated MeHg (hydrophobic MeHg chloride and MeHg 

ï thiol complexes) in the fish tissue and the transformation of Hg species in the 

gastrointestinal tract (Harris et al. 2004).   

A number of useful properties of Hg have led to its application in numerous 

household, medical, and industrial products. Metallic mercury conducts electricity, 

combines easily with other metals (except platinum and iron), is used to measure 

temperature and pressure, and works as a catalyst in chemical reactions. Also, 

antibacterial and antifungal properties of both methyl and ethyl Hg resulted in 

ubiquitous and continued uses as preservatives in medical preparations, grain 

products, and chemical products in general (Risher et al. 2002). However, for human 

health reasons, excessive industrial Hg uses have been limited by banning Hg as an 

additive in agricultural products, paints, pesticides and immunizing vaccines, and 

there is a progressive reduction of Hg in industrial and household emissions, batteries 

and dental use (Keating et al. 1997). 

The thermo-dynamic stability ranges of Hg compounds in aqueous solution 

and soils with changing pH and aeration conditions can be gleaned from the Eh-pH 

diagram in Figure 2.1 (Silva et al. 1991, Atlas of Eh-pH diagrams 2005): in an 
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oxidizing condition (Eh>0.4), HgCl2 and Hg (OH)2 are the dominant inorganic species 

in solution. Under reducing conditions (Eh<0.4), Hg precipitates as HgS. Hg(OH)2 is  

 
Figure 2.1. Eh (Redox Potential) versus pH for the main inorganic Hg species 

(Adapted from Silva et al. 1991). 

 

stable at high pH, while HgCl2 dominates in low pH solution and can form volatile 

HgCl2 when Clï ions are present in high concentrations. Under moderate redox 

conditions, as can be found inside cellular tissues, Hg pre-existing in various oxidized 

states such as Hg2+, at least in principle, can be converted to Hg0. As such, Hg would 

then evaporate from these tissues. In mineral and organic soils, Hg is also complexed 

by soil organic matter (SOM) (Loux 1998), with sulfide groups being the dominant 

ligand (Ravichandran 2004), and by clay fractions, with absorption of Hg ions to the 

surface clay  (Farrah & Pickering 1978). 
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HG EMISSIONS  

In Canada, various natural and anthropogenic emissions of Hg have come 

under scrutiny (Richardson et al. 2003), supported in part by political action such as 

the Mercury Action Plan of the New England and Eastern premiers Round-table on 

the Environment (NEG/ECP).  For example, Atlantic Canada receives approximately 

12 % of anthropogenic Hg emission from US and Canadian sources (Pilgrim et al. 

2000). Particularly, the Bay of Fundy in Atlantic Canada receives long-range Hg 

emissions into the coastal waters and ecosystems (Percy et al. 2004).  In this case, 

frequent mid-summer and mid-autumn fog events are expected to contribute to local 

Hg deposition patterns into the forests (Pleijel & Munthe 1995). Forest fires are likely 

to contribute to emissions and atmospheric re-deposition mostly by precipitation, 

across the country, each summer (Sigler et al. 2003; Turetsky et al. 2006). 

 

ATMOSPHERIC HG DEPOSITION  

Spatial patterns of atmospheric Hg deposition are influenced positively by 

increased surface roughness as influenced by terrain type and vegetation cover, with 

forest canopies being particularly rough (Weathers et al. 2000). In comparison, forest 

ecosystems capture more of the atmospherically transported Hg than nearby fields 

and other open areas (St Louis et al. 2001). Deposition rates of Hg also increase 

substantially at high-elevation sites by way of cloud interception (Malcolm et al. 

2003). 

In general, coniferous vegetation and forest edges are more effective than 

deciduous vegetation in capturing air-borne droplets and aerosol particles (Kolka et 
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al. 1999; Weathers et al. 2000): deciduous leaves have large and flat surfaces and so 

capture, absorb and retain less air-borne materials than the diffuse needle-structure of 

coniferous canopies. Over time, Hg gradually accumulates in leaves from year to 

year, and with increasing surface roughness (Ericksen et al. 2003). Among deciduous 

trees, birch trees have a particularly high capacity for absorbing and storing Hg in the 

foliage (St Louis et al. 2001).  

