Mercury levels in fungal fruiting bodies from interior
and coastal forestof the Bay of Fundyregion, New Brunswick,
Canada
by
Mina Nasr

B.Sc EsfahanUniversity / Iran, 1999

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE O F
Master of Science in Forestry and Environmental Management

In the Graduate Academic Unit of Forestry

Supervisor: Paul A. Arp, Ph. D., Forestry and Environmental Management,
ExaminingBoard Mark RobertsPh. D., Forestry and Environmehtéanagement
Paul A. Arp, Ph. D., Forestry and Environmental Management,

External Examiner: Karen Kidd, Ph. D. Biology

This thesis is accepted

Dean of Graduate Studies

THE UNIVERSITY OF NEW BRUNSWICK

July, 2007

©Mina Nasr 2007



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 t
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 southwest $iore region at Lepreau and New River Beach, and the interior at
Fredericton, of the province of New Brunswick, Canada. Across this gradient,
atmospheric fodporne Hg input decreases from islatatcoastto-mainland.

This study determined total mercury centration (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 efftimgal 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-Fayer, and decreasing total S levels and soil depth. Also, the
fruiting bodies surrounded WBolytrichum jumiperiunandPleuzorium shrebei(with
the highestmean THg concentrations) had highenean THg concentrations than
bodies neaSphagnunsp. and Ptilium cristacastrensigwith the lowestmeanTHg

concentratios) and noAMOSS sites.



Similar to previous studies, Hg in the soil bonded to S groups of organic soill
and in the mineral soil its concentration decrdaseéh decreasingal C content.

THg concentrations of the forest flowrere associated with greater THg in moss
tissue and affected by moss species type. THg concentrations in the mossdncrease
with increasing S content of the moss tissue and THg concentrations ofltlendoi

with decreasing tissue height and S content of the soil.

This study reveald that high variations in the THg concentrations of the
fungal fruiting bodies, moss, and s@ikere found to obscure the use of these three
matrices as suitable Hg pollutiom the study locations. Particularly, THg
concentrations in these matricgsreslightly influenced by location (island > coast >
mainland). Annual extent by THg sequestrated by fungal fruiting bodies from the
underlying soil layerswvere determined to bensignificant in terms of overall Hg
guantities 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 samplidgsign 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 layespil organic matter.
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CHAPTER 1: INTRODUCTION AND OBJECTIVES

This thesisdeals withanalyzing the total mercury (THg) concentrations in

forestbasedectomycorhizal (ECM) fungias related tdungal species, soil sulbate
[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 (e$horeisland coast, interior) in souttvestern New
Brunswck. This researchwas done to elucidate whether fungplay, at least in
principle, a role in the terresatiHg bicaccumulation pathways, and could serve as
terrestrial indicators of local and regional Hg pollutidm.general, little is known
about phygial, chemical and metabolic specifics and extent of Hg accumulation and
related transformations within their tissues and-Badled substrates, although it has
been suggested that some of these fungi could bleyplgraccumulatorsespecially
if substratebased Hg concentrations are enhanced by way of atmospheric deposition,
or through local Hg pollutionKalac & Svoboda 2000)The objectives of this
researclareto:

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

stalks) of a number of fungal species commoth&southwestern region of New

Brunswick, along a geographic gradient starting from Grand Mésiand to the

main coast at Lepreaand New River Beachand the mainland interior at

Fredericton (specifically thiorest of the University of New Brunswick)



2) Determire the extent tavhich these species tend to {siocumulate Hgbased

on fieldsampled THg concentrations in their soil substrates f, H-, andA-

layerg, in the absencer presenc®f mosses.

3) Discern whether THg concentrations in t@di and in their substrates (forest

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

predicted based on multhear regression analysis, where this analysis

encompasses a variety of predictor variables, such as geoglapdtion (off

shoreisland mainland coast, mainland interior), forest edge versus forest interior,

S, N,andC elemental content of fungi, and soil substraged, layertype (L, F,

H, A), absenceor preseice of mosses (by moss specid)r example, hig 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

oppositesituation Also, increased levels of atmospheric Hg deposition along the

geographic gradi@ from Fredericton to Gral Mananlsland could result ina

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 fest issuegRitchie et al. 2006ould potentially

lead to increased Hg concentrations in fungi tnatv underneath the forest edge

thanwithin the forest interior &ew 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 irese@rch are any

particular biochemicabssays and examinations that would shed light on specific



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 frameviar
launching such studies by way of hypothesis generation. This thesis also does not
include an analysis on the transference dynamics of Hg intofemitsatmosphere

from soils into fungi, or from fungi into higher trophic levels. As such, the tloedys
providesinformation onHg 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 1Introduction aim and scopef research objectiveand 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 3Material and methodstudy area

Chapter 4Material and methodvlethods and sampling procedure.

Chapter5: Results and discussiniiHg concentrationsn fungal fruiting bodiesby
taxonomical order, and location and relating to elemeatfdhur(S), nitrogen (),

andcarbon C) contents of the fungal fruiting bodies.



Chapter 6Results and discussioklemental Hg and S, N, and C contents in mosses
common to the sampling areas of tkisidy, by species and location, and relating
THg and S, N, and C contisnin mosses to the underlg soil substrate and other
variables.

Chapter 7Results and discussiomHg concentrations in soil, by sddyer, location,
soil thicknessandelemental S, N, and C contents of the soil.

Chapter 8: Results and idcussion: Ecological considerations garding Hg
accumulations in fungal fruiting bodies, especially an evaluation of spgméesfic
bioconcentration factorBCFs) where this factor is quantified as the ratio of Hg
concentration in the fungal fiing body divided by th& Hg concentratiorof the F
layer of the forest floor.

Chapter9: Summary andsuggestions for further work

AppendixI: Amino acid composition of some fungal fruiting bodies

Appendix II: Fungal taxonomical groups, fungattributes and moss habit and
characteristics.

AppendixIll: Data and metadata



CHAPTER 2: LITERATURE REVIEW

Mercury, derived fronthe Latin name Hydrargyrum (Hg, liquid silver), is a
heavy metal that occurs in liquid form at room temperature, and evaporates easily.
Industrially, mercuryis derived fran mining and processing cinnabar over(nilion;

HgS): Hg vapor is generated from cinnabar by heatirsgtéonperaturef about 500

°C (Cotton & Cotton 1999)Hg vapor ighencaptured through cooling.

Hg is distributed naturally and industrially throught the world through a
continuing sequence ofnmessions and deposition pathwaySustin et al. 2003)
Primary ratural Hg emission sources are volcaertptiors (Stracqudanio 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 sa(@shderland & Chmura
2000b; Sunderland & Chmura 20004jind erosion of soils (dust), sea spray, ndtura
forest and brush fires, and phatbemically induced evasion of Hg from surface
waters and plant surfaces leadthe re-emission of surfacdeposited Hg back into
the atmospheré¢Richardson et al. 2003)ndustrial emission sourceme fossikfuel
burning power plants(Pacyna et al. 2006)and municipal and medical waste

incineratordKeating et al. 1997)

Hg occurs irthreeoxidation statesig®, Hg" and Hg'in aqueous solutions and
the terrestrial environmenfMorita et al. 1998)[Univalent Hy ions (Hg?*) are not
stable because ligands such assfdinmonia) -NH> (amine3, OH (hydroxde), CN

(cyanide), SCN(thiocyanide), 8 (sulfide) and CH3COD(acetate) lead to the dis



proportionation(simultaneous oxidation and reductitransformatiohp of Hg?* to

Hg® andHg?, e.g.
Hg**+20OHY Hg (1) +0HgO (s) + H
Hg?*+S$Y HgS (s); and
Hg**+2CNY  H g (Cétton) & Cotton 1999)

Hg in the atmosphere undergoesious reactions, from thgas phase to the
agueous phase, and back, by way of a cycfghotochemicabxidation and reduction
reactions. Gas phase&idation of Hg vapor that results subsequent absorption of
Hg" and Hdg" by air particles isvery slow (Brosset & Lord 1991)However, in the
atmosphergaqueous Hg reactions cloudwater andon rain-drop surfaces increases
the amount of oxidized Hg which caihenbe easily deposited to other aof the
ecosystem through wet and dry depositidiis oxidation is facilitated by the
presence ofair-borne ozone (Brosset & Lord 1991; Iverfeldt & Lindqgvist 1986;
Munthe 1992) Mercuric sulfide (HS), mercuric oxide (HgO) and mercuric chloride

(HgCl) are dominant examples of divalent Hg spe@i&srels & Christ 1965)

Methyl mercury (MeHg) is the most common organic form of Hg. Methylation
of Hg?* occurs in soil and sediments based onattéon of sulfateeducing bacteria
and possibly other pathways as w@htten & Scow 2003)Other organic Hg forms
refer to bimethyl (MeHg), andethyl (EkHg) mercury(Pacyna et al. 2006Bath are
highly neurotoxicbecaus®f their rapid absorption by and transference across cellular
membranes throughout faunal tissues, including skin and other blood barriers to

various organgMarn-Pernat et al. 2005;aRderowet al. 1974)In Carada, MeHg is of



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 détades
England Governors Eastern Canadian Premiers Conference & Committee on the
Environment 2001)In humars, the frequent fish consumption, specifically fish from
exposedaquaticecosystems$o Hg speciesaccelerate the MeHgtoxicity depending

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

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

gastrointestinal tragHarris et al. 2004)

A number ofuseful 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 vgoks a catalyst in chemical reactions. Also,
antibacterial and antifungal properties of both methyl and ethyl Hg resulted in
ubiquitous and contimed uses as preservatives in medical preparati@grain
products andchemicalproducts in genergRisher et al. 2002 However, for human
health reasonsxcessive industrial Hg usé@ave beenimited by banning Hg as an
additive in agricultural products, paints, pesticidasd immunizing vaccinesand
there is a progressiveduction of Hg inndustrial and household emissiobstteries

and dental usKeating et al. 1997)

The thermedynamic stability ranges of Hg compounds in aqueous solution
and soils with changing pH and aeration conditions can be gleaned from-fit¢ Eh

diagram in Figure 2.XSilva et al. 1991, Atlas of EpH diagrams 2005)in an



oxidizing condition (Eh>0.4), Hgglhnd Hg (OH) are the dominant inorganic species

in solution Under reducing conditions (Eh<0.4), Hg precipitates as HgS. Hg(®H)
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Figure 21. Eh (Redox Potential) versus pH for the main inorganic Hg species
(Adaptedfrom Silva et al. 1991).

stable at high pH, while Hg&dominags in low pH solution andan formvolatile

HgCl. when CI' ions are present in high concentrationgnder moderate redox
conditions, as can be found inside cellular tissugspitd-existing in various oxidized
states such as K at least in principlegan be converted to HgAs 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 beinthe dominant

ligand (Ravichandran 2004 andby clay fractions with absorpton of Hg ionsto the

surface clay(Farrah & Pickering 1978)



HG EMISSIONS

In Canada, variousatural and anthropogenic emissasf Hg have come
under scrutinyRichardsoret al. 2003), supported in part by political action such as
the Mercury Action Plan of the New England and Eastern premiers Rahledon
the EnvironmentNEG/ECP). For exampleAtlantic Canada receives approximately
12 % of anthropogenic Hgmission from US and Canadian sourflsgrim et al.
2000) Particularly, the Bay of Fundy in Atlantic Canada receives -lamge Hg
emissiors into the coastal waters anedcosystems @cy et al. 2004).In this case,
frequent midsummer and michutumn fog events are expected to contribute to local
Hg deposition patternato the forestgPleijel & Munthe 1995)Forest firesarelikely
to contribute to emissions and atmospheriedepositionmostly by precipitation

across the country, each sumr(tigler et al. 2003; Turetsky et al. 2006)

ATMOSPHERIC HG DEPOSITION

Spatial patterns of atmospheric Hg deposition are influenced positively by
increased surface roughness as influencetelygintype and vegetation cover, with
forest canopies being particularly rougheathers et al. 2000l comparison, forest
ecosystems capture more of the atmospherically transported Hg thdny fiekds
and other open aredSt Louis et al. 2001)Deposition rates of Hglso increase
substantially at higlkelevationsites by way ofcloud interception(Malcolm et al.
2003)

In general coniferous vegetation and forest edges are more effective than

deciduous vegetation in capturing-borne droplets and aemsparticles(Kolka et



al. 1999; Weathers et al. 200@geciduous leaves have large dladl surfaces and so
capture, absorb and retain lesstarne materials thatime diffuse needlstructure of
coniferouscanopis. Over time Hg graduallyaccumulags in leavesfrom year to
year, and with increasing surfacmighnesgEricksen et al. 2003Among deciduous
trees, birch trees have a peularly high capacity for absorbing and storing Hg in the
foliage (St Louis et al. 2001)

Sampling canopy throughfa(lvash-off intercepted precipitation from plant
leavesand needlesstems and branché&sthe foressoil surfacelhas become a means
to determine a significant part of canejoysoil transferencef water, nutrients, and
pollutantsin forest ecosystems: watelripping from the foliage during and after
precipitationcontains some of théeposited andurfaceabsorbed Hg, and the overall
canopyto-soil transference rate is given by the amount of throughfall per day times
the Hg concentration of the sampled watethat time(Kolka et al. 1999; Rea et al.
2000; Rea et al. 2001Petermining the amount of Hg transference in litterfall
captures the other dominant part ekmll canopyto-soil Hg transferencéEricksen
et al. 2003; Gabriel & Williamson 2008t Louis et al. 2001)

Annual wet Hg deposition iNlew BrunswickAt | ant i ¢ r etgndon s
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 deposisidnigh ad.6-
18 pp (Figure 2.3) Coastal catchments the Atlantic region receive higher wet Hg

deposition than mainland sitéEable 2.1).
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Table2.1. Reported annual THg wet depositionrSth Andrews, New Brunswick
operating station andlaine, US stations close tentralNew Brunswickand the Bay
of Fundy coastal catchments.

Year* Coast Inland Coast Inland
ppt (ng/L) pg/n

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 51
1999 6.1 5.5 8 6.9
1998 6.1 6 9 6.8

* reported data are from collected weekly precipia
samples in a yeaerm period in operating stations.

HG IN SOIL AND WATERSHEDS

Despite low Hg content in crustal mineraevatedHg concentration in sail
generally accruédrom continuedatmospheric deposition arftbom the accumulating
litter of plants and animal@avis et al. 1997)Soil may contain elemental mercury
(Hg%), inorganic mercury (Hg) and organic mercury (MeHy Elemental mercury
(HO) is relatively volatile andhaslow solubility in anaqueos solution, hengeupon
its production, H§is readily released from soil to the atmosphere.

It has been determinetthat approximately 95 % ofHg in soil is bivalent
(Revis et al. 1990)The majority ofthis Hgis bound to soil humus by way of reduced
S (sulfide) groupgXia et al. 1999)Under anaerobic soil and sediment conditions,
sulfatereducing bacteria are able to converfHgns to HgS and MeHgCompeau

& Bartha 1985) HgS hasa verylow solubility in agueous solution (11 x 18 ppb,
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dw at 25°C), hence HgS easily accumulates inissand sediments, and comprises
approximately 88 % of THg in sqjRevis et al. 1990)

In the soil, Hg speciation depends dhe redox potential of the Hg
surrounding matrix (soil, vegetation type, water, air), on pH, on the nature of
available Hgbinding ligands such as chide and sulphide, on organic mattandon
landscape and climateonditions 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 andlreei& Iverfeldt
1991) Once within the water, Hg and MeHg is easily-Acumulated through
binding on organievater interfaces as provided by waldtering tissues (an
integrated procedure for removing diltering adsorbedubstances to tissue surface
of aquatic plantsyertebratege.g.,fish gills), and invertebrates, ranging from single
cell organsms(phyto- and zoeplankton) tomulti-cellular tissues, dpiofilms (mainly
algae)growing on rocks, to plant staces(Chen & Folt 2005; Kainz et al. 2002)
High retention rates, or low turover rates,of MeHg within organismslead to a
trophic buildup of MeHg in muscle and brain tissues, with highest MeHg levels
registered in topredatorssuch as fiskeating 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 substrate§Demirbas 2001; Falandysz Ranisiewicz 1995; Kalac et al. 1991;
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Kalac et al. 1996) Hyphal flamentsprovide the conduit for translocatirkdg from
the substrate into the fualgfruiting bodies for example addingradioactive Hg ions
into sterilewheatstraw columns , resuled in the accumulationof radioactive Hgn
the fruiting bodyof Pleurotus cornucopiagBrunnert & Zadrazil 1980)

There are some studies that establistiéférent Hg accumulatiorpatternin
saprotrophicfungi (wood decomposerand lawn decomposersersusmycorrhizal
species Saprotrophicspeciesaccumulate more Hg, and this is relatechigher Hg
availability, and higheenzyme activitiesespecially in lawn decomposdilonso et
al. 2000; Laaksovirta & Lodenius 1979)

Ectomycorrhizal ECM) fungal speciesare known to protect their host tree
against excessive heavy mstsilich adHg (Taylor 2000)by traslocating Hg from soil
and storing Hg in their tissuBCM species interact with the host tree by intercellular
myceliun developments and connections. The mycelium glgav out from the
myceliamantle into the surrounding soil matrtkerebyincreasng the volume of soll
accesed for water, nutrientand heavy metal extractidifrigure 2.4) Not all the Hg
contentaccumulated in the mycelium, however, may be transfentedthe fruiting
body.A long-lived myceliumcan be expected to have much higher Hg accumulations
than shodived and fast growing myceili

Several studies have been done on measuring Hg cornmeTgna the fruiting
bodies of wild ECM fungal specieflsildak et al. 2004; Kalac et al. 1996;

Malinowska et al. 2004)Ihese studies established that Hg concentrations in the
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Figure 24. Scanning electron micrograph of pibeanchectomycarhizal, mantle
covering, and abundant external hyphae. (Photo courtesy ofieldulglassicote).
(Adaptedfrom Amaranthus & Pacific Northwest Research Station Portland 1998)
fruiting bodies of some species are higher inddgtaminatedals than in unaffected
soils(Kalac et al. 1996; Svoboda et al. 2002)

Accumulation of Hgin fruiting bodies of ECM fungal species is species
dependentaind isrelative to the amount of available Hg in underlying soil substrate
(Demirbas 2001; Falandysz et al. 2Q0&8¢cording to the Environmental Protection
Agency (EPA) guideline bioconcentrabn of Hg in living plants occurs through
uptake, translocation, transformation, and retention of Hg from their surrounding
environmentHence bioconcentration factor (BCF = Hg concentration in dried fungal
tissue / Hg concentration in the soil substréeglculated for mushrooms and plants.
BCF valueof about250 has been observed wioletuseduliswhile the BCF values
less than 200 have been reported for the other studied ECM fungal specgzd
capshad higher BCF values thatie stalks(Falandysz et al. 2002; Falandysz et al.

