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ABSTRAm predictions of sites and processes associated with en- 
We determined the fluxes of totd m e m r y  (HgT). total organic 

carbon (TOC), and dissolved organic carbon (DOC) from five upland1 
peatland watersheds at the watershed outlet The difference between 
TOC and DOC was detiaed as particulate OC (POC). Concentrations 
of HgT showed moderate to strong relationships nitb POC (RZ = 

0.7'7) when all watersheds were grouped. Although POC onlv accounts 
for 10 to 24% of the OC transported. we estimate that it is associated 
with 52 to 80% of the WgT transported from the five watersheds. 
Total transport of HgT from the watersheds ranged &ern 0.70 to 2.82 
pg m-2 ?-r-'. Watershed geometry and hydrology plav Important roles 
in dete-ng the influence of OC on HgT transport in forested 
watersheds, Watershed properties such as peatland area have consid- 
erable promise as predictors for estimating HgT transport in streams 
draining forested watersheds in the Great Lakes States, 

T HE fate and transport of total mercuq (HgT) in 
terrestrial environments has been little studied and 

poorly understood. A large knowledge gap currently 
exists regarding the transport of HgT in and through 
the terrestrial environment. even though it is widely 
recognized that terrestrial transport is important in de- 
termining loading of atmospherically depos~ted HgT to 
the aquatic environment f Lindqvist. 1991). In most wa- 
tersheds in northern latitudes. peatlands play an impor- 
tant role in cycling of HgT and organic carbon (OG) 
(Driscoll et al.. 1994). In soil svstems, HsT and soil 
organic matter are closely related (Grigal et al.. 1994: 
Roulet and Lucotte. 1995). as are HgT and OC in soil 
solution (Aastrup et al., 19911. The link continues to 
the aquatic system. Total Hg is positively correlated 
with OC in streamjrunoff waters (Huriey et al.. 1995; 
Lee and Iverfeldt. 1991: Johansson et al., 1991: Johans- 
son and Iverfeldt. 1993) and in lake waters (Meili et 
a]., 1991: Lee and Iverfeldt, 1991: Driscofl et al., 1994; 
Driscoli et al., 1995; Sorensen et al.. 1990). 

I t  is therefore apparent that OC plays an Important 
role In the watershed cycling of HgT; the hydroiogical 
pathwavs that controt the terrestrial transport of OC 
also influence the terrestrial transport and cycling of 
HgT (Kolka. 1996). If a close refat~onship between OC 
and HgT in solut~on exists and can be quantified. then 
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hanced HgT transport will be possible. 
Watershed parameters have also shown promise in 

predicting HgT fluxes and concentrations. Hurlev et 
al. (1995) found correlations with watershed land use 
(urban. wetland, forest. and agriculture) and HgT for 
29 Wisconsin rivers. Driscoll et al. (1995) found that 
the percentage of near-shore wetlands in a watershed 
influences HgT concentration in lakes of the Adiron- 
dack region of New York. Commontv wetlands, espe- 
cially peatlands, hold large reserves of OC. Considering 
wetlands are the source of flow to many surface waters, 
OC transported from peatlands likely influences HgT 
transport to lakes and streams. Separating the influence 
that wetlands and associated uplands have on total wa- 
tershed cycling of HgT and OC would allow watershed 
parameters such as wetland area, wetland type. upland/ 
wetland area ratio. or other physically based watershed 
metrics to be used to predict HgT loading to surface 
waters. 

The objective of this study was to compare and con- 
trast the relationships between HgT and OC concentra- 
tions and fluxes from stream waters draining five for- 
ested watersheds and assess if watershed parameters 
influence this relationship. 