Sampling canopy throughfall (wash-off intercepted precipitation from plant 

leaves and needles, stems and branches to the forest soil surface) has become a means 

to determine a significant part of canopy-to-soil transference of water, nutrients, and 

pollutants in forest ecosystems: water dripping from the foliage during and after 

precipitation contains some of the deposited and surface-absorbed Hg, and the overall 

canopy-to-soil transference rate is given by the amount of throughfall per day times 

the Hg concentration of the sampled water at that time (Kolka et al. 1999; Rea et al. 

2000; Rea et al. 2001). Determining the amount of Hg transference in litterfall 

captures the other dominant part of overall canopy-to-soil Hg transference (Ericksen 

et al. 2003; Gabriel & Williamson 2004; St Louis et al. 2001).  

Annual wet Hg deposition in New Brunswick Atlantic regions is Ò 10 ppt and 

its variation from year to year is not significantly different (Table 2.1; Figure 2.2 - 

2.3). However some regions in North America have wet Hg deposition as high as 16-

18 ppt (Figure 2.3). Coastal catchments in the Atlantic region receive higher wet Hg 

deposition than mainland sites (Table 2.1). 
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Figure 2.2. Map of mass of THg wet deposition per area (mg/m2) in 2005 

(Adapted from National Atmospheric Deposition Program/ Mercury deposition 

Network). 

1
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Figure 2.3. Map of THg concentrations (ng/L) from wet deposition in 2005 (Adapted 

from National Atmospheric Deposition Program/Mercury deposition Network).
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Table 2.1. Reported annual THg wet deposition in St. Andrews, New Brunswick 

operating station and Maine, US stations close to central New Brunswick and the Bay 

of Fundy coastal catchments.  

Year*  Coast Inland   Coast Inland 

ppt (ng/L)   µg/m2 

2005 4.4 4.4  8.2 6.3 

2004 10.2 7.2  10.2 6.5 

2003 5.6 6.0  7.2 6.4 

2002 5.1 4.8  8 4.1 

2001 8 6.2  5.5 4 

2000 7 5.1  7 5.1 

1999 6.1 5.5  8 6.9 

1998 6.1 6   9 6.8 

* reported data are from collected weekly precipitation 

samples in a year-term period in operating stations. 

 

HG IN SOIL AND WATERSHEDS  

Despite low Hg content in crustal minerals, elevated Hg concentration in soils 

generally accrue from continued atmospheric deposition and from the accumulating 

litter of plants and animals (Davis et al. 1997). Soil may contain elemental mercury 

(Hg0), inorganic mercury (Hg2+) and organic mercury (MeHg+). Elemental mercury 

(Hg0) is relatively volatile and has low solubility in an aqueous solution, hence, upon 

its production, Hg0 is readily released from soil to the atmosphere. 

It has been determined that approximately 95 % of THg in soil is bivalent 

(Revis et al. 1990). The majority of this Hg is bound to soil humus by way of reduced 

S2- (sulfide) groups (Xia et al. 1999). Under anaerobic soil and sediment conditions, 

sulfate-reducing bacteria are able to convert Hg2+ ions to HgS and MeHg+ (Compeau 

& Bartha 1985). HgS has a very low solubility in aqueous solution (11 x 10 ï17 ppb, 
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dw at 25 oC), hence HgS easily accumulates in soils and sediments, and comprises 

approximately 88 % of THg in soil (Revis et al. 1990).  