2003; Kalac et al. 1996; Kalac & Svoboda 200Dgmirbas(2001) reported that
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Amanita mgcariahas a lower Hg concentratigap to 1,90Qpb, dw thanAmanita
vaginata(up to 3,200ppb, dw when grown on the same substrate under the same
conditions. However, Cu, Mn and Zn accumulations were much high&mamita
muscariathan Hg.Hydnumrepandumalso has a higher tendency to uptake Pb and
Cdthan Hgfrom natural forest soils (Pb:;300 ppb, dw Cd: 3400 ppb, dw Hg: 600

ppb, dw dry weightsYTuzen et al. 1998b)

Wild fungal species tend to accumulate more Hg than cultivated species
(Tuzen et al. 1998b; Vetter & Berta 2005pr instanceAgaricus bisporusthe most
popular cultivated furg species, takes up about half as much Hg thanAghticus
species(Falandysz et al. 1994)it is possible thatthe difference between Hg
accumulation in wild and cultivated fungal fruiting bodissdue to a fastjrowing
mycelium with a high fructification rate within the cultivated speqiBgmirbas
2001)

Limited data are available on the proportion of accumulated MeHg in fungal
tissues. Approximately 16% of THg is reported as MeHg in some spétiesgawa
et al. 1980; Fischer et al. 19955 0me ECM species take up MeHg directly from
humus or their symbiotic plants while soreaprotophic fungal species transform
inorganic Hg ions to MeH¢Fischer et al. 1995)

S, N and C are essential nonetallic elements for furag growth. Average S,

N, and C contents dd.5, 5, and49 % were reported in the fungi fruiting bodies,
regectively (Bowen 1966) The C contentin fungi differs becauselifferent species
utilize variableamouns and forms of C from theubstratgAinsworth et al. 1965;

Harley & Smith 1983) C content is not necessarily correlated with THg
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concentrations in fungal fruiting bodies and imsre likely that Gust provides the
structureof amino acids, carbohydratesd fat. (Harley & Smith 1983; Weete 1974)
Hence, amount of C in the fungal fruiting bodies is not a good predictor of THg
concentrationsThe N and S contents in fungal fruiting bodies are speelased, and

are also related to fungal age and N and S availability in the subg&ateworth et

al. 1965) Specifically, EEM fungi utilize inorganic sources of N and simple amino
acids including Samino acids (methionine ancysting derived from the fungal
decay of organic mattéHarley & Smih 1983) Within the fungafruiting bodies, S
amino acids (either singly or part of the protein complex) generally provide the
location of SHg binding sitegFischer et al. 1995; Kojo & Lodenius 1989he S
amino acid and protein composition of the fungal fruiting bodies also deperids on
species and thamount and type of N and S sources in the subdfrajihara et al.
1995) (Table | A: Appendix ). In total, fungal protein contains about 70 % of the
total nitrogen(Fujihara et al. 1995)0ther Nbased components such as chitin, fat and
carbohydrate comprise less than 10 %heffungal fruiting bodies and these amts
increase as the fruiting body matur@ikeman et al. 2005)The amount of total

protein of some of the fungal fruiting bodies is summarized in TaBle 2.
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Table2.2. Total protein (P) contents (%) of the fungal fruiting bodies.

Wild ECM Cultivated Saprotrophic
fungi TP* ECM fungi TP* fungi TP*
Amanitavaginata 27.8 Agaricus bisporis  38.6 Marasimus oreadés ~ 40.2
Boletusedulis 33.1 Coprinus comatds ~ 33.7 Pleurotus ostreatus 24.7
Cantharelluscibarius' 16.2 Lentinus edodés 29.4 Tricholoma albobruneurh 21.0
Cantharelluscibarius® 9.9 Lentinus edodés 18.6

Lactarius deliciosus ~ 25.9

Russula xerampelira 21.3

Suillus granulatus 24.7

Suillusgrevillei2 17.8

* Percentage (%) of the total protein (9%x18.25) onadry weight basis.
! (Petrovska 2001)? (Fujihara et al. 1995)3 (Danell & Eaker 1992)

Differences in THg concentrationsy fungal speciesare likely due to
differencesn the molecular makap of specific Hg binding sites {8g). In general,
Hg accumulate in the fungal fruiting bodies by bonding to sulphydryl (thiot®H)
groups that are associated with the S araicid components of higimolecular
weight (HMW) proteinsCaps hae almost two times higher amounts of such proteins
than stalks(Kojo & Lodenius 1989) Hg-HMW protein contents were found in
Boletusedulis and Agaricus bisporugWuilloud et al. 2004) In contast Hg- low-
molecularweight (LMW) protein bonds involving metallothionines were observed
for Lentinum edode@NVuilloud et al. 2004)Cantharelluscibarius, compared to some
other wild growing fungi, was found to have a lowemmbers ofthiol-Hg binding
sites which explained itslower Hg content(Danell & Eaker 1992)In contrast,
cultivated Agaricus bisporushaving high methionine content, was found to have a
low Hg content(Tuzen et al. 1998a)n general, methionine araystinerepresent a
very low fraction of the total amino acid composition of the fungal fruiting bodies

(about 2 %) Table Il A: Appendix I), andthese amino acidare thought to be
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involved in the trangfrence of Hg and other heavy metals such as Cd from the
mycelium to the fungal fruiting bodi€Surinrut et al. 1987)

With mycorrhizal fungi and with Hg hypexccumulators in generalHg
retention is generally associated with faoteinbondthiol groups(Hgi S-H) (Kojo
& Lodenius 189). This is most notably sdor Boletus edulis (with high THg
concentrations up to 10,00@ppb, dw and Amanita muscaria (with THg
concentrations up to 600pb, dw, with a 55% nosprotein thiol conten{Kojo &
Lodenius 1989) To illustrate,Hydrnum repandum compared toAmanita muscaria
has highertotal methonine and cystine concentrations (approx. 3 times higher) but
lower nonprotein SH and Hg concentratiorBussulasp. is also found to have low
non-protein SH and THg concentrations. @antharellus cibariusand Cantharellus
tubaeformisnon-protein SH grops were not detectedIn contrast,Suillussp. has a
high amount of noiprotein SH groups (approx. 9@o) but still low THg
concentration in its fruiting bodied=rom the above studies, speeietated Hg
accumulation in the fungal tissue is not only redat@nonprotein SH groups and this
suggest that factors other thamonprotein SH groupssuch as overall Hg
availability, mycelial substrate conditioramd cellular H§" reduction processesagld
also be important in fungal Hg retentidfor examplethe presence of the Rgand
MeHg reductase enzym&ilver & Phung 2005; Wiatrowski et al. 2006puld be
crucial in keeping overall Hg concentrations in cellulasues low. Whether this
enzyme occurs in fungal tissues is not known, b Hepuctase activities have been
reported in bacterial cultureand play a importantrole in the Hg-detoxification

process (Nascimento and Chartorseuza 2003). Heavymetal toleance of
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underground ECM fungal structwrbas been attributed to metaihding proteins and
peptides(Bellion et al. 2006) Specifically, Cu and Cd tolerance of wiplowing
hypae ofRussula emeticaRussuladelica and Boletusedulishas been related to the
binding of these metals by way of metallothiasomplexegMorselt et al. 1986)
Heavymetal tolerance and bindy with ECM species likely contributes to the overall

health of pine, fir andakforests (Molina et al.1993)

HG IN MOSS

Mosses have been used extensively as heavy metal pollution inslicator
different terrestrial environmentGramaticaet al. 2006) The mechanisms by which
mossedake upand accumulate metals in their tistaadsto be related tohe extent
of heavymetal deposition from the atmosphere, either directly under open condition,
or indirectly under closed forest canopy cibietls via throughfall(Gjengedal &
Steinnes 1990; Ruhling & Tyler 2004Mosses soak up moistyrautrients and
pollutantsfrom the atmosphere during rain and fog evelissses tend to produce a
thick carpet, and trap canopy debris (needles, leaves, and small twigs) and filter
throughfall, rain, and snowmelBrown & Brumelis (1996) found that metal
concentratios in Hylocomium splendens feaher mossjncreasd with ageof the
green segments of moss tissue, dacreasa with distance from the pollution source.

As mosses growphger exposure perisdesultin higher metalconcentrationghat
involve metal translocation from inteellular tointra-cellular locations(Brown &
Brumelis 1996) The absence of cutickkand the presence of large surface areas

facilitate the general absorption and translocation of water, nutrients and pollutants to
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intra-cellular space Roots are generally absent, but water belbg moss carpet is
still available for uptakdy upward capillary flow, which is further encouraged by
surfacebased evaptranspirationFoster 1984)Laboratory experiments withn and
Hylocomium splendensnd with Hg andPleurozium schreberand Sphagnum sp.
showed that these mosssgongly retain metals, andhese metalsare not easily
leached, especially not from young moss tisgBeswn & Brumelis 1996; Lodenius

& Tulisalo 1995)
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CHAPTER 3: STUDY AREA

The data collected for this study are frtmee study areas: Fredericton (UNB
ResearcHorests), tk mainland coast (near Point Lepreau to New River Beach), and
an offshoreisland (Grand Manarislang (Figures 3.1 - 3.2). These locations were
chosen becausgmospheric Hg input through fog drogéts been determingd be
the higheston Grand Manan dland lower on the New Brunswick costline, near
Lepreau,and lowest in Fredericto(Ritchie et al. 2006)Captured Hegfog droples
and precipitation potentially coull lead tothe highest Hg deposition to soll,
ectomycorrhizal (ECM) fruiting bodiesand mosse®n theisland However Hg
absorption to the same matrices coulddveer along thecoastand theloweston the
mainland.Preliminary sampling at thedecationsshowed thaffTHg concentrations
varied by matrix type: water << mosses < soil < lichens <lsskd fungal fruiting
bodies(Nasr et al. 2005)Table 31). This study showed that higher retention of air
borne Hg by foresttends to beassociated withighe THg concentrations in mosses,
soil, lichens, and seclbased fungi inGrand Manan Island than coast and mainland
(island > coast > mainlan@)Nasr et al. 2005)

Fungi and associated substrates (soils and mosses) were sampled in these
areasat specific locations, ashownin Figures 3.1 and 3.2, asgimmarizedn Table

3.2
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Table 3.1. THg concentrations in water (ppt) and lichens, mosses, fungal fruiting
bodies, and soil sample§pb, dw from Grand Manan land, Lepreauand
Fredericton (Nasr et al. 2005).

Sample type

Grand Manan Lepreau

Fredericton

Range Mean Range Mean

Range Mean

Water (fog & rainy?

Lichens Usneasp) °

Mosse&

Soil P

42-453 235 4-33

13

5-560 260 190290 210
6-150 100 40150 80
Fungal fruiting bodie§ 24-6000 1050 3-9000 808

40-800 260 6-470

203

4 4
70-180 140
50-80 62
8-2400 561
12-390 150

aTHg concentration (ppty, THg concentrationgpb, dw

Table 3.2. Geographicallocations, GPS coordinates, and area (ha) of the study
locationsfrom GrandMannalsland New Brunswickcoastal forestand Fredericton.

Point ID Forest Location GPS location Sampling area
West North ha

Frederictonmainland)

1 UNB-Woodiot 1A 66.6419 45.9199 } e

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-Woodlot5 66.67454 45913 5.23
Bay of Fundy coast:

7 CranberryHead 1 66.338  45.1349 } 97 59

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 ChanceHarbour 66.3659 45.1395 10.36
Grand Manarisland

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
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Figure 3.1. Location of the study areas within the province of New Brunswick,
Canada (Adpted from Natural Resources Canada, 2002).
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Figure 3.2. Satellite map of the study locations @uded from NASA, 2001).
Island: Grand Manan Island. Coast: Lepreau and New River Beach. Mainland:
Fredericton, UNB Research forests.
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GRAND MANAN ISLAND

Grand Manansland s located in New Brunswickouthwestern part of the
Bay of Fundy.The upland forestalong the southern and western coastGoéand
Mananlsland are exposd to high fogdrifts, especially during midummer, on and
near cliffs rising about 100 m above seadl. The presence of softwood forestt
these locations likelycontributes to the overall capture and retention of the
atmospherically carried HJ.he tree species are balséim(Abiesbalsameg fruce
(PicearubensandPicea mariang, birch (Betulasp.), beech (Fagussp), anda small
component omaple Acersp). Selected locations were Deep Cp8eal Cove, and
Southern Head covering areas of about 10, 24, and 23 ha, respe&oilymoses

and mushrooms were collected fromeselocations (Figues 3.3 3.4, Table 32).

NEW BRUNSWICK COASTAL FORESTS

Along the New Brunswickcoastline,5 forested locations near Lepreau and

New River Beach were selected for soil and mushroom sampling (Figurés3&%5
Table 32). The locations areCranberry Hed 1 and 2,Chance HarbourLittle
Lepreay and New River Beach covering areas of about 98, 10, 11, and 18 ha. The
forests in Cranberry Head and New River Beach rise abeli®@thabovesea level
Selected locations from Chance Harbour and Little Lepreau irgerior forest
locations in coastal New Brunswick. The tree spearesalmost entirely balsarfir

(Abies balsameg, spruce Piceasp), birch (Betula sp), beech (Fagus sp), and a

small component ofarch (arix laricina), maple (Acer sp), and pine(Pinus sp).

Specifically, the dominant tree species in Chance Harbourhaésamfir andbirch.
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Figure 3.3. Study locations fromGrand Mananisland (Adaptedfrom The Whale
Camp, 1998007).

28



6¢

N Sample Locations
— Mapped Streams

Sample Areas
- Mapped Water
i) Wetlands

———  Roads _ < Seal Cove

Study Area Forest Cover
BFSP
IHTH

[ ] SPBF

[ ] THIH
THSP

BFSP:

balsam fir / spruce

IHTH: intolerant / tolerant
hardwood

SPBF:

Spruce / balsam fir

THIH: tolerant / intolerant
hardwood

THSP: tolerant hardwood /
spruce

Southern Head

— KilOMeters

Figure 3.4. Area and forest stand condition of selected forests from Grand Manan
Island The Sprucebalsam fir forest stasdverelocatedon the southern easidsiof
theislandonthe 100i 200 mhighcliff s.



0€

Sample Locations

Mapped Streams
Sample Areas
Mapped Water
Wetlands

Roads

Study Area Forest Cover i
BFSP i
IHTH
SPBF
THIH
THSP

CERL >

BFSP:

balsam fir / spruce

IHTH: intolerant / tolerant
hardwood

SPBF:

Spruce / balsam fir

THIH: tolerant / intolerant
hardwood

THSP: tolerant hardwood /
spruce

Cranberry Head

15

e KilOmeters

Figure 3.5. Area and locations of New Brunswick coastal study an@gs (1)
Cranberry Head Jand 2: The Sprucebalsam fir forest stands located on a cliff,
approximately 20 m above the oce&2). Chance Harbour: Interior sprubalsam fir
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UNB FOREST

The 1200 ha UNB forest marks part of the southern border of Fredericton. Six

locations were selected within this foreSigure3.7; Table 32). In the sprucdalsam

fir stamds (UNB 1A, UNB 1B, UNB 3, UNB 4, and UNB 5), the majority of tree
species were disam fir (Abies balsamed spruce Picea sp), birch (Betula sp),
beech (Fagus sp), maple(Acersp) anda small component dfarch (arix laricina),
and pine(Pinus sp). In the tolerant hardwood stands (UNB 2j;ch, beech, and
maple were dominant, with a smaller componenaafh at forestedges. By selecting

a hardwood standhostspecific Fuscoboletinus viscidusere mostly found close to
larch at theedge of the hamlood standThe area osampledorests ranged from-2
ha. The reasons faampling asmaller area of mainland forestsompaed to the
coastl andtheislandsites,werelimited similar forest type and limited availability of

fungalfruiting bodies durig the samplingeriod.
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CHAPTER 4 METHODODOLOGY

FIELD SAMPLING PROCEDURE

Samplingof fungal fruiting bodies, mosses and sail each study location
occurred in summer and fadf 2004 and 2005, from late July to late October. GPS
location and photographs of the collected fruitingibsdvere obtained at the time of
sampling, and mushroom size, colour, odour, texture, and other properties were noted
and recorded. Théinsworth Dictionary of Fung(Ainsworth et al. 2001pand the
Field Guide to North American MushroaniLincoff & National Audubon Society
1981) were used for species identificatiomhe taxonomicabrder of the collected
fungal fruiting bodies isummarized irFigurell A (AppendixIl). Soil horizon and
moss species identification was done with a field guidestly at the sampling place
(Arp 2002.