MATERIALS AND MEmODS 

Site 
The USDA ForestService Marcell Experimental Forest is 

a 890-ha tract located 40 km north of Grand Rapids, MN 
(4;"32'N. 93"28'W, Fig. 1). The Marcel1 Expenmental Forest 
has been reserved for long-term research with the cooperation 
of the USDA Forest Serv~ce Korth Central Forest Expenmen t 
Stat~on. the Chlppewa National Forest, Minnesota Depart- 
ment of Natural Resources. Itasca County. and a pnvate land- 
owner. Watersheds at the Miarcell Expenmental Forest conslst 
ot an upiand portion and a peatland: the source of a stream 
Isavlng the watershed. The peatiands vary from perched bogs 
~ s i t h  11ttIe or no reglonal groundwater influence to fens with 
groundwater ~nfluence, provtd~ng a range of h~drological envi- 
ronments. T?je landscape of the Marcell Expenmentai Forest 
is typtcal of morainic landscapes in the Upper Great Lakes 
Region. provid~ng w~de appircabiljt~ of the study. The MarceIl 
E-iperrmental Forest was of part~cular merest because it has 
;t large histor~cal database concernlnlg hydrology (Nichols and 
Brown. 1980; Boelter and Verrv, 1977) and chemlcaf cycling 
and transport (Grtgal. 1391: Grban et al.. 1989; Vemy and 

Abbreviations: HET. total mercurr. 0 C .  organic carbon: TOC. total 
cireanlc carbon: DOC. d~ssoived orean~c carbon: POC. part~culatc 
organic carbon 
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Fig. 1, Location of the Marceil Experimental Forest. 

71mmoni .  19S2: \ err!. 1981 ). Climate and hydroioe~cai dai,: 
h a \  c been collected contsnuously since 1960 

Climate 

Tnc clrrnarc of the lviarcell Experlmentai Forest IS subhumid 
cctntinental. t511h \r ,~de and r a p ~ d  d~urna l  and seasonal tempera- 
t u r e  tluciuatli~n. i \  err\  et ; i f  . 19Xh) Thc averact' annu,ii ali 

rcmperaturc 1,: C . x ~ t h  extremes of -46 C and -4'' C A t e r a r t  
.I,inu,ir\ anJ  JuI t  temperature\ are - 14 C' and it; C . rt.snt,- -- - 
11\ci \  ( \  crr:. 1 Y h i  J. ;inJ a \eragc annuai preclnitdrlc>r 1 -  

- 

crn wjth 75"0 occurr~ng in the  snoit-tree p e r ~ o d  I mid-April t~ 

eari\ So te rnher ) .  An aterase  of 6s rainstorm3 occur each 
t e a r  but normal/\  oni! three to four rxcecd 2 1 crn 4 \ err\ e l  
' i i . .  1988) 

Summary of watersheds (Table 1 )  

S l  Watershed. 7 hc Si Vl atershed contain\ an S.1-ha blac!. 
spruce jF-'icr.ir nrartun,: Ihlili 1 13 S 1' 1 horr r h ~ i t  x a i  har\ested 
II I  1 t x k 1  \ U C C ~ S \ I \ C  strip cut" ' \ r ap,trt i iQo"li~~& Ici7-l I C ur- 
rentit thc Ooi r  ott.ri.ton l i  ifonlin:tlcd h: -2-rn black spru,, 



768 J .  ENVIRON. OGAL.. 

ary infomation for the five study watersheds at 
the Marcell Experimental Forest. 

Peatinnd lipland Pestland Meao 
Watershed V P  m a  area ourlet 

ha - pH 
S 1 Bog 3.1 8.1 4.0 
S2 Bog 6 5  3.1 4.0 
S3 Fen 121.4 18.5 7. I 
S4 Bog 3 . 9  8.1 4.3 
S5 Bog 565 6.1 4.4 

with a significant component of paper birch (Berulu pup~tnkra 
Marsh.) of similar height. The 25.1-ha upiand IS dominated 
by mature trembling aspen (Populus rremuloides Michx.) and 
paper birch. Soils include the Greenwood serles (Typic Boro- 
hemist) in the bog and the Warba series (Gloss~c Eutroboralf) 
in the upland (Soil Survey Staff. 1987). Flow from S l  was not 
directly monitored during the study. Streamflow was estimated 
from historic regressions relating S1 and S3 (R' = 0.90, p = 
0.0001 1. 