In the soil, Hg speciation depends on the redox potential of the Hg-

surrounding matrix (soil, vegetation type, water, air), on pH, on the nature of 

available Hg-binding ligands such as chloride and sulphide, on organic matter, and on 

landscape and climate conditions of the area (Gabriel & Williamson 2004). In 

watersheds, MeHg is produced in wet, anaerobic areas and is transported from there 

into adjacent water bodies such as ponds, streams, lakes and rivers (Lee & Iverfeldt 

1991). Once within the water, Hg and MeHg is easily bio-accumulated through 

binding on organic-water interfaces as provided by water-filtering tissues (an 

integrated procedure for removing and filtering adsorbed substances to tissue surface) 

of aquatic plants, vertebrates (e.g., fish gills), and invertebrates, ranging from single-

cell organisms (phyto- and zoo-plankton) to multi-cellular tissues, or biofilms (mainly 

algae) growing on rocks, to plant surfaces (Chen & Folt 2005; Kainz et al. 2002). 

High retention rates, or low turn-over rates, of MeHg within organisms lead to a 

trophic build-up of MeHg in muscle and brain tissues, with highest MeHg levels 

registered in top predators such as fish-eating otter, fish, seals, and birds such as loons 

(Wong et al. 1997). 

 

HG IN FUNGI  

On entry into the soil, Hg is available for uptake by ground vegetation 

including fungi, which are known to be effective in sequestering heavy metals from 

soil substrates (Demirbas 2001; Falandysz & Danisiewicz 1995; Kalac et al. 1991; 
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Kalac et al. 1996).  Hyphal filaments provide the conduit for translocating Hg from 

the substrate into the fungal fruiting bodies. for example, adding radioactive Hg ions 

into sterile wheat straw columns, , resulted in the accumulation of radioactive Hg in 

the fruiting body of Pleurotus cornucopiae (Brunnert & Zadrazil 1980).  

There are some studies that established different Hg accumulation pattern in 

saprotrophic fungi (wood decomposers and lawn decomposers) versus mycorrhizal 

species. Saprotrophic species accumulate more Hg, and this is related to higher Hg 

availability, and higher enzyme activities, especially in lawn decomposers (Alonso et 

al. 2000; Laaksovirta & Lodenius 1979).  

Ectomycorrhizal (ECM) fungal species are known to protect their host tree 

against excessive heavy metals such as Hg (Taylor 2000) by traslocating Hg from soil 

and storing Hg in their tissue. ECM species interact with the host tree by intercellular 

mycelium developments and connections. The mycelium also grow out from the 

mycelia mantle into the surrounding soil matrix, thereby increasing the volume of soil 

accessed for water, nutrient and heavy metal extraction (Figure 2.4). Not all the Hg 

content accumulated in the mycelium, however, may be transferred into the fruiting 

body. A long-lived mycelium can be expected to have much higher Hg accumulations 

than short-lived and fast growing mycelia.  

Several studies have been done on measuring Hg concentrations in the fruiting 

bodies of wild ECM fungal species (Isildak et al. 2004; Kalac et al. 1996; 

Malinowska et al. 2004). These studies established that Hg concentrations in the  
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Figure 2.4. Scanning electron micrograph of pine branch ectomycorrhizal, mantle 

covering, and abundant external hyphae. (Photo courtesy of Hugues Massicote). 

(Adapted from Amaranthus & Pacific Northwest Research Station Portland 1998). 

 

fruiting bodies of some species are higher in Hg-contaminated soils than in unaffected 

soils (Kalac et al. 1996; Svoboda et al. 2002).  

Accumulation of Hg in fruiting bodies of ECM fungal species is species-

dependent and is relative to the amount of available Hg in underlying soil substrate 

(Demirbas 2001; Falandysz et al. 2003). According to the Environmental Protection 

Agency (EPA) guideline, bioconcentration of Hg in living plants occurs through 

uptake, translocation, transformation, and retention of Hg from their surrounding 

environment. Hence, bioconcentration factor (BCF = Hg concentration in dried fungal 

tissue / Hg concentration in the soil substrate) is calculated for mushrooms and plants. 

BCF value of about 250 has been observed with Boletus edulis while the BCF values 

less than 200 have been reported for the other studied ECM fungal species; fungal 

caps had higher BCF values than the stalks (Falandysz et al. 2002; Falandysz et al. 