The sampling wasonductedover a range of areas up to 100ftam 200x
200 m plots from the forest edge to the forest intefrimm the selected sites within
each geographical locatiorskand coast and mainland) (Chapter 3). The sampling
design is porayed in Figure 4.1. Fruiting bodies of the same species were collected
at least 510 m apart to avoid pseudeplication. In some cases, two or more samples
were collected from the same spot to allow fmoper species identification.
Collected fruiting lodies were separated into caps and stalks, and categorized by size
(diameter) and developmental stage. The diameter of caps varied depending on the

fungal species and developmental stage; these diametersneaserrecs follows: |
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T 1tod4cm,ll-1to 1O cm, and llli 2 to 21 cm. The developmental stagé the
fruiting bodies Figures 4.2- 4.3) were categorized as follows:
1 Stage I: just emerging, not fullyeveloped, with sporbearing part still
covered by partial veil
1 Stage lI: fresh fullydevelopedmature) and
1 Stage llI: fully-developed twld fully-developedsenescemnt
Sampling involved retrieving the following materials: caps and stalks of
commonly found ECMdjtter (L: 0.5-3 cm),fermented F-:1.5-8 cm),humus H: 0.5
2 cm), anckluviated rich organic matter(A-: 4-15 cm)layers ofsoil at each location
that yielded a cap and stalk sample, and a moss sample when present. The soil surface
at each sampling spot was categorized as foll&iggi(e4.3):
1 Litter: where the surface soil is coeerby leaves, needles and tree debris;
1 Moss: the surface soil is covered just by mosses, and litter is absent; and

1 Litter and moss: the surface soil is partially covered by litter and moss.
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Sampling location

Sampling plot 10 C%

edge interior

1 ~05 m/7<>> %
L [P
/ Soil profile

+ R R T T AR } L: 0.53 cm

R R R R e e e R L T LT L T L

200 m
\
\
/
/

F:1.58 cm

200 m > H:0.52cm

A:4-15cm

<~ Mushroom taken

Figure4.1. Diagramof the field sampling design.

Transition from Transition from [ e
Q stage 1to 2 stage 2to 3

Stage 1: not fully Stage 2: young fully Stage 3: senescent fully
developed fruiting body developed fruiting body developed fruiting body

Figure4.2. Developmental stages of fungal fruiting bodies.
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Not fully-developed
Amanita muscaria

Not fully-developed
Boletus sp.

Dicranum polysetum

Figure 4.3. Forest surface soil type. Above: litter (leaves, needles, apddabris).
Middle: moss Bazzania trilobata Below: litter and moss@dicranum polysetuin
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In total, soil samples (minimum 10 g) wetellectedfrom 10 cm wide soll
divots within 0.5 m of each mushroomlso, to have a sufficient sample size,
samplesof moss common across the studseas werecollected Altogether there
were Sphagnunsp.sampleg5 - 10 cm height)Ptilium cristacastrensissampleq5 -

10 cm height)Polytrichum juniperinunsampleq5 - 10 cm height)and Pleurozium
schreber samples(5 - 10 cm height) No moss, soil or fungasamples were taken
from areas with mossthatwere not common across the three study locations, such
as Dicranum polysetunand Bazzania trilobata(Figure 4.3. Acrossthe three main
study sites,THg concentrationsvere determined for 400 cap338 stalks, and 50
whole fruiting bodies. All samples were handled with cledowder FreelLatex
gloves. Mosses and soil samples were stored in ziplock bags and kept cool until
processed. The fungal tissugere wrapped iparcdimentpaperand kept inambient

air prior further identification and measurements.

SAMPLE PREPARATION AND LABORATORY ANALYSIS

In the laboratory, lants, substrate debrisoarse fragments and stonslsigs
and wormswere removed frommushrooms,soil and moss samples without
introducing Hg contaminants, using plastic knives and gloVke size of each cap
(diameter, cm) and the size of eatdlls (height, cm) were measured, th&oredin
clean polypropylene vials, and sealed with Teflon cBpsmeasumg moisture

content anatlemental (HgS, N, and Q analyses.
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All samples were weighed wet and dry, to determine moisture content. Drying
was done by way of freezlrying samples, with a moisture trap maintained 5t
°C, under vacuum, over the courde48 hours Figure4.4). To avoid evaporative Hg
losses from the samples, all dried samples wereikegatpped polypropylene vials in
a dark, sealed desiccator. Prior to analysiggddsamplesvere groundinto a fine
powder using @eramicmortarandpegle. Before and after each grindintipe mortar
and peste were washed witlileionizedwater and dried. The homogenized samples

were stored in clean polyethylene viadghe desiccatountil analysis.

Sealed freezdrying
vessel

i f' |

Labeled samples in
uncapped poly. bottle

Freezing temperature53.8°C)

Figure4.4. Freeze dyer.

THg analysis wascarried outwith a DMA-80 Direct Mercury analyzer
following EPA method 7473Figures 45 - 4.6; DMA-80 analyzer manupl A
maximum 500 mgof homogenized sample was weighted in a small nickel sample

boat The boat then entered a khpyrolysis chamberEach analysis cycle starts
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with preheating the sample 200 °C, followed by pyrolysis a850 °C. ElementalHg

was released from the thermally decomposing samples under a pure oxygen flow
Then thereleased Hg vapour is then tempdyartrapped by way of a gold
amalgamatomt the end of the pyrolysis tube, from where the Hg is then released
again towards the detection cell through heatifgydetection was enabled by way of
Cold Vapour Atomic Fluorescence Spectroscopy (CVAFS), withflitorescence
induced by ultraviolet light with @53.7 nm wavelength. Totahalysis timefor each
sample amounts to 5 min, with0e02 ngof Hg / sampleinstrumentaldetection limit

(IDL).

Data quality control measures involviedludingtwo blanks andwo standard
samples on the Hg analysis tray, which provided for the automated processing of 40
samples over the course of about 4 hoBsCS-2 and the LICHEN standards for
marine sediment and lichenespectivelywere used checking the accuracy of the
DMA-THg results for the soil and vegetation samples, respectively. The differences
between quoted and measured THg concentrations remained consistently within £ 5
% of thecertified value. A calibration curve (the response of the method to known
guantitiesof Hg in an analyte) was drawn for quantities of Hg in DORM(gfish
flesh: certifiedHg reference materipl(R> = 0.99%) (Figure 4.7). The precision of
measurements were within £ 6 % when performing repeated sample analyses.
DMA-80 Direct Mercuryaralyzeralso provided a data monitoring interface by which
the results of each sample determinatwwaere automatically and electronically
recorded, for current or later review of thelg concentration per sample, and of the

details about each photometrigatlaptured THg fluorescence signal, as generated for
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each sample. Deviations from the normal appearance of the fluorescence signal would
require a repeat of the analysis of that sample. Such deviations usually signaled that
the pyrolysis reactor tube wasmeed of replacement. In general, this tube enables the
unrinterrupted analysis of about 1000 samples.avoid any interference from high
to-low THg concentrationsrom sample to samplsamples with approximately the
same THg concentrations were anatyze batchesand batches were separated by
blanks.In average, the mean 0.2 ng Hg / sample (1.8 ng Hg/g) were observed
blanksduring sample analysggenerally with the higher values for blanks at the very

beginning of each batch.

Detector
Oxygen flow
regulator
[ interference filter
4
3| ol O T
vpssel ctm
.g Sample boat
§ Amalgamator 1
< Long } L
5 | mmaig| Tl 4
9 cuvette
3
© lf'«‘elease Catalyst autosampler
Shutter ] UM% furnace
Decomposition
HglanpO furnace

Figure 4.5. Schematic of DMA80 THg analyzer(Adapted from DMAS80 THg
analyzer manual).
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Figure4.6. DMA-80 THg analyzer.

THg (ng)
80
60
40
20 y = 4376 X + 0.260
R?= 0.9996
0
0 0.005 0.01 0.015 0.02

Sample weight (g) (DORMHg standard)

Figure 47. Calibration curve of THg concentrat®(ppb, dw) for certified DORM
standard.
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The same samples were analyzed for total elem&nté andC contents with
the LECO® CNS-2000 analyzerby combusting small portion&00 mg) of sieved,
ovendried samples at 150%C in a flow of pure O2(Figure 4.7). All elemental

concentrations were expressed on the frelisel weight basis (dw).

Figure4.8. LECO CNS2000.

DATA ANALYSIS

THg concentrations, element8| N, and C contents and other measurable
elements such as subserahickness (soil, moss), cap and stalk sizes along with
categoricalvariables described iRigure4.8 were all entered on one Microsoft Excel
(2003) spreadsheet. Hg, S, Bnd C in fungi, mosses, arsbil were subject to
statistical analysisdescriptive summaries (averages, standard d#es, ranges,

maximum, minimun), were doneby group (species, location, substrate; atso see
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table 4.8. This included generating box plots, to explore whaability of data as a
whole and by groupn each box plg the data was shown lgysplaying the 25, 50,
and 75 percentiles of thdata within each group. These plots also displdy
individual points lower and higher than the 25 and 75 percen(desiers)
respectively by colored circles outside each indiglduox The significant effects of
categorical vaables were examined by ANOVAThe effect was significant if
calculated Fvalue was higher thanéritical (Fo.os, df1, df) at Pvalue < 0.0001 or if £
value was higher than-éritical but at higher Pvalue than 0.0001Relationships
betweenvariables were examinagsingsimple (dependenvariable is related to only
one independent variablahd multiple(dependent variable is related to two or more
independent varialdp regression analgs. The goal of prforming regression
analyses was to establish a set of independent vggpihat could explain the
variance of the dependent variable significant levelln general, in analysex this
study, dependent variable was THg concentration and independeiables were
continuous and categorical variables described in Fig 4.8. The regression analyses

wereperformedbased on théllowing major assumpns:
(1) the data is normally distributed,

(2) there is a linear relationship between dependent Varaid independent

variables,
(3) independent variables are not linearly relatedl

(4) the model is unbiased becaukeaverage errois zero(the sum of squares

of estimated error igiinimal).
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The regressionresults were summarized by way of numlzéd analysed
sample(N), standard error of estimates for the regression coefficients as wediraks t
P-values, coefficient of variation @R for the goodness of fit of the befted
regression models, the root mean square error (RMSE) for the residubé actual
versus bestitted model estimates. The sign (minus or plus) of the regression
coefficients was used to ascertain whether the predictor variables that were associated
with the besfitted model werepositively or negatively related to theemknden
variable For example, THg concentrations in fungal tissues should generally be
positively related (+) to increasing fungal S content, and fungal S content should
increase with increasing fungal N content. In contrast, fulbi@ content would be
expected to decreasg (vith increasing S content of the soil. All statistical analyses

were done with StatView softwa(¥ersion 5, 19921998)

The quality of the data was ascertained by checking the raw data with box
plots and regression plots. For tlease of outliers, all chemical analyses were
repeated taleterminewhether the outliers were reaid the result of analytical errors.

In general, all elemental analyses were essentially free of analytical errors; however,
typographical errors occurred arccasions. Most errors were made sioil layer
classifications: aoil layerwith a C % above 20 % would not constitute/fastayer.

In contrast, aftd-layerwith a low C % would not be an-L.~, or A-layer. Mosterros

were correctedvith reassigning the éid determined A and H specifications for

individual soil samples, as needed.
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E Microsoft Excel - Data spreadsheet

File Edit ‘iew Insert Format Tools Data  Window Help  Adobe FOF

Fungal toronomical group(Family, genus, & species) THg concentrations [fungus,soil, & moss] P schreber Ctiraniscese A Havoeoms L) Fomisanguiess

Fungi edibility [edible and not-edible] Total C(TC) [fungus,soil, & moss) P juniperinum 2 A fals £ stillseitivs

Fungi bodypart [Cap, stalk, cap &stalk) Total S [TS] [fungus,soil, & moss) P crista-castrensis A TRUEESE F. wircides

Fungal developmental stages [old, mature, & pre-mature] Tokal M (TM) [fungus,zoil, & moss) Sphagnum sp. A paginate H ropandm

Soil surface type [moss, moss & litter, & litter) Cap diameter [d) [cm] A wirass £, camplarates

Microtopoghrafically soil elevation [maound & pit] Stalk. height [k [cm] Amandts 7 5 canmaes L. vollorens
Sail harizon (L, F, H, & 8] Substrate tickness [cm) [2oil & moss) Sankers L eatlie 2. dalngus
Shade versus open forest canopy Distance from forest edge [m) Sietus PtV e L seabrum

Moss species [M sp.) et £ lfearins B, ok

Site locations [UMEN2..5, Chance harbary, ..... et e i £ Vet SERCTHE Bussuls 58

Land type [Island, coast, & mainland) FusrothEtins it £ SR o canpes
& st &, grenited
£ el 7. plumboovisivens
£ qentits

25,343 | 5010 51266 33621 45350 45440 0.2300

543537 | 41135 202.000( 223.733 | 181.215 55.330 | 0725 50.140 40.200) 01500
T04.326 | 43.250 115665 | 154.572 [ 276.336 56.400 | 01233 51620 55.000 | 01467

M 4 » ¥y Input parameters / Data < m [l

Figure4.9. Modeluser in Excel (Microsoft Corporation 2008ed for StatView Input.



CHAPTER 5: THg IN FUNGAL FRUITING BODIES

INTRODUCTIO N

THg concentrations in fungal fruiting bodies are known to vary widely, by
several orders of magnitude (Chapter 2). The sources of these variations, however,
are not known, nor is there sufficient information by which these variations can be
predicted ingeneral. The available informatiam the literaturds highly fragmented,
and essentially no information is available regarding the role of fungi as ecological
pathways for Hg bi@accumulation in terrestrial ecosystems (ChaptefTBE main
goal of this bapter is to summarize THg, S, N, and C elemental contents in the
fruiting bodies of fungfor the sampling areas this study, to exploréhe meansby
which these variations can be summarized, and by which treeggblesrelate to
each other, by substeatype and location. The specitibjectiveswvere

1  to compareTHg concentrations in the fruiting bodiey taxonomical groups

(family, genus, and specigslevelopmental stage of the fruiting body (early,

mature, senescenthody part(caps and stalk), and location {sland coast

and mainlanglocations;

1 to determinewhether there is amssociationbetween elementaHg and
elemental S, N and C contemshefungal fruiting bodies

1  to provide additional information of THg accumulationretentionin fungal
fruiting bodies such as ratio of THg in caps versus stdis fungal

taxonomical groupand
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1  to derive a predidr model for THg concentrations irffungal fruiting bodies

usingspecies type, elemental content, growth stage, and type of body part.

METHODS

Fruiting bodies were collected as described in Chaptesrd the three study
locations (island, coast, and mainlan@Hg concentrations of the fungal fruiting
bodieswere determinethy taxonomical group (familygenus,species), type of body
part (@ap, stalk the whole fruiting body), stage of development (early, mature,
senescent and location {sland coast, mainland were compiled inan Excel
spreadsheefMicrosoft Corporation 2003JFigure 49; Chapter4). ANOVA was
performed to test the sigreince effect of categorical variables such as type of body
part, developmental stages, and location on THg concentrations of the fungal fruiting
bodies. The results showed that each variable had significant effect on the variation of
THg concentrations the fungal fruiting bodigswhile their interactiongdescribed in
Table 5.1)did not significantly influenced the THg variations (Table 5.Epr
example, Fvalues for type of body parts, location, and developmental stage were
larger than Feritical andl concluded that these factors had significant influence on
the THg concentrations at\Rlue< 0.0001.0n the other hand]though the Fvalues
for (type of body parik developmental stagesnd (type of body pari location)
interactionswere smaller thar-critical I concluded that thesateractionswere not
significant at Pvalues of 0.3098 and 0.1103he analy®s were facilitated by
grouping the THgS, N, and Cdata by the same categories and by generating the

corresponding box plots displaying thg&, 50, and 75 percentiles of the THg},N,
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andC datawithin each groupln each box plot the lowest, highest, and median values
were shown by the lowest and highesttical angles, and middle diameter of a box
respectively Also higher and lower outlis were depicted bgoloredcirclesoutside

the box The variations of the THg concentration raticcap versus stalk and stage of
development were analyzed similarly by category using box plots. The significant
effect of each categorical variable on THg,N, and C contents of the fungal fruiting
bodies were also tested by performing ANOVA for each individual box pled see

Chapter 4

Table5.1. ANOVA table for THg concentrations (ppb) in the fungal fruiting bodies
from the three study locations (island, coast, and mainland).

Sourceof variance DF SS MS F-value P-value
Type of body part 1 19,521,126.1 19,521,126.1 20.7 <0.0001
Developmental stage 2 24,357,435.¢ 12,178,717.€ 129 <0.0001
Location 2 29,203,701.£ 14,61,850.7 15.5 <0.0001
Type of body park
developmental stagés 2 2,214,388.0 1,107,194.0 1.2 0.3098
Type of body park
location* 2 4,172,018.1 2,086,009.1 2.2 0.1103
Developmental stages
location 4 6,672,821.5 1,668,2054 1.8 0.1334
Type of bodypartx
developmental stages
location 4 1,772,539.6  443,1349 05 0.7579
Residual 657 619,621,455.C 943,107.2

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square

F (critical) 0.05,1,65= 3.84; Fvalue > F critical

F (critical) 0.05,2,657= 2.99; Fvalue > F critical

* F (critical) 0.05,2,65= 3.84; Fvalue < F critical

F (critical) 0.05,4,65= 2.37; Fvalue < F critical

Type of body part (cap, stalldevelopmental stagéearly, mature, senescent);
location (island, coast, mainland)
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These data were anald by multiple regression analysi® determine
whetherindependent variables such &sonomical groupstage of development,
location, type of body partand by elemental conten$,(N, and ¢ affected THg
concentrationsas dependenvariable The elemental variations across the groups
were subjected to hiariate and multvariate linear regression analysis-\Biriate
regressions were used tietermine relationships betwediiHg concentrations and
elemental S, N, and €ntents andbetweenS andN. The multivariate analysis was
used to generate a simple predictor equation by which THg concentratioms in
fungal fruiting bodiescan be estimated knowing fungal familgenus,species, and
fungal tissue type (cap and stal&hd locatn. The multiple Regression analiswas
performed based on theliowing mainassumptions: (1) the sum of the squares of the
estimated error (SSE) is minimal, (2) keeping other independent variables tonstan
eachindependent has linear relationship wapendent variablend (3) independent
variables are not related to eamther, and (4) data is normallyisturbed Since THg
concentrations of the fungal fruiting bodies were in a wide rahggarithms
transformatiorwas performedn multiple regressiomanalysisto improvethe linearity
of the relationshipsRegression results were summarized in terms of the regression
coefficient R?, the root mean square error of the residuals (actual values minus best
fitted values) by thestandard error of estimatésr each regression coefficient, and
the associated and pvalues.All statistical analyses were performed in StatView

statistical package (version 5, 199298).
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RESULTS AND DISCUSSION

Altogether, the samples involved’ 2ungal speciedrom 12 generawere
analyzed and these species weocenmon aross the study locationéll species,
however, were not equally abundaait each site Characteristics andttributesof
these species are summarizedlable Il A (Appendix II). The overall mean THg
concentation in the fungal fruiting bodiesvas 822ppb, dwand it varied by four
orders of magnitudeAmong taxonomicafamilies (Figure 5.1), Bankeracead1761
ppb, dw, Cortinariaceae (1336 ppb, dw, Boletaceae (895 ppb, dw, and
Amanitaceag(712 ppb, dw had he highestmeanTHg concentratioa Suillaceae
(431 ppb, dw, Russulaceag346 ppb, dw, and Hydnaceae(249 ppb, dw had
intermediatemean THg concentratiog and Cantharellaceag74 ppb, dw had the
lowest mean THg concentration.ANOVA for fungal family $iowed that the
calculated Pvalue (27.7) is much larger théme critical valugF 0.05,7,71= 2.00)and
soit was concluded that there sva significant difference among fungal families at P

value< 0.0001(Table 52).
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Figure5.1. Box plot forTHg concentrationsppb, dw in fruiting bodies, byrder and
family.

Table5.2. ANOVA table for THg concentration@pb) of the fungalfamily from the
three study locations (island, coast, and mainl@Ridjure 5.1)

Sourceof variance DF SS MS F-value P-value
Fungal family 7 163,581,787.c 23,368,826.€ 27.7 <0.0001
Residual 719 605,707,706.1 842,430.8

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F (critical) 0.05,7,726= 2.00; Fvalue > F critical
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Within eachfamily, THg varied as followgFigure 5.2)

1 BoletaceaemeanTHg concentrations decreasadorderfrom Boletus(2161
ppb, dw to Leccinum(399 ppb, dw, Fuscoboletinug326 ppb, dw, and
Tylopilus(297 ppb, dw.

1 Russulaeae Lactarius had the highestmeanTHg concentration (482pb,
dw) andRussulahadthe lowestmeanTHg concentration (24ppb, dw.

By performing ANOVA analysis for fungal genus, the test statistics was F
value of 30.8 (Table B). Since the Fvalue is arger than Feritical (Fo.05,11,715= 1.83)
| concluded that THg coeatrations of the fungal genus wesignificantly different
at Pvalue< 0.0001

Among the speciesBoletus edulis Bankera carnosaand Cortinarious
armillatus had the highestneanTHg concentrations of ,838, 1,761 and 1696 ppb,
dw, respectively FKigure 5.3). Cantharellus cibariushad the lowestmean THg
concentratiorof 46 ppb, dw The significan effect of fungal species orariation of
THg concentrations were tested by ANOVAaple5.4). The results showed théat
(critical) (F 0.05,26,700= 1.51)was much smaller than the test statistievéifue = 26.3)
and so therevas a significant difference in THg concentrations of the fungal species
at Pvalue< 0.0001.

We comparedheseresuts with other studiethat are mostly done iBurope
on THg concentrations in furad fruiting bodies (Table5.5). In these studies,
depending on the county (city or regipmHg concentratioain Boletusedulisvaried
from about 1000 to 10,008pb, dwin awide range. The same as other studies, this

study showed that fruiting bodies dBoletus edulis had high mean THg
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concentrations regardless a local and/or {oagge Hg deposition in the sampling
sites. Literature values forAmanita muscaria(400 ppb, dw and Cantharellus
tubaeformig(120 ppb, dw were similar to the results of this study (i.e.16fhd 28
ppb, dw respectively).Of Amanitagenussampled in the current studfmanita
vaginata had the lowestmean THg concentratios of 266 ppb, dw Falandyz &
Bielawski (2001),Demirbas (2001)and Zurera et al.(1989 reportedmeanTHg
concentréons of about500 ppb, dwin Amanitavaginatafrom not Hgcontaminated
sites Also Demirbas (200Lpeporteda sharply increase of THg concentration in the
fruiting bodies of this specida Hg-enriched soilsubstrate showingthat in some
extent this species effectively uptake Hg from its substrédegher mean THg
concentrations than found in this study were reportecHfginum repandungé00
ppb, dw andLeccinumscabrum(up to 2000ppb, dw (Table 5.5). In the present
study, all species fromCortinarius (the second highest Hg containing genus)
excludingCortinarius semisanguiney881 ppb, dw, hadmeanTHg concentrations
higher tharB0O0ppb, dw with the highesmeanvalue 0f2,804ppb, dwin Cortinarius
stillatitius. Laaksovirta & Lodeniug1979 reportedaverageTHg concentrations of
80 ppb, dwin Cortinarius which is much lower than was found in this stublythe
literature,Suillus grevilleiwas reported tbe an Hg hypeaccumulatoramounting to
meanTHg concentrations of ,300 ppb, dw(Falandysz et al. 2004)n the present
study, themeanTHg concentrationfor this species was 553pb, dw Mean THg
concentration for Russulaof 242 ppb, dwwere similar tothose ofother studies

(Table 55).
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In this study, deconposers (another fungi group that decompose litter
materials in forest floor) hadHg concentration®f about 120 to 2,42@pb, dw
which was a smaller range than mycorrhizal fungi (TablB: Appendx ).
Laaksovirta & Lodenius (1979Fported that lawn and wood fungi thigher THg
concentrations than mycorrhizal fungi. Fexample Marasmium oreadeg¢a lawn
fungus) hd THg concentrations that viad from 3,000 to 16000 ppb, dwdepending
on collection site In our study,THg concentrabns inthe same specieMarasmium
oreadesvaried from 146 to 220 ppb, dw(TablellIB : Appendixlil).

Across all sitesmeanTHg concentrations in edible andmedible fungi were
950 and 40 ppb, dw respectively(ANOVA: F-value > Fcritical, P-value= 0.0015)
(Table 5.6) These averages include the highest and lowesinHtpe two most

common edible fungiBoletusedulisandCantharelluscibarius respectively.
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Figure 52. THg concentrationgpb, dw in fruiting badies, by genus.

Table5.3. ANOVA table for THg concentrationgpb, dw)of the fungal genus from
the three study locations (island, coast, and mainigngjire 5.2)

Sourceof

variance DF SS MS F-value P-value
Fungal genus 11 247,259,713.6 22,478,155.€ 30.8 <0.0001
Residual 715 522,029,779.9 730,111.6

DF: degree of freedom; SS: Sum of Squares; MS: Mean Squa
F (critical) 0.05,11,715 1.83; Fvalue > Fcritical
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Figure5.3. THg concentrationsppb, dw in fruiting bodies, by specigsach number
before the species name corresponds to the specified box plot in the.Figure)

Table5.4. ANOVA table for THg concentrationgpb, dw)of the fungal specigsom
the three study locations (island, coast, and mainigngjire 5.3)

Sourceof variance DF

SS

MS

F-
value P-value

Fungal species
Residual

26 379,792,247.7 14,607,394.1 26.3

<0.0001

700 389,497,245.7

556,424.6

DF: degree of freedom; SSum of Squares; MS: Mean Square

F (critical) 0.05,26,706~ 1.51; Fvalue > Fcritical
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Table5.5. Comparison of THg concentrationgpp, dw in the fruiting bodies from
different studied]Data from other studiel data from this and other studiems)d&
data from this study.

500- | 1006 | 2000 | 5000
Species | <500 | 1000 | 2000 | 5000 | 10000 References
ppb b | ppb | ppb | ppb
Amanita (Falandysz et al. 2004)
Fulva
Amanita (Demirbas 2001; Falandysz et
muscaria al. 2001; Falandysz &
Bielawski2001; Falandysz et
al. 2002; Falandysz et al. 200!
Falandysz et al. 2004;
Laaksovirta & Lodenius 1979)
Amanita (Demirbas 2001; Falandysz &

Bielawski 2001 Zurera et
al.1986)

(Demirbas 2001; Falandysz &
Bielawski 2001; Falandysz et
al. 2002; Falandysz et al. 200!
Laaksovirta & Lodenius 1979)
Cantharellus (Falandysz et al. 2002,
cibarius Falandysz et al. 2003;
Laaksovirta & Lodenius 1979;
Svoboda et al. 2002

(Laaksovirta & Lodenius 1979|

] (Laaksovirta & Lodenius 1979|

(Tuzen et al. 1998)

vaginata

Boletus
edulis

Cantharellus
tubaeformis

Cortinarius
sp.

Hydnum
repandum
Leccinum
scabrum

(Falandysz et al. 200
Falandysz et al. 2002; Svobog
et al. 2002)

(Demirbas 2001; Falandy et
al. 2002; Falandysz et al. 2001
Laaksovirta & lodenius 1979;
Tuzen et al. 1998

(Falandysz et al. 2002;
Falandysz et al. 2004;
Laaksovirta & Lodenius 1979;
Vetter & Berta 1997)

Russulasp.

Suillus
grevillei
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Table 5.6. ANOVA table for THg concentration§pb, dw) of thefungal fruiting
bodies based on the edibility the tissue fronthe three study locations (island, coast,
and mainlany

Sourceof variance DF SS MS F-value P-value
Edibility 1 10,578,989.1 10,578,989.1 10.1 0.0015
Residual 725 758,710,504.4 1,046,497.2

DF: degree of freedom; SS: Sum of &mps; MS: Mean Square

F (critical) .05, 1,725= 2.60 ; Fvalue > Fcritical

Edibility: edible and noredible fungal fruiting bodies

The genera common to the three study sites wemanita Boletus

Cortinarius, LactariusandRussulaFigure5.4; Table5.7): meanTHg concentrations
in Boletusdecreased fronslandto mainland island> coast > mainland)Amanita
and Cortinarius had highermeanTHg concentration®n theislandand along the
coast tharat themainlandlocations Lactariushad highemeanTHg concentrations
on the island than the coast and mainlandocations For Russuh, mean THg
concentratios decreased frontoast to mainlando island (coast> mainland >
island. The islandto-coastto-mainland decrease afieanTHg in Amanita, Boétus,
and Lactarius suggests that Hg exposure and retention is higher orsldwed and
coast compared to the mainland sampling locatidue to not-similar Cortinarius
representativesrom the three study locations (islandN = 5, coast: N = 108,
mainland: N = 7§ this genusan not becompaed amongthe three locationBy
performing ANOVA for Amanitg Boletus Lactarius and Russulafrom the three
study locations the calculatedvielues for genugF-value = 58.9) andiocation (F-
value = 10.1) were mudhigher tran the critical valug of 2.60 and 2.99, respectively
at P < 0.0001 leve[Table 58). The Fvalue for genus and location interaction was
also higher thathe critical value at P = 0.0035 le@lable 58). From the above test

statisticsl concluded thameanTHg concentrations of the fungal fruiting bodies were
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significantly different among fungal genus. Also geographical gradient (island, coast,
and mainland) of fungal tissue has significantly influenced the THg concentrations of
the fruiting bodiesHowever, the probability of genuslocation werenot significant,

compared to genus and locatieffects, individually.
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Figure 54. THg concentrationsppb, dw in fruiting bodies, by genus and Idica
(island coastand nmainland).
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Table5.7. THg concentrationgppb, dw in the fruiting bodies, bgenus andbcation
(island coast, and mainland)

Std. Std.
Location and genus N Mean Dev. Error Min Max

ppb ppb ppb

Coast 193 1176 1309 94 3 10475
Amanita 24 689 268 55 243 1220
Boletus 8 2136 1642 580 459 5206
Cortinarius 108 1683 1421 137 103 10475
Lactarius 9 188 249 83 17 621
Russula 44 224 243 37 3 1158
Mainland 194 660 766 55 19 5805
Amanita 25 278 189 38 30 757
Boletus 17 1662 1608 390 200 5805
Cortinarius 75 834 594 69 98 2106
Lactarius 45 451 316 47 31 1323
Russula 32 311 614 109 19 2860

Table5.8. ANOVA table for THg concentrationgpb, dw)of commonfungal genus
in the three study locations (island, coast, and mainigiglire 54).

F-

Sourceof variance DF SS MS value P-value
Fungal genus 3 98,940,107.2 32,980,035.¢ 589 <0.0001
Location 2 11,290,302.2 5,645,151.1 101 <0.0001
Fungal genus location 6 11,180,817.€ 1,863,469.6 3.3 0.0035
Residual 271 151,793,871.€ 560]125.0

DF: degree of freedom; SS: Sum of Squares; MS: Mean

Square

F (critical) 0.05,2,27= 2.99; Fvalue > Fcritical

F (critical) 0.05,3,277= 58.9; Fvalue > Fcritical

F (critical)0.05,6,27:= 3.3; Fvalue > Fcritical

Location: island, coast, maiand

* Cortinariushas been excluded from the analysis of this
table.
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Specifically, THg concentrations in Amanita were significantly different in
the three study locations (island, coast, and mainlanrdai{fe > Fcritical, P-value <
0.0001)(Table 59). For this speciesthere was a consistently significant decrease in

THg content from coasb mainland(Table 5.D).

Table 59. ANOVA table for Logio(THg) of Amanitain the three study locations
(island, coast, and mainidn

Source DF SS MS F-value P-value
Location 2 4.0 2.0 20.449 < 0.0001
Residual 81 8.0 0.1

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
Location: island, coast, mainland
F (critical) 0.05,2,81= 2.99; Fvalue > Fcritical

Table 510. Comparison of THg concentrationgpp, dw in Amanitafrom the three
locations (island, coast, and mainland).

Location Mean Diff. DF t-value P-value
Island vs coast 277.192 61 1.267 0.2098
Coastvs mainland 424.743 43 6.027 < 0.0001
Island vs mainland 701.935 58 3.032 0.0036

Across all sites e averageslementacomposition(S, N, and ¢of the fungal
fruiting bodies was @ % sulphur (S) 4.3 %nitrogen (N) and46% carbon (C), see
Figures55-5.7. The averag S, N, and C contents of the fungal fruiting bodies were
significantly different among fungal genus (ANOVR:value > Fcritical, Pvalue <
0.0001), sedables 51171 5.13. Among fungal speciefoletusedulishad the highest
meanS andN contents ofl and 10 %, respectivelyHowever,Bernas etl. (2006)
reported a lowemeanS content foBoletusedulisat 0.45 %, and that was similar to

the amount reported for cultivatédyaricusbisporus and higher than values reported
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for cultivatedPleurotus ostretus (Total S = 0.21 %) For theother specien this
study N and S contentsaried from 3i 7 % and 0.160.4 %, respectivelyBoletus
and Leccinumhad the lowestmeanC content of about 42 %. The average total C

content of other genera was about46% (Figure5.7).
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Figure5.5. Total S contents (%) in the fruiting bodies, by genus.

Table5.11. ANOVA table forelemental S contents (%j the fungal genus frorthe
three study locations (islandoast, and mainlandfrigure 5.5)

Sourceof variance DF SS MS F-value P-value
Fungal genus 11 4.7 0.4 53.9 <0.0001
Residual 292 2.3 0.01

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F (critical) 0.05,11,20= 1.83; Fvalue > Fcritical
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Figure5.6. Total N contents (%) in the fruiting bodies, by genus.