2003; Kalac et al. 1996; Kalac & Svoboda 2000). Demirbas (2001) reported that 
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Amanita muscaria has a lower Hg concentration (up to 1,900 ppb, dw) than Amanita 

vaginata (up to 3,200 ppb, dw) when grown on the same substrate under the same 

conditions. However, Cu, Mn and Zn accumulations were much higher in Amanita 

muscaria than Hg. Hydnum repandum also has a higher tendency to uptake Pb and 

Cd than Hg from natural forest soils (Pb: 2,500 ppb, dw, Cd: 3,400 ppb, dw, Hg: 600 

ppb, dw, dry weights) (Tuzen et al. 1998b). 

Wild fungal species tend to accumulate more Hg than cultivated species 

(Tuzen et al. 1998b; Vetter & Berta 2005). For instance, Agaricus bisporus, the most 

popular cultivated fungal species, takes up about half as much Hg than wild Agaricus 

species (Falandysz et al. 1994). It is possible that the difference between Hg 

accumulation in wild and cultivated fungal fruiting bodies is due to a fast-growing 

mycelium with a high fructification rate within the cultivated species (Demirbas 

2001).  

Limited data are available on the proportion of accumulated MeHg in fungal 

tissues. Approximately 16% of THg is reported as MeHg in some species (Minagawa 

et al. 1980; Fischer et al. 1995). Some ECM species take up MeHg directly from 

humus or their symbiotic plants while some saprotrophic fungal species transform 

inorganic Hg ions to MeHg (Fischer et al. 1995).  

S, N, and C are essential non-metallic elements for fungal growth. Average S, 

N, and C contents of 0.5, 5, and 49 % were reported in the fungi fruiting bodies, 

respectively (Bowen 1966). The C content in fungi differs because different species 

utilize variable amounts and forms of C from the substrate (Ainsworth et al. 1965; 

Harley & Smith 1983). C content is not necessarily correlated with THg 
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concentrations in fungal fruiting bodies and it is more likely that C just provides the 

structure of amino acids, carbohydrates, and fat. (Harley & Smith 1983; Weete 1974). 

Hence, amount of C in the fungal fruiting bodies is not a good predictor of THg 

concentrations. The N and S contents in fungal fruiting bodies are species-related, and 

are also related to fungal age and N and S availability in the substrates (Ainsworth et 

al. 1965). Specifically, ECM fungi utilize inorganic sources of N and simple amino 

acids including S-amino acids (methionine and cystine) derived from the fungal 

decay of organic matter (Harley & Smith 1983). Within the fungal fruiting bodies, S-

amino acids (either singly or part of the protein complex) generally provide the 

location of S-Hg binding sites (Fischer et al. 1995; Kojo & Lodenius 1989). The S-

amino acid and protein composition of the fungal fruiting bodies also depends on the 

species and the amount and type of N and S sources in the substrate (Fujihara et al. 

1995) (Table I A: Appendix I). In total, fungal protein contains about 70 % of the 

total nitrogen (Fujihara et al. 1995). Other N-based components such as chitin, fat and 

carbohydrate comprise less than 10 % of the fungal fruiting bodies and these amounts 

increase as the fruiting body matures (Dikeman et al. 2005). The amount of total 

protein of some of the fungal fruiting bodies is summarized in Table 2.2.  
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Table 2.2. Total protein (TP) contents (%) of the fungal fruiting bodies. 

Wild ECM 

fungi TP*   

Cultivated 

ECM fungi  TP*   

Saprotrophic 

fungi TP*  

Amanita vaginata1 27.8  Agaricus bisporus1 38.6  Marasimus oreades1 40.2 

Boletus edulis1 33.1  Coprinus comatus1 33.7  Pleurotus ostreatus1 24.7 

Cantharellus cibarius1 16.2  Lentinus edodes1 29.4  Tricholoma  albobruneum1 21.0 

Cantharellus cibarius3 9.9  Lentinus edodes2 18.6    

Lactarius deliciosus1 25.9       

Russula xerampelina1 21.3       

Suillus granulatus1  24.7       

Suillus grevillei2 17.8 
 

  

 

  

* Percentage (%) of the total protein (% N X 6.25) on a dry weight basis. 
1 (Petrovska 2001) ; 2 (Fujihara et al. 1995) ; 3 (Danell & Eaker 1992). 