Table5.12. ANOVA table forelemental N contents (%f the fungal genus frorthe
three study locations (island, cgaand mainlandjFigure 5.6)

Sourceof variance DF SS MS F-value P-value
Fungal genus 11 142.9 13.0 5.4 <0.0001
Residual 292 708.3 2.4

DF: degree of freedom; SS: Sum of Squares; MS: Mean Squa
F (critical) 0.05,11,20= 1.83; Fvalue > Fcritical
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Figure5.7. Total C contents (%) in the fruiting bodies, by genus.

Table 5.13. ANOVA table for elemental carbon conten(%) of the fungal genus
from the three study locations (island ast, and mainland}-igure 5.7)

Sourceof variance DF SS MS F-value P-value
Fungal gens 11 1,653.4 150.3 4.1 <0.0001
Residual 292 10,588.1 36.3

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F (critical) 0.05,11,20= 1.83; Fvalue > Fcritical

65



Plotting fungalTHg concentrations anfl contengeneratea scatter plot with
1) two slopegroupings with one group ofpecies along the steep slope (group 1) and
another groumlong the lower slope (group,2and 2) group 3 ith fungal species

scattered at the based of the ssl@pegroups(Figure5.8and Table 5.4).

THg (ppb)
12,000 ]
10,000 ]
8,000 ]
6,000
4,000 7]
2,000 ]
0 T
0 0.5 1 1.5 2 Total S (%)
o Amanitaflavoconia Cantharellusubaeformis o Lactariuscamphoratus
Amanitafulva Cortinariusacutus Lactariusvellereus
Amanitamuscaria Cortinariusarmillatus o Leccinumholopus
O Amanitavaginata o Cortinariusgentilis O Leccinumscabrum
Amanitavirosa o Cortinarius pholidius o Russulgeckii
O Bankeracarnosa © Cortinariussemisanguineuso Russulasp.
O Boletus edulis Cortinariusstillatitius O Suilluscavipes
Boletusseparans o Fuscoboletinusiscidus o Suillusgrevillei
Cantharelluscibarius o Hydnumrepandum Tylopilusplunbeoviolacu

Figureb5.8. Bi-variatescattergranof THg concentrationgppb, dw versistotal S (%)
in the fruiting bodies.
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Species wit mean THg concentratio® 5pptf) dware at the base of the
two slopeggroup 3) These species akydnum repandupfuscoboletinus viscidus
Suillus cavipes Russula peckii Cortinarius semisanguineus Cantharellus
tubaeformis Cantharellus cibarius, Leccinum holopasd Suillus grevillei Amanita
virosa (THg > 500 ppb, dw fell between the two slopeBy splitting the THg- S
scatter graplbased on location, coast arglandspecieswere assigned to rGup 1
and mainland speciagere assigned t&roup 2 with theseexceptions:

1 mainland speciesAmanita muscaria Cortinarius armillatus, Cortinarius
semisanguineysLactarius vellereusand Russulapeckii were assigned to
Group %

1 the coastaRussulapeckii specieswas assignetb Group 2; Suillus grevillei
was assigned to Group 1d8;

1 theisland Suillus grevilleiand Amanitaflavoconiawere assigned to Group 1
and 2, depending in their THg content relative to S
Generatingpi-variatescattergrara showed thaffHg concentrations in fungal

fruiting bodieswere correlated tocelementalS (Figure 5-8), and possibly N as well
(Figure 5.9), but not to elemental CFigure 5-10). As such, elemental S was
correlated with elemental N fokmanitavaginatg Bankera carnosa, Cantharellus
tubaeformis Cortinarius semisanguineus, Fuscoboletinus cidigs, Hydnum

repandumRussulapeckii andSuillus cavipe$R?= 0.596) Figure5.11).

Positivecorrelations betwee8 and Nwould bedue to the joint occurrence of
S and N intwo importantamino acids, i.e.¢ystineand methionineFor example,

methionire and cystine conteiiof total protein)vary from 1 to 2.2 and 0.4 to 1.3 %
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in Amanita muscaria respectively(Table | A: Appendix 1) In Russulagenus
Lactariushas a high @&mino acid content of 2 % while its total protésmabout26
(Table 22: Chaper 2; Table | A: Appendix I)A content of less than 0.3 %a®ino
acids has been reported fRRussula(Table | A: Appendix I) In general, a higlotal
protein contentcorrelates with a high S and N content. As such, proteins amount to
1546 % of dry fungal mass Low versus high protein contents aeecies related
(Table 22: Chapter 2 According to Petrovoska(2001), Cantharellus cibarius
comparedo other ECM fungal species, has a low protein content of about 13 %. In
contrast, the protein conteoit Boletusedulisis about33 %(Table 2.2: Chapter 2)A

total protein content of about 28 % has been reportedrfmanitavaginata(Table

2.2: Chapter 2)but THg concentrations in this species are quite low compared to

Boletusedulis
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Table5.14. Number of available fruiting bodies on the {8doivariae scattergram
(Figure 5.8), byspecies and locatioms(and coastand mainland)

Group 1 * Group?2 *
Fungi species Island | Coast| Mainland [Island| Coast| Mainland
N N N N N N
Amanita flavoconia 1 1
Amanita fulva 1
Amanita muscaria 4 4
Amanitavaginata 2 4
Amanita virosa 6
Bankera carnosa 23 2
Boletusedulis 1 1
Boletus separans 7
Cantharellus cibarius 12
Cantharellus tubaeformis 4
Cortinarius armillatus 2 52 32
Cortinarius pholidius 2
Cortinarius semisanguineu 6
Cortinarius stillatitius 4
Fuscoboletinus viscidus S 5
Hydnum repandum 11
Lactarius camphoratus 1
Lactarius vellereus 2 31
Leccinum holopus 11 8
Leccinum scabrum 2 7
Russulgeckii 2 2 4
Suillus cavipes
Suillus grevillei 4 3 16
Tylopilusplumbeoviolacus 4

* Group 1: species from steep slopdajure5.7.; Group2: species from lower

slope offFigure5.8.
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Figureb.9. Bi-variatescattergranof THg concentrationgpb, dw versistotal N (%)
in the fruiting bodies.
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Figure5.11. Bi-variate scattergramof total S (%) versus total N (%) in the fruiting
bodies, by species

A high Samino acid content ikely an important factor affecting the Hg
absorptionby certain speciesThis is corroborated by the data that reveal a tighter
correlationof Hg with elementalS thanwith elementaN content, where the latter is
likely more tightly correlated with tat protein or total aminacid content In
general,some fungal species have a higBeamincacid content than other species
However, S content alone does not account for the Group 1 versus Group 2
differentiation in the THg versus S plot &igure The reason for this grouping
remains unknown. However, it is possible that some species may have a specific Hg
binding capacity even though elemental S aran8no acid content may be similar.
If so, then such species (Groelipspecies) would be Hg hypaccumiators.

Alternatively, Group2 species may have the ability to eliminate some ofTiHg
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accumulations by way of an enzymatically induced*Hg Hd® reductionsimilar to
bacteria(Silver & Phung 2005; Wiatrowski et al. 2006)

Multiple regression analysis was used determine to what extent the
observed variations in the THg concentrations of the fungal fruiting bodies could be
attributed to variations regardj elemental S, N and C contentghefungal tissues,
type of fungal body part, developmental stages (not -fidlyeloped, young fully
developed, and old fulgeveloped)and fungal genushe best regression modél (
< 0.000) is summarized irFigure 5.12 and Table 35. This model containshe
following Hg-retention predictovariables:

1 total elementa$ (%) in the fungal fruiting bodies,
1 the genericidentifiers for Bankera (+), Cantharellus(-), Cortinarius (+),

Lactarius(+) andRussula(+),

1 acap(l) versus stalk (0) identifier, and
1 a developmental stage identifier referring to fruiting bodies that were not

fully-developed0), were fullydeveloped (1), and started to decay (2).

Specifically, Bankera Cortinarius, Cantharellus Amanita, Lactariusand
Russulafactored strongly in this analysis because of fneviously mentioned
speciesspecific Hy retentiondifferences Species with average Hg retention are also
important in this analysis, but do not enter as significant regression variabléseinto
bestfitted modeling results. Thelemental Sontentin the fungl fruiting bodieswas
one of the significant numerical variables to account for some of the observed THg
variations. This is to be expectbdcause as S increasdge more Hg is bound tthe

fungal tissues, but the extent of this spedependenbinding makes a difference
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between the above identified Groupl and Group2 species. The developmental stage
of fungal fruiting bodies contributed further to the observed THg variations in the
fungal tissuesTherewas a consistently significant and spegresependent decrease

in THg content froman early developmental stage to wghlown and old fruiting
bodies: premature and matur®@ € 0.000}, premature and oldP(< 0.000}, and
mature and a (P <0.0016) (Table 56). Also, by performing ANOVA, the
significart difference ofTHg concentrations among the three developmental stages
and type of body part (cap, stalas strongly supported {Falue > Fcritical, P

value < 0.0001), see Table 3.MWhile type of body part and developmental stage
interaction was not significantly supportedv&lue < Fcritical, Rvalue = 0.00678).

For examplelLactarius vellerusrom mainlandhad THg concentrations of about 339,
624, and 108ppb, dwin caps of stagg lll, I, and I, respectivel{ANOVA: F-value

> F critical, Rvalue < 0.0001)Figure5.13; Tables 5.18- 5.19). Type of body part
anddevelopmental stagateraction ofLactarius velerus as described earlier for all

data was not significant (fvalue < F-critical, Pvalue = 01376 (Table 5.B). In
contrast, elemental S and N concentrations did not change significantly during the
successive stages of the fruiting bodies gro¢AhNOVA: F-value < F critical)
(Figures 5.14 -5.15), as already observed Bykeman et al(2005) who further noted

a general decrease in protein content but an increase in chitin and carbohydrates with
increased developmental stage. Earliosson & Bakavski (1984) reported the
amount of total protein concentration to be highest at the emergence stage of growth
of the fruiting body. Likewise, this would also bee time for highest-@&mincacid

concentrationsThe decreasing THg concentrations with iasiag developmental
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stage would thus be related to a systematic, grogiendent changéhat is
influenced bysubstrate allocation from the fungal mycelium to the fruiting bdthe
mechanisms by which Hg is translocated from soil via mycelium netwotkeo

fungal fruiting bodiesemains to be explored

Table 515. Summaryof regression results of legfTHg concentrationgpb, dw) in
thefruiting bodies in relation to the independent variables

R : , Reg. Std.  Std. t- P- , Partial
egression variable R

coef error coef. value value corr.
Intercept 22 0.05 2.2 47.1 <0.0001
Cortinarius 0.8 0.04 0.7 19.7 <0.0001 0.145 0.8
Bankera 0.8 0.06 0.4 13.6 <0.0001 0.247 0.6
Developmental stage 0.2 0.02 0.2 8.4 <0.0001 0.353 04
Cantarellus -06 0.07 -0.3 -8.2 <0.0001 0.418 0.4
Total S 0.8 0.11 0.2 7.6 <0.0001 0.715 0.4
Cap 0.1 0.03 0.1 45 <0.0001 0.731 0.3
Lactarius 0.3 0.06 0.2 5.6 <0.0001 0.741 0.3
Russula 0.4 0.10 0.1 4.4 <0.0001 0.753 0.2
Amanita 0.2 0.06 0.1 3.5 <0.0005 0.762 0.2
Location* 0.1 0.03 0.1 3.2 <0.0013 0.771 0.2

* Location as a dummy variable was codéddfor mainland and for island and
coast. This means having fungal fruiting bodies from mainland caused
concentrations to be decreased by 0.1 units.

The line bellow the cap variable shows that adding other variables su
Lactarius Russula Amanitg and location the Rslightly increases (from 0.731 f
0.771).
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Figure 5.12. Bi-variate scattergramof logio(THg concemnations ppb, dw) versus

Fitted log10 (THg concentrationgpb, dw) in the fruiting bodiesby genugqFitted

or predicted value is the value of dependent variable that is estimated based on the
regression equation. The regression line is the best-httedhat is drawrthrough

the data points).

Another explanation that may contribute to the decreasing trend of THg
concentration with developmental stage would be the aforementioned process of Hg
reduction to HE). This process would be acceleratedtmy lying of fungal tissues by
which Hg* reductase enzymes (if present) would intermingle witf*Harrying
amino acidg(Silver & Phung 2005; Wiatrowski et @006) Whether this process
actually occurs as part of the changing tissue dynamics of the growing fruiting body

or as part of the later decaying process of fungal fruiting bodies remains to be

explored.
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Table 516. Comparison of THg concentrationpgb, dw of the three developmental
stages.

Fruiting bodies DF Mean diff. t-value P-value
Total fruiting bodies
maturevsold 537 272.5 3.172 0.0016
premature vsnature 585 537.6 5.941 <0.0001
Prematurevs old 326 810.1 6.574 <0.0001
Fruiting bodies of Lactarius vellerus
maturevsold 34 228.9 3.631 0.0009
prematurevs mature 25 349.2 3.361 0.0025
Prematurevs old 27 578.1 5.984 <0.0001

Table 517. ANOVA table for THg concentrations (b, dw) of the fungalfruiting
bodiesfrom the three study locations (island, coast, and mainlashd on the type
of body part and developmental stage (Figure 5.13)

Sourceof variance DF SS MS F-value P-value
Type of body part 1 25064213.3 25064213.3 25.5 <0.0001
Developmental stage 2 496797970 24,839898.5 25.3 <0.0001
Type of body park
developmental stage 2 3,911,348.4 1,955674.2 2.0 0.1376
Residual 671 6595959460 983004.4
DF: degree of freedom; SS: Sum of Squares; MS: Meaargq
F (critical) 0.05,1,67= 3.84; Fvalue > Fcritical
F (critical) 0.05,2,671= 2.99; Fvalue > Fcritical
Type of body part: cap, stalk; Developemental stage: (early, mature, senesc
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Figure 5.13. THg concentratios (ppb, dw of the three developmental stages of
Lactarius vellereusrom mainland

78



Table 518. THg concentrationgppb, dw and elemental S and N contents @fbjhe
threedevelopmental stages of thactarius vellereusrom mainland

Frum_ng Elemental N Mean Std. Std. Min Max
bodies contents * dev. error
Stage I: not fully-developed specimens

Cap THg (ppb 5 1082 188 84 802 1323
S % 5 0.1 0.03 0.01 0.09 0.2
N % 5 4.4 0.7 0.3 3.2 5.0

Stalk THg 5 578 270 121 341 1035
S % 5 0.1 0.05 0.02 0.09 0.2
N % 5 3.8 1.4 0.6 2.3 5.6

Stage II: fully-developed young specimens

Cap THg (ppb) 8 624 138 49 450 793
S % 6 0.2 0.03 0.01 0.1 0.2
N % 6 4.730 1.2 0.5 2.4 5.8

Stalk THg 9 354 153 51 57 637
S % 6 0.1 0.02 0.007 0.1 0.1
N % 6 3.1 1.03 0.4 2.4 5.2

Stage llI: fully -developed old specimens

Cap THg (ppb) 10 339 181 57 46 587
S % 5 0.2 0.04 0.02 0.1 0.2
N % 5 4.4 0.9 0.4 2.9 5.1

Stalk THg (ppb) 9 155 125 42 31 423
S % 6 0.1 0.02 0.007 0.12 0.1
N % 6 3.4 0.9 0.4 2.7 4.9

* Mean THg concentratiorppb, dw, andtotal S and N percentages (%)

Table 519. ANOVA table for THg concentrationsppb, dw of Lactarius vellereus
from mainlandFigure 5.13)

Sourceof variance  DF SS MS F-value P-value
Type of body part 1 1,085,120.7 1,085,120.7 36.9 <0.0001
Developmental stage 2  2,241,594.6 1,120,797.3 38.2 <0.0001
Type of body park
developmental stage 2 169,247.0 84,623.5 29 0.0678
Residual 40 1,175,084.3 29,377.1
DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F (critical) 0.05,1,4= 4.08; Fvalue > Fcritical
F (critical) 0.05,2,40= 3.23; Fvalue > Fcritical
Type of body part: cap, staldevelopemental stage: (early, mature, seneyce
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Figure 5.14. Total S (%) contents of ththree developmental stages dafactarius

vellerusfrom mainland

Table 520. ANOVA table for total S contents (%) dfactarius vellereusfrom

mainland (Figure 5.14)

F- P-
Sourceof variance DF SS MS value value
Type of body part 1 0.006 0.006 6.8 0.0148
Developmental stage 2 0.000 0.000 0.3 0.7539
Type of body park
developmental stage 2 0.002 0.001 1.4 0.2602
Residual 27 0.023 0.001

DF: dggree of freedom; SS: Sum of Squares; MS: Mean Square

F (critical) 0.05,1,27= 4.21; Fvalue < Fcritical
F (critical) 0.05,2,27= 3.35; Fvalue < Fcritical

Type of body part: cap, staldgvelopemental stage: (early, mature

senescent)
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Figure 5.15. Total N (%) contents of théhree developmental stages afactarius
vellerusfrom mainland

Table 521. ANOVA table for total N contents (%) ofLactarius vellereusfrom
mainland(Figure 5.15)

Souce of variance DF SS MS F-value P-value

Type of body part 1 3.1 3.1 0.1 0.7022
Developmental stage 2 2.2 1.1 0.1 0.9497
Type of body park

developmental stage 2 522 26.1 1.3 0.3018
Residual 27 562.2 20.8

DF: degree of freedom; SS: Sum of Sepsa MS: Mean Square

F (critical) 0.05,1,27= 4.21; Fvalue < Fcritical

F (critical) 0.05,2,27= 3.35; Fvalue < Fcritical

Type of body part: cap, staldevelopemental stage: (early, mature,
senescent)

Differences in allocating Hginding substrateto the fruiting bodywere not
only related to developmental stage but also to location within the fungal fruiting

body, such that there are significant cap/stalk differences in Hg concentré&iopms
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& Lodenius (1989) suggested that there is, furthermore, an uneven distribution of
thiol groups within the cap, decreasing from center to margin, and from plait to
cuticle (see alsdinagawa € al. 198(. In all developmental stages this study

THg was found to be higher in caps than in stéfkgure5.16). The THg cap / stalk
ratios werenot significantly different among fungal genus atv&ue of 0.0294
(ANOVA: F-value > F-critical; P-vaue < 0.000] (Table 522). In general, the
average cap to stalk ratio of THg concentratioras 18:1. The average cap to stalk
ratio was highest foBoletusand Suillusat2.21 andLeccinumat 2.11. The ratio of
1.9.1 was found forAmanitg Leccinum and RussulaThe ratio was slightly lower for
Chantarrellus Cortinarius FuscoboletusandHydnum 1.4 - 1.6:1. For species, e
highestratio was2.9:1 for BoletusedulisandBoletussepaans, and the lowest value
was 11 for Cantharelluscibarius Lactarius camphorais and Russulasp. (Figure
5.16). In Boletus separanshe THg was twicashigh in the sporebeaing parts than

in the flesh of the cap and in the stalor the rest of the species/genera, the THg
cap/stalkratio varied from 14-2.4:1 (Figure 5.16). Also, in Figure 5.7 the bivariate
scattergram of THg concentration in cap versus THg concentration of stalk of fungal
genera showed the cap and stalk concentrsti@ne correlated and caps dthigher

THg concentrations than stalR?- 0.865).

In total, the multiple regression analysis accounted foi773% of the
observed THg variationsT'he location variable,sland coast,and mainland also
contributed to the overall explanation of the THg concentration variations of the
fruiting bodies, btithis variable was not as significant as species, S content of tissue,

developmental stage, and fungal tissue type (cap versus Sthlk)above results
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suggestedhat fungal THg concentrations depeddnore on tissuénternal factors
than on external faors. A part of this result could be due to insufficient sample size

from theisland(N = 88) as compared to the cogbt = 351), and mainlandN = 288).
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Figure5.16. THg cap/ stalkratios by genusfrom the three study tations (island,
coast, and mainland)
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Table 522. ANOVA table for THg cap /stalk ratios of fungal genus from the three
study locations (island, coast, and mainlaffdyure 5.16)

Sourceof variance DF SS MS F-value P-value
Fungal genus 11  21.057 1.914 1.983 0.0294
Residual 324 312.772 0.965

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F (critical) 0.05,11,324 1.83; Fvalue> F-critical

THg in cap (ppb)

12,000
10,000+
8,000 R2=0.865--"
6,000 - Pt
1 o_.-" -
— o - ”
4,000 600
T 20 Y& fo ©
2,000 0° Wbk
;9"“-‘:5" o
B “o
O -2 Q L} L}
0 2,000 4,000

6,000

° Amanita

Bankera

o Boletus

Cantharellus
Cortinarius
Fuscoboletinus
Hydnum

° Lactarius

Leccinum

° Russula
o Suillus

Tylopilus

THg in stalk (ppb)

Figure5.17. Bi-variate scattergramof THg concentrationsppb, dw in caps versus
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CONCLUSIONS

THg concentrations in fungal fruiting bodies varied by taxonomical group
(family, genusand species), and by age, type of body mdeitnental S content, and
location (sland coast and mainland)Not fully-developed and fulkgeveloped
specimens had higher THg concentrations than older specimens, with higher
concentrations for caps than for stalks. Elemental S and N contents ofntiad fu
fruiting bodies were positively correlated to tNeand S contents respectively with
two species groups dominating: Groupl whigh and Group 2 with low Hg
concentration. The besfitted model explained 7% THg concentrations viations
in the fungal fruiting bodies using genus,fungal elemental S contengnd
developmental stagess independent variablefdding location (island, mainland
shore, interior) as predictor variables increased the explanations only in awvainor

up to 77%.
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CHAPTER 6: THg IN MOSS

INTRODUCTION

According toHall & Louis (2004) mossesare important components of THg
retention anctycling in the forest floor. In contrast to fresh forest litter, mosses tend
to have elevated THg concentrations within their greendsJ able6.1), and retain
Hg rather strongly, requiring strong acids and high temperatures for analytical release
(Lodenius et al. 2003)On account of thisSphagnumspecies andPleurozium
schreberihave been fountb bevery effective in B-monitoring THg in terrestrial
environments(Harmens et al. 2004; Lodenius et al. 2009pore et al.(1995)
repored that THg concentrations in plant tissues increase in the order: wood <
grasses and herbs < tree and shrub leaves << mes$asgal fruiting bodies.
Altogether, mossy carpets tend to shield the underlying soil flioect absorption of
air pollutantgGustin et al. 2004)

Mossy carpets are generally not obscured by fresh or decaying forest litter.
This is either due to a low ledfter inputs where mosses tend to grow, or due to
direct incorporation and ingestion déaf litter into the expanding moss layer
(Morrison 2003) THg therefore accumulates in mosses either through retention of
precipitation and/or throughfall, through retention of Hg released from decaying
leaves and twigs within the moss carpet, or through upward absorption of soil
moisture. To what extent leaf litter contributes to the growth of moss, and to what
extent the moss itself agély or passively encourages fungal growth and-ligaf

decay and Hg absorption from decaying litter within the mossy carpets is not known.
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In principle, mosses would offer a very different C substrate and substrate conditions
for mycelia growth than #decaying forest litter, which, in turoould affect fungal
Hg uptake.In the area of this studyour mosse werecommon, namelyleurozium
schreberj Polytrichum juniperinum Sphagnumsp. and Ptilium crista-castrensis
Specific characteristics and htbof these mosses are summarized in Edblé- 1l
D (AppendixIl).
The purpose of this chapter is to document elemental concentrations of Hg, S,
N, and C in 4 moss species common to the sampling areas of this study, growing in
close proximityto the furgal samples that were used to generate the results of
Chapter 5. Moss samples were taken to determimether the presence or absence of
moss adjacertb or around the fungal samples would have a measurable influence on
the THg concentrations within themspled fruiting body.Attention in this chapter
focussed on three objectives:
1 to document andompareTHg concentrations irtommon moss tissueby
species and locatigisland coastand mainland)
1 to determinethe general association pattebetween elemntal Hg and
elemental S, N, and C contemighin themoss tissuesnd
9 to derive a predictor model foFHg concentrations inthe mossy tissues as
affected by species type and elemental composition in the moss and in the

substrates attached to the moss.
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METHODS

The spreadsheet containing the data for elemental Hg, S, N and C contents in
soil, fungal and mossy samples as described in Chapter 4uandarized irFigure
4.9 was used for the analysis of this Chapter. Again, elemental Hg, S, N and C of the
moss species were plotted by way of box plots, by species and locatiahgeatedt
statisticswere conducted by ANOVA for eachox plot The analysis was followed
by multiple regression analysis. In this analysis, THg concentrations of mosses as
dependat variable were related to several independent variables such as THg
concentrations of underlying soil, elemental S contents of mosses and underlying soil,
and moss specieblore detailed explanation of data analysis is described in Chapter

4.

RESULTS AND DISCUSSION

171 samples of moss common across the study area were collEoted
were 71Sphagnunsp.samples46 Ptilium cristacastrensissamples28 Polytrichum
juniperinum samples and 25 Pleurozium schrebersamples.THg concentratioa
were found ¢ vary by specie$ANOVA: F-value > Fcritical, Pvalue < 0.0001)
(Figure6.1; Table 6.1 Pleurozium schrebemnd Polytrichum juniperinunhad the
highe meanTHg concentrationsit 267 and 185 ppb, dw respectivelySphagnunsp.
and Ptilium crista-castrersis had the lowemeanTHg concentrationat 152 and 79

ppb, dw respectively.
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The mean THg concentrations ofPleurozium schreberi Polytrichum
juniperinum and Sphagnumsp. were similar to what has already been reported
elsewhergTable6.2), i.e.,from other studiesTHg concentrationgrom about 50 to
280 ppb, dwfor Sphagnunsp, based on changes from year to yétywever lower
THg concentrationghanthis study, wereeported foPleurozium schrebe(5071 200

ppb, dw andPolytrichumjuniperinum(501 200ppb, dw (Table6.2).
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Figure6.1. THg concentrationgppb, dw, by moss species.

Table 6.1. ANOVA table for THg concentrations of moss species from the three
study locations (island, ceg and mainland)Figure 6).

Sourceof variance DF SS MS F-value P-value
Moss species 3 726,049.3 242,016.4 208.1 <0.0001
Residual 166 193,075.0 1,163.1

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,3,166= 2.60; Fvalue > Fcritical
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The high THg concentrations in tfdeurozium schrebemnay be explained
by:

1 its slowgrowing but carpetorming habiton moist and slowly decaying forest
litter that could provide Hg for direct absorption,

1 the presence of this carpetden dense and dark canopies where the absence
of light would limit the extent of the photochemical reductions ofHg

Hg®, and

1 the dripping of Heenriched throughfall from the forest canopy, where the
primary source of this Hg would be due to atmosighéeposition, with the
rough canopy conditions being more effective in sequestering atmospheric Hg
than the smooth surface conditions of open fields and bogs.

Pleurozium schreberappears to have a high capacity for rain tmwdughfall
absorption, whik also results in fairly high rates d@fHg absorption(Carter &
Arocena 2000)ln contrastPolytrichum juniperinumends to grow in less shaded and
dryer microsites underneath forest canopig3arter & Arocena 2000)Having a
transportation system iRolytrichum juniperinum(Carter & Arocena 200@ases the
transportand accumulationf Hg in the tissuas well as loses of reduced Hg from
the upper parts. Alsdhe green stem of this species gsawuch longer than other
moss specieandthat couldcauseHg dilution with age. $hagnumsp.tends to grow
under fairly open conditions, often with direct exposure to sunlight, reduction-and re
emission of Hg could happen on the surfadethis moss tissuePtilium crista
castensisusually grove on humus, log and on thebase of treeandabsorb lower

amount of HgPolytrichum juniperinunandPtilium cristacastrensigio not haveany
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strong capacity to retain watddowever thesdéwo speciescompare to Pleurozium
schreberj are more limited in this way and rebyn moisture and nutrient uptake from
the soil underneath. The physiology and habit of sesspresumably contribute to the
externt of Hg absorption by moss species.sTtesuledin categorizingmoss species
asPleurozium schrebemvith high THg concentratin, Polytrichum juniperinumand
Sphagnumsp. as intermediate andPtilium crista-castrensis with low THg
concentration.

According to the literature, THg concentrations in mosses vary widely,
depending on study, spesi type, and location, or distance fronHg pollution
source (Table ). For exampleAulacomnium andrognumthat alheres to rocks has
high tolow THg concentratiorin its tissue with increasing distancEem mining
sites(Qiu et al. 2005)Carpi et al(1994)reported Hg concentrations $phagnunsp.
higher than 20@pb, dwin the vicinity of anincinerator droppingto about 10Qppb,
dw at greater distances from the sourcewest THg concentrations (58pb, dw for
Sphagnumsp. and 100 ppb, dw for Pleurozium schreberiand Polytrichum
juniperinum) occured in years with low Hg depositiowia precipitation(Roos
Barraclough et al. 2002)

Based on the sampling procedure for this study, THg concentrations of mosses
represated the average concentrations tife whole 57 10 cmgreen portion of the
moss stemHoweverdifferent parts of the moss tissue may have affected the results
reported by other authons Table 62. For instanceGramatica et al2006)reported
an average THg concentration of ppb, dwfor the newly developed green part of

Pleurozium schreberiMatilainen et al.(2001)reported a concentration of 2@b,
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dw in young moss tissue (1 cm stdength). MeHg, a component of THg, has been
reported to accumulate at the top of the tissuesPleftirozium schreberand
Sphagnunsp. In Pleuroziumschreberi,about 64 % of the accumulated Hg in the

upper stem was determined to be MeHg.
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Table 62. Continued©é
. 11- 50 100 200
Plant tissue 010| 50 100 200 300 Reference
ppb | ppb | ppb | ppb ppb
Shrubs and herbs
Bunchberry plants (Hall & Louis
2004)
Sedge (Moore et al.
1995)
Labrador tea leaves (Hall & Louis
2004)

Other litt er components

Litter of the forest
floor

(Ericksen et al.
2003; Grigal
2003; Hall &
Louis 2004; Lee
& lverfeldt 1991;
St Louis et al.
2001)

Fallen coniferous
needles and light
debris

(Grigal 2003)

Fallen deciduous
leaves

(Grigal 2003)

Living birch leaves

(Hall & Louis
2004)

Living pine needles

(Grigal 2003;
Hall & Louis
2004)

Living wood blocks

(Grigal 2003;
Hall & Louis
2004)

Old wood

(Hall & Louis
2004)

Roots

(Hall & Louis
2004)

1 Some studies are basedtmansplanted moss tissue to elevated sitesme
authors did not mention tlepecific species frorRleurozium.
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Laboratory experiments with orfiene exposure of alborne Hg have shown
that mosses absorb Hg readily: THg concentrations decrease after expesause
of:

(1) Growth dilution: Pleuroziumschreberigrowing on soilspked with 2%%Hg
absorbedhis Hg readily, but

(2) High precipitation rates following the initial exposure also dectetse THg
concentrations eithethrough leaching and/or by way of Hgto HJ®

reduction(Matilainen et al. 2001)

MeanTHg concentrations in th@ur moss species did not differ significantly
by location (ANOVA: P-value = 0.027)(Figure 6.2, Tables 6.3i 6.4). The test
statistics (ANOVA) showed that by excluding@leuroziumschreberi(insufficient
sample size from island and coaat)d sphagnunsp. (insufficient sample size from
coast) the probability of having different mean THg concentrations in mosses from
the three locations &s not strong (®alue = 0.027). Thensufficient moss sampling
on Grand Manaislandand coast of the above moss species was because of not fungi
i moss association in island and coast, comparenhlémd location In general,
however, fog, cloudiness amolw temperatures in coastal and high elevation forests
are associated with increased Hg retention by mo&eg et al. 2006; Evans &

Hutchinson 1996)
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Figure 62. THg concatrations ppb, dw in mosses, by species and locatistahd

coastand mainland)

Table6.3. THg concentrationsppb, dw of mosses, by species and locatisiapnd

coastand mainland)

Std. Std.
Species and location N Mean Dev. Error Min Max
ppb ppb ppb
Pleurozium schreberi 25 267 54 11 147 400
dsland 1 178 ND ND 178 178
Coast 3 290 27 16 263 316
Mainland 21 268 54 12 147 400
Polytrichum juniperinum 28 185 37 7 113 258
Coast 12 185 34 10 141 239
Mainland 16 184 40 10 113 258
Ptilium crista-castrensis 71 79 28 3 28 137
dsland 13 8 30 8 32 137
Coast 35 70 27 5 28 130
Mainland 23 88 25 5 41 131
Sphagnunsp. 46 152 27 4 91 215
Coast 15 147 27 7 113 197
Mainland 26 153 28 5 91 215
N/D: No Data



Table6.4. ANOVA table for THg concentration§opb, dw)of mosses from the three
study locations (island, coast, and mainlafdyure 6.2)

Sourceof

variance DF SS MS F-value P-value
Location* 2 22,942.0 11,471.0 3.753 0.027
Residual 96 293,427.5 3,056.5

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,2,06= 3.15; Fvalue > Fcritical
Location: island, coast, mainland

* Due to insufficient sample siZzéleurozium schreberand

Sphagnunsp.were excluded from the analysis of this table.

Mean éemental N and C contentsd not differsignificanty by moss species
(ANOVA: P-value (N)= 0.0029, Pvalue (C) = 0.2799)While meanelemental S
contents were significaiyt different among moss species (ANOVA:value > F
critical, P-value <0.0001)Figures6.31 6.5; Tables 657 6.8). MeanS, N and C
contentsof the moss species wefel5 1.71 and 50 %, respectiveli?leurozium
schreberihad thehighest total S and N catentsat about 0.18 and 1 Ptilium
crista-castrensisand Sohagnumsp, had thelowest S and N contents of about @.1
and 1.54 %respectivelyVingiani et al. (2004yeported a very highalueof 2.6 %
for S content, a 26 valuefor N content, and a 43 % for C contdnt Sphagnum
capillifolium. Bi-variate scattergrams of TH&, N, and C showethat THg and S
contents were related to one another, with the stronger correlations noted for
Sphagnumsp. (R?= 0.462)andPolytrichum juniperinun{R?= 0.234) and the weaker
correlations noted foPleurozium schreberfR?= 0.023) andPtilium crista-castrensis
(R?=0.151) (Figure 6.6)Scattergrams of THg and, and THg andC showedno

correlations betweenHg andN (R?= 0.006) and C R?= 0.003) contents (Figures 6.7

T 6.8). The THgand N and THg and C scattergramishin species also showed no
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correlations (not presented her€verall, elemental N and C contents of moss

species were not significantly cormétd with Hg retention in mossy tissue.