 

Differences in THg concentrations in fungal species are likely due to 

differences in the molecular make-up of specific Hg binding sites (S-Hg). In general, 

Hg accumulates in the fungal fruiting bodies by bonding to sulphydryl (thiol or _SH) 

groups that are associated with the S amino-acid components of high-molecular-

weight (HMW) proteins. Caps have almost two times higher amounts of such proteins 

than stalks (Kojo & Lodenius 1989). Hg-HMW protein contents were found in 

Boletus edulis and Agaricus bisporus (Wuilloud et al. 2004). In contrast, Hg- low-

molecular-weight (LMW) protein bonds involving metallothionines were observed 

for Lentinum edodes (Wuilloud et al. 2004). Cantharellus cibarius, compared to some 

other wild growing fungi, was found to have a lower numbers of thiol-Hg binding 

sites which explained its lower Hg content (Danell & Eaker 1992). In contrast, 

cultivated Agaricus bisporus having high methionine content, was found to have a 

low Hg content (Tuzen et al. 1998a). In general, methionine and cystine represent a 

very low fraction of the total amino acid composition of the fungal fruiting bodies 

(about 2 %) (Table II A: Appendix I) , and these amino acids are thought to be 
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involved in the transference of Hg and other heavy metals such as Cd from the 

mycelium to the  fungal fruiting bodies (Surinrut et al. 1987). 

With mycorrhizal fungi and with Hg hyper-accumulators in general THg 

retention is generally associated with non-protein-bond thiol groups (HgïS-H) (Kojo 

& Lodenius 1989). This is most notably so for Boletus edulis (with high THg 

concentrations up to 10,000 ppb, dw) and Amanita muscaria (with THg 

concentrations up to 600 ppb, dw), with a 55% non-protein thiol content (Kojo & 

Lodenius 1989). To illustrate, Hydnum repandum, compared to Amanita muscaria, 

has higher total methionine and cystine concentrations (approx. 3 times higher) but 

lower non-protein SH and Hg concentrations. Russula sp. is also found to have low 

non-protein SH and THg concentrations. In Cantharellus cibarius and Cantharellus 

tubaeformis non-protein SH groups were not detected. In contrast, Suillus sp. has a 

high amount of non-protein SH groups (approx. 90 %) but still low THg 

concentration in its fruiting bodies. From the above studies, species-related Hg 

accumulation in the fungal tissue is not only related to non-protein SH groups and this 

suggests that factors other than non-protein SH groups, such as overall Hg 

availability, mycelial substrate conditions and cellular Hg2+ reduction processes could 

also be important in fungal Hg retention. For example, the presence of the Hg2+ and 

MeHg reductase enzyme (Silver & Phung 2005; Wiatrowski et al. 2006) could be 

crucial in keeping overall Hg concentrations in cellular tissues low. Whether this 

enzyme occurs in fungal tissues is not known, but Hg2+ reductase activities have been 

reported in bacterial cultures, and play an important role in the Hg-detoxification 

process (Nascimento and Chartone-souza 2003). Heavy-metal tolerance of 
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underground ECM fungal structures has been attributed to metal-binding proteins and 

peptides (Bellion et al. 2006). Specifically, Cu and Cd tolerance of wild-growing 

hypae of Russula emetica, Russula delica and Boletus edulis has been related to the 

binding of these metals by way of metallothionine complexes (Morselt et al. 1986). 

Heavy-metal tolerance and binding with ECM species likely contributes to the overall 

health of pine, fir and oak forests  (Molina et al. 1993). 