Table6.5. Total S, N and C contents (%) am#ig/SandTHg/C (ppm) of mosses, by
species

Species N E;Enmtgﬂii' Mean g.g\j/ e?rtgr Min  Max
Pleurozium schreberi 25 S % 0.18 0.04 0.01 0.11 0.26
N % 2.0 0.5 01 10 30

C% 49 4 1 39 55

THg/S(ppm) 151 36 7 76 216
THg/C (ppm) 0.6 0.1 0.0 0.3 0.7

Polytrichum juniperinum 28 S % 0.17 0.03 0.01 0.12 0.26
N % 1.6 0.5 0.1 1.0 3.0
C% 51 4 1 40 55

THg/S(ppm) 112 21 4 76 157
THg/C(ppm) 0.4 0.1 0.0 0.2 0.6

Ptilium cristacastrensis 71 S % 0.14 0.03 0.00 0.10 0.25
N % 1.8 0.5 0.1 1.0 3.0
C% 50 4 0] 42 56

THg/S (ppm) 59 19 2 23 94
THg/C (ppm) 0.2 0.1 0.0 0.1 0.3

Sphagnunsp. 46 S % 0.15 0.03 0.01 0.10 0.31
N % 15 0.4 01 10 29
C% 50 4 1 43 57

THg/S(ppm) 100 15 2 70 134
THg/C (ppm) 0.3 0.1 00 02 04
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Figure 63. Total S content (%N moss tissue, bgpecies.

Table 6.6. ANOVA table for total S contents (%) of mosses from the three study
locations (island, coast, and mainlafiigure 6.3)

Sourceof variance DF SS MS F-value P-value
MOSS species 3 0.06 0.2 15.636 <0.0001
Residual 166 0.17 0.001

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,3,166= 2.60; Fvalue > Fcritical
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Figure 64. Total N content (%) in modsssue, byspecies.

Table 6.7. ANOVA table fortotal N contents (%) of mosses from the three study
locations (island, coast, and mainlaiéigure 6.4)

Sourceof

variance DF SS MS F-value P-value
MOSS species 3 33 11 4.853 0.0029
Residual 166 37.6 0.2

DF: degree of freedom; SSu® of Squares; MS: Mean Square
F(critical) 0.05,3,166= 2.60; Fvalue > Fcritical
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Figure 65. Total C content (%) imosstissue, byspecies.

Table 6.8. ANOVA table fortotal C contents (%pdf mosses from the three study
locations (island, coast, and mainlaiéigure 6.5)

Sourceof F- P-

variance DF SS MS value value
MOSS species 3 57.799 19.266 1.289 0.2799
Residual 166 2,480.743 14.944

DF: degree of freedom; SS: Sum of Squares; M&mSquare
F(critical) 0.05,3,166= 2.60; Fvalue< F-critical
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Figure 66. Bi-variatescattergranof THg concentrationgpb, dw versus total S (%)
in mosgs, by species.
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Figure 67. Bi-variatescattergranof THg concentrationgpb, dw versus totaN (%)
in moses, by moss species
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Figure 68. Bi-variatescattergranof THg concentrationgppb, dw versus totaC (%)
in mosgs, by moss species

The THgconcentrations within thiour moss species were positively correlated
to the THg concentrations in the soil substrétdafer of the forest floor) below the
moss layer, with slopes increasiRgjlium crista-castrensigR?=0.197) toSphagum
sp. (R*=0.317), Polytrichum juniperinum(R?=0.688), and Pleurozium schreberi
(R?=0.553) This is also shown ifigure 6.9 by way of plotting the THg/C ratio of
the moss versus the THg/C ratio of the soil substrate below the moss.

Similar, but less definitiveresultswere obtained by plotting thEHg/S ratio
of moss versus thEHg/Sratio of the soil substrate Figure6.10. Here, thestrongest
correlation was again obtained fBleurozium schrebeiiR?= 0.634). ForSphagnum
sp. (R?= 0.276) andPtilium crista-castrenss (R*= 0.237), the correlations were

weaker, and absent altogether Rmlytrichum juniperinunfR?= 0.018).
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Figure 69. Bi-variatescattergranof THg/C (ppm) in mosses versa$1g/C (ppm) in
F-layerof organic soil, by masspecies
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Figure 610. Bi-variatescattergranof THg/S (ppm) in mosses versddig/S (ppm) F-
layerof organic soil, by moss species

The above results suggebtit the THg concentrations in the mosses of our
sampling ares are likely related to the THg contents of the underlying substrate,

which is likely also influenced by continued THg inputs from precipitation or the
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canopy via throughfall drigGramatica et al. 2006Mosses once they receive and
accumulate this Hgend to pass some of this to the undedyfarest floor. In this,

the S content of both the mosses and the underlying substrate likelytiadfdegree

of overall Hg retention and releas€he lack of correlation between THg/S for
Polytrichum juniperinumand soil substrate is probably obscurbdcauseof four
outliers represented by relatively high THg/S ratios in the moss at low THg/S ratios
(<100ppb, dwS/ %S)of the soil substrate.

Multiple regression analysis was used tetermine which variables
significantly affect the overall THg concémtion variations in the sampled moss
tissues in a significant way. The variablegluded in this analysiswere the
elemental S, Nand C contentwithin the moss tissues and within the underlying soil
substrate; length of the moss tissue; and mossiespethe besfitted regression
result is summarized in Figure 6.11 and Tab% 6.

Table6.9. Summary of regression results of THg concentratppb( dw in mosses
in relation to the independent variables

Regression variable Reg. Std. Std. t- p- R2 Partial
coef. error coef. value value Corr.

Intercept 206.6 15.3 206.6 13.5 <0.0001

Ptilium cristacastrensis -178.8 7.7 -1.2  -23.3 <0.0001 0.556 -0.9

Sphagnunsp. -112.7 7.7 -0.7 -14.6 <0.0001 0.693 -0.8

Polytrichum junipemum -69.8 7.5 -0.4 -9.3 <0.0001 0.79 -0.6

THg (F-layer) 0.2 0.0 0.2 6.9 <0.0001 0.879 0.5

Total S (%) (moss) 339.0 76.2 0.2 45 <0.0001 0.888 0.4
Total S (%) F-laye) -243.2 56.0 -0.2 -4.4 <0.0001 0.903 -0.4
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Figure 611. Bi-variate scattergranof THg concentrationsppb, dw versusfitted
THg concentrationpgpb, dw in mossesby speciegFitted or predicted value is the
value of dependent variable that is estimated based on the regression equation. The
regression lings the best fittedine that is drawn through the data po)nts

Clearly, the best predictor for THg in mossy tissues is the moss species itself,
with Polytrichum juniperinum (Regression Coefficient = -70), Sphagnumsp.
(Regression Coefficient = -113), and Ptilium crista-castrensis (Regression
Coefficient = -179) All of these regression coefficients have a negative sign,
indicating thatthe contrast between these species and highld&ttjng Pleurozium
schreberi The next important variablevas the THg catent of the forest floor
underneath the moss layersdression coefficient 8.17) followed by the elemental
S content of that layerdgression coefficient =243) and of the moss tissue itself
(regression coefficient 339).

Apart from the specieaffected contributions to the overall THg

concentrations in the moss tissues, it is evident that greater THg concentrations in the

forest floor are associated with greater THg concentrations in the moss tissues. In
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part, higher S concentration of the mossues lead to higher THg concentrations as
well, while higher S concentrations in the underlying forest floor imply less transfer

from the forest floor to the moss.



CHAPTER 7: THg IN THE FOREST FLOOR (L-, F-, H-LAYER S)

AND THE UNDERLYING MINERAL SOIL ( A-LAYERYS)

INTRODUCTION

Mercury accumulates in the forest floor and in the mineral soil bbkmause
of avariety of processes:

1) directly or indirectly by way of atmospheric deposition (precipitation, snow,
fog, dust, and gaseous absorption) coupled wéhopy interception and
subsequent throughfall and litterfall;

2) through the weathering of Hzgpntaining soil minerals; and

3) through Hg recycling, via root uptake, litterfall, and organic matter deposition;
this recycling can have many pathways, via uptakgascular plants, mosses,
lichens, and fungi.

As fresh forest litter decomposes, one can expect that the rate of Hgyy&rrn
is considerably slower than the rate of C, and N -twer, thereby leading to
generally increased Hg concentration with advag state of decay, which would be
least in the littetayer (L-layer. first layer or organic sail higher in the fermentation
layer (F-layer. second layer of organic spihigher yet in the humificatiolayer (H-
layer. third layer of organic soil andhighest in the fully humified organic matter of
the underlying minerakoil layerssuch as the organically enrichedlayer. The

objectives of this Chapter are:
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1  to documenthangesTHg concentrations in 4.F, H-, and A layers of soil
sampledn relaion to the elementa$, N, andN contents of theskayers, and
other soil attributes such as presence or absence of mosses on top of the sail,
the depth of the organic littéayers, and their locationsdland coast, inland);

1  to check whether the trendbserved for the study areas match trends already
reported in the literature; and

1  to derive a model to predict likely THg concentrations in theR, H-, and
A- layers and subsbiayers based on sblayertype, and other soil attributes,
through regresion analysis.

The pattern of investigation of this Chapter is similar to that of Chapters 5 (Hg

in fungal fruiting bodies) and 6 (Hg in moss species common to the study area).

METHODS

The finalized data spreadsheet for elemental Hg, S, N and C cootdahts
soil layersalong with other measured and recorded variables described in Chapter 4
was used again for data analy3ike soil related data aseimmarizedy mean value,
standard deviation, standard error, and rangebielll A (Appendixlll). Elemental
Hg, S, N and C concentrations within the individual soil samples were plotted by way
of box plots, bysoil layer(L, F, H, A) and location(island, coast, mainland), and the
test statistics were conducted by ANOV&#lso see Chapter #Hg concentations of
the soil were also graphed versus S, N and C soil concentratiorsilblayer
Average THg/C, THg/N ratios were plotted agaiagerageC/N ratio to determine

the extent to which these concentrations and ratesorrelatel with one another.
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Simple and multiple regression analys@sxplained in Chapter 4were then
performed to determine which soil attributes influence the observed soil THg
coneentration variations the most. In this analysis, THg concentratiossilistrate

(soil and mossesgs dependent variable were related to several independent variables
such as solil layer type, elemental S and C of soil, soil thickness, moss species, and

location.

RESULTS AND DISCUSSION

THg concentrations of 659 soil samples were determined: 21darmpeés,
272 F samples, 35 Kamples, and 136-AamplesMeanTHg concentrations of soil
were significantly different among soil layers (ANOVA:vBlue > Fcritical, P <
0.0001)(Figure 7.1; Table 7.1Yhe organic k, I, and H soil layershad higher THg
concentrations than the underlying layer (ANOVA: F-value> Fcritical, Pvalue <
0.0001) (Figure 7.1; Table 7.2, with the H and F-layers averaging THg
concentrations a299 and 260 ppb, dw respectively. The.-layer hada meanTHg

concentration of 1¥ppb, dw. The Alayerhada meanconcentration of 11ppb, dw
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Figure 71. THg concentrationsppb, dw in soil, by soil layer

Table7.1. ANOVA table for THg concentrations of soil layers frometlthree study
locations (island, coast, and mainland).

Sourceof variance DF SS MS F-value P-value
Soil layer 3 3,143,629.4 1,047,876.5 102.802 <0.0001
Residual 655 6,676,521.7 10,193.2

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,3,655= 2.60; F-value > Fcritical
Soil layer: L, F, H, A

Table 7.2. ANOVA table for THg concentrationsppb, dw of organic and mineral
soil from the three study locations (island, coast, and mainland).

Souce of variance  DF SS MS F-Value P-value
Organic / mineral soil¢ 1 1,196,167.2 1,196,167.2 91.127 <0.0001
Residual 657 8,623,984.0 13,126.3

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,1,65s= 3.84; Fvalue > Fcritical
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In general, THg concentrations followed the orddayer< L-layer< Flayer<
H-layer. A-layer THg concentrations were likely lowest because of its high mineral
content: most Hg in thimyerwould be associated with its organic matter content, or
Carbon (C) content (see below). In terms of sampling locatwerall soil layers
THg concentrations varied such that THglgnd > THg (coast) > THg (mainland).

In particular, soil THg concentrations averaged @pb, dwon Grand Manamsland,
with a hghest mean concentrations of about ppb, dw in contrast, average THg
concentrations were 180 and 1pPpb, dw at the coast and mainland locations,
respectively.The test statistics (ANOVA) showed that soil layer and location had
significant influences o THg concentrations of soil {Falue > Fcritical, Pvalue <
0.0001) but the soil layer type and location interaction was not significaral(e =
0.0029) (Table 7.3) This sequence was likely due to the general atmospheric
deposition gradient regardingrecipitation (mm/year)and wet deposition fluxes
(kg/hal/yr) of H, N, S, Ca, Mg, K across the sampling areas (NBrenmentReport,

see also websites), being highest over Grand Méstand lower along the coast, and
lowest at the mainland locatiomt each sampling locationssfand, coast, and
mainland), THg concentrations increased consistently from the #e L, F and

H-layers (Figure7.2).

112



THg (ppb)

1000
---- The highest (above F
1 line) andthe lowest(below N = 109
line) mean values ®
800

600

400

200

Figure 72. THg concentrationgppb, dw in soil, by soil layerand Iaation (sland
coastand mainland).

Table 7.3. ANOVA table for THg concentrations of soil from the three study
locations (island, coast, and mainland).

Sourceof variance DF SS MS F-value P-value
Soil layer 3 2,763,217.1 921,072.4 101.745 <0.0001
Location 2 563,168.0 281,584.0 31.105 <0.0001
Soil horizonx Location 6 182,065.3 30,344.2 3.352 0.0029
Residual 647 5,857,106.1 9,052.7

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,2,6a= 22.99; Fvalue > Fcritical

F(critical) 0.05,3,64= 2.60; Fvalue > Fcritical

F(critical) 0.05,6,64= 2.09; Fvalue > Fcritical

Soil layer: L, F, H, A; location: island, coast, mainland
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The ANOVA tables andomparison of THg concentrations of dayers from
the three study locations areosin in Tables 7.4i 7.9. The significant effect of
location on the variation of THg concentrationslin F, and H layersis shown in
Tables 7.47.6, and 7.8 (Ralue < 0.0001). Aonsistentlecrease of THg cdent was
for L-layer from island to coast {falue < 0.0001) (Table 7.5JHg concentrations in
F- layer significantly decreased from island to sb mainland: island versus coast
(P-value = 0.0001), island versus mainlandvéfue < 0.0001) (Table 7.7For H
layer the significant effect of location on the variation of THg concentrations was for

island versus mainland {\alue = 0.00002) (Table 7.9).

Table 74. ANOVA table for THg concentrations df-layer from the threestudy
locations (island, coast, and mainland).

Source DF SS MS F-value P-value
Location 2 143,936.6 71,968.3 12.343 < 0.0001
Residual 208 1,212,803.0 5,830.8

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,2,206= 2.2.99; Fvalue > Fcritical

Table 75. Comparison of THg concentrations (ppb, dw) eflayer from the three
study locations (island, coast, and mainland).

Location Mean Diff. DF t-value P-value
Island vs coast 43.734 108 2.676 0.0086
Coast vs mainland 30.406 176 2.581 0.0107
Island vs mainland 74.14 132 5.108 <0.0001

DF: degree of freedonMean Diff.: Mean difference
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Table 76. ANOVA table for THg concentrations of-layer from tke three study
locations (island, coast, and mainland).

Source DF SS MS F-value P-value
Location 2 370,463.5 185,231.7 14.054 < 0.0001
Residual 269 3,545,435.8 13,180.1

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,2,50= 2.2.99; Fvalue > Fcritical

Table 77. Comparison of THg concentrations (ppb, dw) efl&yer from the three
study locations (island, coast, and mainland).

Location Mean Diff. DF t-value  P-value
Island vs coast 82.84 160 3.897 0.0001
Coast vs mainland 11.367 211 0.83 0.4074

Island vs mainland  94.207 167 5.003 < 0.0001
DF: degree of freedonMean Diff.: Mean difference

Table 78. ANOVA table for THg concentrations of -tdyer from thethree study
locations (island, coast, and mainland).

Source DF SS MS F-value P-value
Location 2 275,522.3 137,761.1 11.803 0.0001
Residual 32 373,499.9 11,671.9

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,2,3= 3.31; Fvalue > Fcritical

Table 79. Comparison of THg concentrations (ppb, dw) oflalyer from the three
study locations (island, coast, and mainland).

Location Mean Diff. DF t-value P-value
Island vs coast 217.741 10 4,598 0.001
Coast vanainland 64.922 29 1.451 0.1576

Island vs mainland 282.662 25 4.458 0.0002
DF: degree of freedonMean Diff.: Mean difference
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According to the literature, THg concentrations in soil substrates tend to vary
widely, as summared in Table 7.0. Some of these variations are due to the nature
of the studieswhich wereoften conducted in areas with past Hg exposure. In studies
that deal with Hg speciation, most of the Hg stored in mineral soils, and poorly
drained soils in partidar, is in the form of highly insoluble HgfRevis et al. 1990)
However, small amounts are also found in the form dPHgleHg compoundsand
organically complexed Hg (Revis et al. 1990) Typically, in this study THg
concentrations drop from tegnilsto subsoils by 1 to 2 orders of magnitude, thereby
suggesting that Hg in soils is more derived from surface sources than underlying
geological source coupled with soil weathering. Exceptions to this occur in areas
underlain by Hecontaining heawnetal ore bodies. In fact, analyzing trspatial
distribution pattern of Hg in suboils above such ore bodies has become an important
component of geological prospecting procedures to locate and define the extent and
heavymetal content of these geological fations containing these ore bodies

(Revis et al. 1990)
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Table 7.10. Comparison of THg concentrationgpp, dw in soil, by soil type and
soil layerfrom different studiel Data from other studidi,

studies; adM data from this study.

data from this and other

L&F:0-3.5cm
H: 3.57.5cm

Ahe: 7.520 cm

B1:20-40 cm

B2: 40-60 cm

O | 50 | 100 | 200 | ©
Soil layer 50 | 100 | 200 300 | 300 Reference
ppb | ppb | ppb ppb ppb
Podzol soil
O (F) (Eriksson 2002;
H Gladkova &
E (Ae) I\/_Ialinin_a 2005;
B1 (upper 10cm) Iig]gf)VISt et al.
B2 (1030 cm depth)
BC (down to 60 cm)
C
Litter (Hardwood stand (Taylor et al.
o) 2005)

(Schwesig et al.
1999)

C: 6080 cm

Forest floor (66 cm) &
mineral soil (530)

Peatlike mor: G20 cm

Peatlike mor: 2640 cm
Peatlike mor: <50 cm
Ah: 507 90 cm

(Revis et al. 1990

(Eriksson 2002;
Schwesig et al.

1999)

C: 90100

Peatlike mor: 020 cm

Ped-like mor: 2640 cm
Ah: 507 90 cm

(Eriksson 2002)

* Affected site by atmospheric Hg emission

** Polluted sites where 90 % of THg in the soil was in a form of HgS.



In terms ofS, N, and Ccontentstherewasa significant difference among soill
layers (ANOVA: Fvalue > Fcritical, Pvalue < 0.0001)Figures 7.3i 7.5; Tables
7117 7.13). Particularly,therewerelarge differences betwee, N, and C contents
of the organic (L, F, H) and minerabil layersof this study(ANOVA: F-value> F
critical, Rvalue < 0.0001)Tables7.147 7.16): for the organidayers, C/N/Sratios
generally vaied in the proportion®f 300:10:1 respectively, with a C content at 46
%, which is somewhat less than the 58% C content of pure and fully humified soil
organicmatter (Bohn et al. 1985). Typic8| N, andC % values in mineral sowere
1 and 0.1 to 0.050, respectively (Bohn et al. 1985, Gladkova et al.5200ut the C,

N and S % values of the soils of this studere 10 and to 0.5 and 0.05 %,
respectively. Geerally, organic matter levels in the-lAyers drop, by definition,
from the Ahlayerto the Ahelayer and then to the fully leached Aayer. Organic
matter is introduced into minerals sollg bio-mixing, root growth and decay, and
soil eluviation, or leaching of dissolved organic matter from the upgmsl layersinto

the lowersoil layers(Bohn et al. 1985).Figures 7.3, 7.4and 7.5 show how the S, N,
and C % values vary from low to high across Hudl layers with the Alayers
generally having thdeast S, N and C concentrations. THdayer has lower C
concentrations than tHelayer, which also tends to have lower% values than the
L-layer. This sequence is likely dictated by an increased inclusion of mineral soil

particles in theH-layer.
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Figure 73. Total S content (%) in sqiby soil layer

Table7.11. ANOVA table fortotal S contents (%) of soil layers from the three study
locations (island, coast, and mainland).

Sourceof variance DF SS MS F-value P-value
Solil layer 3 11 0.4 203.981 <0.0001
Residual 655 1.2 0.0

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,3,655= 2.60; Fvalue > Fcritical
Soil layer: L, F, H, A
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Figure 74. Total N content (%) in sqiby soil layet

Table7.12. ANOVA table fortotal N contents (%) of soil layers from the three study
locations (island, coast, and mainland).

Sourceof variance  DF SS MS F-value P-value
Soil layer 3 1371 45.7 309.671  <0.0001
Residual 655 96.6 0.1

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,3,655= 2.60; Fvalue > Fcritical
Solil layer: L, F, H, A
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Figure 75. Total C content (%) in sailby soillayer.

Table7.13. ANOVA table fortotal C contents (%) of soil layers from the three study
locations (island, coast, and mainland).

Sourceof variance DF SS MS F-value P-value
Soil layer 3 151,768.4 50,589.5 869.592 <0.0001
Residual 655 38,1054 58.2

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,3,655= 2.60; Fvalue > Fcritical
Soil layer: L, F, H, A

Table7.14. ANOVA table fortotal S contents (%) adrganic and mineraoil from
the three study locations (island, coast, and mainland).

Sourceof variance DF SS MS F-value P-value
Organic / mineral soils 1 1.0 1.0 495.487 <0.0001
Residual 657 1.3 0.0

DF: degreef freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,1,65s= 2.60; Fvalue > Fcritical

121



Table7.15. ANOVA table fortotal N contents (%pf organic and mineral softom
the three study locations (island, shaand mainland).

Sourceof variance DF SS MS F-value P-value
Organic / mineral soils 1 136.6 136.6  923.359 <0.0001
Residual 657 97.2 0.1

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square
F(critical) 0.05,1,65= 2.60; Fvalue > Fcritica
Oranic soil: L, F, H- layers; mineal soil: Alayer

Table7.16. ANOVA table fortotal C contents (%)f organic and mineral softom
the three study locations (island, coast, and mainland).

Sourceof variance DF SS MS F-value P-value
Organic / mineral soils 1 145,946.5 145,946.5 2,182.9 <0.0001
Residual 657 43,927.3 66.9

DF: degree of freedom; SS: Sum of Squares; MS: Mean Square

F(critical) 0.05,1,65= 2.60; Fvalue > Fcritical

Oranic soil: L, F, H- layers; mneal soil: A layer

THg concentrations in the-LF, H-, and A-layers wereweakly correlated

with S, N, and C contents (Figw#.61 7.8). THg andS correlation were weafR?=
0.153 across the solayers (Figure7.6). THg and N correlations was muskronger
for L- and A layers (R = 0.202) than for Fand H layers (R = - 0.058, and THg
and C correlations was stronger for, F-, and A layers (R = 0.416) than for L
layers (R = - 0.053) The stronger correlation between THg and S than N and C
underscoreshe observatiothat S contributes, at least in part, to Hg retention within
the L-, F, H-, andA-layers, mostly involvingHg-S-organic matter bonds in humic

materials.
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Figure 76. Bi-variate scattergramof THg concentrationsppb, dw versus total S
content(%) in the soil.

THg (ppb)
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o
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Figure 77. Bi-variate scattergramof THg concentrationsppb, dw versts total N
content(%) in the soil(R? or coefficient of determination is defined @sSSE/SST)

where SSE is an explained sum of squares and SST is the total sum of squares. As
directed above the minus’® as the result of high variability of residuals around the
trendline, compared to the overall variability. In this case, the rekdtip between Y

and X are very week and negligible).
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Figure 78. Bi-variate scattergramof THg concentrationsppb, dw versts total C
content (%) in the soilR? or coefficient of determination is defined asISE/SST)
where SSE is an explained sum of squares and SST is the total sum of squares. As
directed above the minus’® as the result of high variability of residuals around the
trendline, compared to the overall variability. In this case, the relationship be¥ween
and X are very week and negligible).

The S content of the-, F, H-, andA-layersis in itselfwerecorrelated with the
N and C concentrations of thelsgrers, as demonstrated by thevairiate S versus C
and S versus N plots iRigures 7.9 and7.10. In turn, N is also closely related to C
(Figure 7. 11). All of trese correlations argmply due to the general make of

fresh to humified soil organic matter, with similar correlations existing for plant

organic matter in genetral
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Figure 79. Bi-variatescattergranof total S content (%) versus total C content (%) in
the soil.
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Figure 710. Bi-variatescattergranmof total S content (%) versus total N content (%)
in the soil.
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Figure 711. Bi-variatescattergranof total N content (%) versus total C content (%)
in the soil.
Overall, the THg concentrations and the THg/C and THg/N ratios ofthE-, H-,
andA-layers appear to be functionally related to

(1) the stateof organic matter humification and

(2) the slower turnover rates 8fandN versus C, and of Hg vers@andN,

Averagel-, F, H-, andA-layervalues for HgS, N, C, THg/C, THg/N, and
THg/S ratios are listed ifable 7.7 for this study, and atsfor a similar study
conducted byGladkova & Malinina(2005) at the Central Forest Reerve near the
centre of the European part of Russia (southwestern part of the Valdai Hills; Tver
region, Nelidovo and Andreapol districtisttp://www.clgz.ru/geo_en.htm Plotting
the particular values of THg/N versus C/N and THg/C versus C/N reveadeghstr
lines for each study (Figures 7.1Z-13). In turn, these particular equations can then

be used to predict average THg concentrations inthe-landH-, and Alayers,
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Table 7.17. Average elemental composition of Cdren (New Brunswick) and
Russian Tver Region soil, by soil layer.

Soil  Exp. cal
layer THg THg** C N S C/IN C/IS THg/C THg/N THg/S

ppb ppb % % % ppm___ ppm ___ ppm
CANADA
L 141 161 495 1.6 0.13 31.8 419 0.3 8.7 116
F 260 248 449 16 0.16 29.1 292 0.6 17.0 169
H 299 338 36.8 15 0.16 26.2 267 0.8 19.9 212
A 110 139 99 0.5 0.05 23.7 235 1.5 28.3 350
B1 90 N/D N/D N/D N/D ND N/D N/D ND N/D
B2 61 N/D N/D N/D N/D N/D N/D N/D N/D N/D
RUSSIA
L 97 117 429 16 0.09 323 1271 0.3 7.5 130
F 268 196 37.1 1.8 0.09 248 1110 0.5 11.2 218
H 284 209 282 15 0.08 21.8 941 1.1 19.8 374

AlA2 79 81 43 03 007 16.2 164 1.9 26.1 116
A2B 34 40 1.3 0.1 0.04 155 89 3.0 421 100

Bl 30 44 11 0.1 0.05 16.0 59 4.0 55.0 88
B2 18 23 05 0.1 004 119 34 4.4 45.0 56
C 7 8 0.1 N/D 0.06 N/D 3 11.4 N/D 13

*in the thee study locations of this study (Canada), all data for each layel
combined.
** Canadian THg concentrations were calculated by equation 3.

N/D: NO DATA

provided the QM ratio is known, as follows (for the data of thiadyt, A, L, F, and
H-layers only):

THg (ppb) = TN (g/kg) (81.2% 2.26 C/N), or,

THg =TC (4.67-0.14 C/N).
While both studies revealed straight lifes THg/N versus C/N and THg/C versus
C/N, it is important to realize that the slopes of these equations differed, such that
there appears to be a greater amount of THg retention versus C or N retention in the

sampling areas of this study versus the sampling area d@blukova & Malinina



(2005) study. This difference could possibbe due to differences in the rate
organic matter deconagition such thaslower ratesdue to a cooler climatevould
lead to lower slopes, and vice vergarerage climate conditions for the area of this

study andhat ofGladkova & Malinina(2005)study are as followgTable 7.B):

Table7.18. Climate conditios of New Brunswick andver Region

New Brunswick ** Tver Region**
Climate condition (Canada) (Russia)

Climate warmcontinental moderately

marine climate continental
Average winter temperaturéQ) (-7)-(-12) -12
Average summeemperature®C) + 20 + 22
Rainfall (mm/yr) 10007 1200 700
Fog even{days/summer month) 47 5 days* N/C

*in the fall, fog events usually occur during night time and the duration o
event lasts @ hrs especially in Grand MaméslandandNew Brunswicksouthern
coastal regions.

** data are adapted frommttp://atlantiewebl.ns.ec.gc.ca/

*** data are adapted frorhttp://www.clgz.rugeo_en.htm

N / C: Not Considered as important climatic issue.
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Figure 712. Bi-variatescattergranof THg/N (ppm) versus C/N (atomic) in Canadian

andRussianpodzol soll
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Figure 713. Bi-variatescattergranof THg/C (ppm) versus C/N (atomic) in Canadian

andRussian

podzol soll.



By using equatiomHg = TC (4.67- 0.14 C/N), a very close relationship was
found between experimental and calculated THg concentrations in théRcH
0.942) (Fig. 7.14, Table ¥7). This result reveatethat calculated valwefor THg
concentrationavere good approximatefor Hg distribution in organic soil and-A
layer of mineral soilAlthough this study focussed on analyzing THg in E-, H-,
and A-layers, to estimate the retention or loss of deposited Hg to theitsasl
important to extend the analysis of THg concentrations in the lsaiedayersas
well. Fortunately,the Gladkova & Malinina (2005%tudy also included THg, C, N,
and S datdor these lowetying soil layers and the resulting values are shown in
Table 717. Inspecting these values relative to the E-, H-, and A-layers values
revealed steady decreasing THg, C, and N values with increasing soil depth. At the
same time, C/Nand C/S ratios also decreased systematically while S values did not
change much from the -Ato the G layer. In contrast, and as to be expected, the
THg/C and THg/N ratios are seen to increas®ngly with soil depth, while the
THQ/S ratio increases towds a maximum in thél-layer, and then decreases again
towards the Qayer. A simple and besdfitted model that quantified the listed average
THg concentration variations in the minesalil layersfrom A- to C- layeris given
in:

THg = 35.074x (C %)°°* R?= 0.989 Figure7.15, Table 712)
which suggests that THg in the mineral soil remains mostly associated with the
organic matter fraction which in turn has its own N and S content, as opposed to the

total S content of the mineral soil. In fact, the Tkiglues in Table 77 do not,
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Figure 7.14. Bi-variate scattergram of experimental versus calculated THg
concentrationsppb, dw in the Canadian podzol soil.
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Figure 715. Bi-variate scattergam of THg concentrationppb, dw versustotal C
content(%) in the mineral Canadian & Russian soil.

correlate significantly to the S % content of the mineral soil layers froto &- (R?
= 0.0103. This, in turn, means that organically bound S remaigarocally bound,

even though there may be sufficient S in the soil to bind Hg aS.H® some extent,
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this may be due to the drainage condition of the soil: in poorly drained soil, most Hg
tends to be associated with 43g but this does not appear to the case in well
drained soils, where organic S is likely oxidized, thereby unable to bind Hg in the
mineral HgS form.

Apart from soil layertype, soil THg concentrations are also affected by the
soil layer depth of the forest floor: the deeper the deplie lower is the THg
concentrationas shown irFigure 7.16. Again, this likely relates to the overall turn
over rate of organic matter: deepayers have lower turover rate, and therefore do
not concentra THg as much as thinndayers. In this regat, the L-, ~,H- andA-
layers all follow the same curvilinear trend, except that the THg concentrations for
theL-layerare doutone half lower than the corresponding THg concentrations in the

other thredayers.

THg (ppb)
1000
O A-layer
800 1 Flayer
O H-layer
600 ©_®© O L-layer
g THg = 261x Thick 05
4001 o 8 8 R?=0.231
S o
117 8 8
0n0
200 1o/ [ g
| | o8 " a o
0 T T Y
0 5 10 15 20 Thickness (cm)

Figure 716. THg concentrationgppb, dw versusthickness (cm) of theoil layer
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Multiple regression analysis using the soil THg concentratiorsdapendent
variable, andsoil layertype, S, N, and C concentrations in each soil sample, absence
or presence odach of the four common moss species, and locastand, coast, and
mainland) and soil depth as independent variables generated théttsegtmodel
results summarized in Tablel®, and Figure 7.17. This model reflects that THg
concentrations areigher in F and Hlayersoils than the Aand L-layersoils Figure
7.1), increase with increasing S concentration in esxhlayer(Figure7.3), decrease
with increasing C content, decrease with increasing deptsoibflayers and are
enhanced by thergsence ofphagnum sp.andPleuroziumschreberimossesFinally,
the model confirms that location contributes to soil THg concentrations in the order
island> coast > mainland locatioii$ables 7.3; 7.9).

Table7.19. Summaryof regression results of THg concentratigplf, dw in fungal
substrate (soil and moss)relation to the independent variables.

Regression Reg. Std. Std. t- , Partial

variable coef. error coef. value p-value R corr.
Intercept 160.8 12.3 160.8 13.1 <0.001
F-layer 89.5 6.9 0.4 129 <0.0001 0.221 0.41
H-layer 137.1 14.8 0.3 9.3 <0.0001 0.321 0.31
Substrate thickness -10.9 1.2 -0.3 -9.1 <0.0001 0.391 0.30
Location* 33.8 4.2 0.2 8.1 <0.0001 0.431 0.27
Total S (%) 588.2 76.5 0.3 7.7 <0.0001 0.454 0.26
Pleurozium schreberi  58.3 10.6 0.2 55 <0.0001 0.468 0.19
Sphagnunsp. 44.0 8.2 0.1 53 <0.0001 0.485 0.18
Total C (%) -1.2 0.3 -0.2 -45 <0.0001 0.498 0.16

* Location as a dummy variable was codddfor mainland and) for island and
coast. This mans having fungal fruiting bodies from mainland caused THg
concentrations to be decreased by 33.8 units.
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Figure 717. Bi-variatescattergranof THg concentrationppb, dw versus fitted THg
concentrationpb, dw in the soi| by substrate laygFitted or predicted value is the

value of dependent variable that is estimated based on the regression equation. The
regression line is the best fittdide that is drawn through the data points).
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