 

HG IN MOSS 

Mosses have been used extensively as heavy metal pollution indicators in 

different terrestrial environments (Gramatica et al. 2006). The mechanisms by which 

mosses take up and accumulate metals in their tissue tends to be related to the extent 

of heavy-metal deposition from the atmosphere, either directly under open condition, 

or indirectly under closed forest canopy conditions via throughfall (Gjengedal & 

Steinnes 1990; Ruhling & Tyler 2004). Mosses soak up moisture, nutrients and 

pollutants from the atmosphere during rain and fog events. Mosses tend to produce a 

thick carpet, and trap canopy debris (needles, leaves, and small twigs) and filter 

throughfall, rain, and snowmelt. Brown & Brumelis (1996) found that metal 

concentrations in Hylocomium splendens, a feather moss, increased with age of the 

green segments of moss tissue, and decreased with distance from the pollution source.  

As mosses grow, longer exposure periods result in higher metal concentrations that 

involve metal translocation from inter-cellular to intra-cellular locations (Brown & 

Brumelis 1996). The absence of cuticles and the presence of large surface areas 

facilitate the general absorption and translocation of water, nutrients and pollutants to 
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intra-cellular spaces. Roots are generally absent, but water below the moss carpet is 

still available for uptake by upward capillary flow, which is further encouraged by 

surface-based evapo-transpiration (Foster 1984). Laboratory experiments with Zn and 

Hylocomium splendens, and with Hg and Pleurozium schreberi and Sphagnum sp. 

showed that these mosses strongly retain metals, and these metals are not easily 

leached, especially not from young moss tissues (Brown & Brumelis 1996; Lodenius 

& Tulisalo 1995). 
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CHAPTER 3: STUDY AREA  

 

The data collected for this study are from three study areas: Fredericton (UNB 

Research forests), the mainland coast (near Point Lepreau to New River Beach), and 

an off-shore island (Grand Manan Island) (Figures 3.1 - 3.2). These locations were 

chosen because atmospheric Hg input through fog droplets has been determined to be 

the highest on Grand Manan Island, lower on the New Brunswick coastline, near 

Lepreau, and lowest in Fredericton (Ritchie et al. 2006). Captured Hg-fog droplets 

and precipitation potentially could lead to the highest Hg deposition to soil, 

ectomycorrhizal (ECM) fruiting bodies, and mosses on the island. However, Hg 

absorption to the same matrices could be lower along the coast and the lowest on the 

mainland. Preliminary sampling at these locations showed that THg concentrations 

varied by matrix type: water << mosses < soil < lichens < soil-based fungal fruiting 

bodies (Nasr et al. 2005) (Table 3.1). This study showed that higher retention of air-

borne Hg by forests tends to be associated with higher THg concentrations in mosses, 

soil, lichens, and soil-based fungi in Grand Manan Island than coast and mainland 

(island > coast > mainland) (Nasr et al. 2005).                 

Fungi and associated substrates (soils and mosses) were sampled in these 

areas at specific locations, as shown in Figures 3.1 and 3.2, and summarized in Table 

3.2. 
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Table 3.1. THg concentrations in water (ppt) and lichens, mosses, fungal fruiting 

bodies, and soil samples (ppb, dw) from Grand Manan Island, Lepreau and 

Fredericton (Nasr et al. 2005). 

Sample type Grand Manan Lepreau Fredericton 

 Range Mean Range Mean Range Mean 

Water (fog & rain) a 42-453 235 4-33 13 4 4 

Lichens (Usnea sp.) b 5-560 260 190-290 210 70-180 140 

Mosses b 6-150 100 40-150 80 50-80 62 

Fungal fruiting bodies b 24-6000 1050 3-9000 808 8-2400 561 

Soil b 40-800 260 6-470 203 12-390 150 
a THg concentration (ppt), b THg concentration (ppb, dw) 

                              

Table 3.2. Geographical locations, GPS coordinates, and area (ha) of the study 

locations from Grand Manna Island, New Brunswick coastal forests and Fredericton. 

Point ID Forest Location GPS location  Sampling area 

  West North   ha 

     

 Fredericton (mainland):     

1 UNB-Woodlot 1A 66.6419 45.9199  

2 UNB-Woodlot 1B 66.6416 45.9193 

3 UNB-Woodlot 2 66.6369 45.9168 3.31 

4 UNB-Woodlot 3 66.6406 45.9161 3.84 

5 UNB-Woodlot 4 66.6433 45.9097 2.22 

6 UNB-Woodlot 5 66.67454 45.9133 5.23 

     

 Bay of Fundy coast:    

7 Cranberry Head 1 66.338 45.1349  

8 Cranberry Head 2 66.3355 45.1273 

9 New River Beach   66.5235 45.1226 18.03 

10 Little Lepreau   66.4876 45.1386 11.87 

11 Chance Harbour 66.3659 45.1395 10.36 

     

 Grand Manan Island:    

12 Seal Cove 66.8507 44.6433 24.11 

13 Deep Cove 66.8762 44.6161 9.76 

14 Southern Head 66.8833 44.6061 23.39 

 

1.56 

97.59 
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Grand Manan Island

Fredericton

New River Beach

Lepreau: Cranberry Head, Chance 

Harbour, Little Lepreau Grand Manan Island

Fredericton

New River Beach

Lepreau: Cranberry Head, Chance 

Harbour, Little Lepreau

 

Figure 3.1. Location of the study areas within the province of New Brunswick, 

Canada (Adapted from Natural Resources Canada, 2002). 
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Figure 3.2. Satellite map of the study locations (Adapted from NASA, 2001). 

Island: Grand Manan Island. Coast: Lepreau and New River Beach. Mainland: 

Fredericton, UNB Research forests. 

 

 

 

 

 

S

N

EW

S

N

EW

N

EW



 27 

GRAND MANAN ISLAND   

Grand Manan Island is located in New Brunswick south-western part of the 

Bay of Fundy. The upland forests along the southern and western coast of Grand 

Manan Island are exposed to high fog drifts, especially during mid-summer, on and 

near cliffs rising about 100 m above sea level. The presence of softwood forests at 

these locations likely contributes to the overall capture and retention of the 

atmospherically carried Hg. The tree species are balsam fir (Abies balsamea), spruce 

(Picea rubens and Picea mariana), birch (Betula sp.), beech (Fagus sp.), and a small 

component of maple (Acer sp.). Selected locations were Deep Cove, Seal Cove, and 

Southern Head covering areas of about 10, 24, and 23 ha, respectively. Soils, mosses 

and mushrooms were collected from these locations (Figures 3.3 - 3.4.; Table 3.2). 

 

NEW BRUNSWICK COASTAL FORESTS 

Along the New Brunswick coastline, 5 forested locations near Lepreau and 

New River Beach were selected for soil and mushroom sampling (Figures 3.5 ï 3.6; 

Table 3.2). The locations are Cranberry Head 1 and 2, Chance Harbour, Little 

Lepreau, and New River Beach covering areas of about 98, 10, 11, and 18 ha. The 

forests in Cranberry Head and New River Beach rise about 20- 50 m above sea level. 

Selected locations from Chance Harbour and Little Lepreau are interior forest 

locations in coastal New Brunswick. The tree species are almost entirely balsam fir 

(Abies balsamea), spruce (Picea sp.), birch (Betula sp.), beech (Fagus sp.), and a 

small component of larch (Larix laricina), maple (Acer sp.), and pine (Pinus sp.). 

Specifically, the dominant tree species in Chance Harbour were balsam fir and birch.  
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Figure 3.3. Study locations from Grand Manan Island (Adapted from The Whale 

Camp, 1998-2007).  
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Figure 3.4. Area and forest stand condition of selected forests from Grand Manan 

Island. The Spruce-balsam fir forest stands were located on the southern east side of 

the island on the 100 ï 200 m high cliff s.  

2
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BFSP: 
balsam fir / spruce 
IHTH: intolerant / tolerant 
hardwood 
SPBF: 
Spruce / balsam fir 
THIH:  tolerant / intolerant 
hardwood 
THSP: tolerant hardwood / 
spruce 
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