S2 Watershed. The S2 Watershed contains a 3.2-ha mature 
black spruce bog and a 6.5-ha upland dominated by mature 
trembling aspen and paper birch. The S2 Watershed has been 
used as a control for studies conducted in other watersheds 
on the Marcell Experimental Forest and has also been used 
to study nutnent cvcling, peatland dynamics, vegetation com- 
munlties, GOz, and Cf-I, emissions and various hvdrological 
processes. Soils in the watershed are dominated by the Loxly 
senes (Typic Borosaprist) in the bog and the Warba series 
in the upland (Soil Survey Staff, 1987). Flow from the S2 
Watershed is monitored with a v-notch weir at the outlet. 
Surface and subsurface runoff are monitored on north- and 
south-facing slopes of the upland. 

S3 Watershed. The S3 Watershed contains an 18.6-ha fen 
dominated by a 24-yr-old stand of willow (Sulrx spp.), speckled 
alder [Ainus rugosa (DuRoi) Spreng.], black spruce. and paper 
birch. The entlre fen was clearcut in the winter of 1972-1973. 
The effective contributing area to the fen includes 121.4 ha 
of upland (Sander. 1971) that consists of a m~xed canopy of 
trembling aspen. paper birch, balsam fir [Abies balsarnea (L.) 
Mill.], and red pine (Pinus resrnosu Ait.). Soils in the fen are 
dominated by Moose Lake (Typic Borosaprist) and Lupton 
series (Typic Borohemist) and Menahga (Typic Udipsam- 
ment) and Gravcaim series (Alfic Udipsamment) in the upland 
(Soil Survey Staff, 1987). Flow from S3 is not currently being 
monitored but well levels within the fen were monitored dur- 
ing the study and are related to flow at the outlet (R2  = 0.99. 
p = 0.0001). 

S4 Watershed. The S4 Watershed contains an 8.1-ha mature 
black spruce bog and a 25.9-ha upland dom~nated by a canop? 
of 25-vr-old trembling aspen and paper birch. The mature 
aspen-birch upiand was cut in 1971 and allowed to regenerate 
naturally. Soils In the watershed are dom~nated by the Green- 
wood series in the bog and the Nashwauk serles (Typic Glosso- 
boralft in the upland (Soil Sufvev Staff, 1987). Flow records 
from SJ were not available during the study. but hlstonc 
monthly fiows %ere related to flows from the 52 Watershed 
(R- = 0.9 1. p = 0.0001 ). 

S5 Watershed. The S5 Watershed contalns a 6.1-ha mature 
black spruce bog and a 46.5-ha upiand with areas of mature 
and young trembling aspen. paper birch. and balsam fir. The S5 
Watershed was used as a control watershed for the prev~ousiy 
discussed harvesting study in S I .  Soils in the watershed consist 
of Moose Lake and Lupton series In the bog and Menahga 
and Nashwauk senes In the upiand (Soil Survey Staff. 198;). 
Flaw records from S5 were not available during the stud?. 
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but historic monthly flows were related to flows trom the S2 
Watershed (I?' = 0.89, p = (1.0001 1. 

Hydrologic Data Collection and Water Sampling 
Flow at the .Marcell Expenmental Forest usually ceases for 

2 to 4 mo durrng the winter (Decemkr-March) providing 
a hvdropenod of approximatelv 8 to 10 mo, depending on 
watershed and the climate of a particular year. Outlet waters 
were sampled biweekly for four of the watersheds (Sl, S2, S4, 
and S5) for the hydroiogic years 1993-1995. A fifth watershed 
(33) was added in 1994. Two long-term, upland runoff plots 
on the S2 Watershed (Warba senes) were sampled after every 
storrn that produced runoff. These plots drained only mineral 
solis. Three subsampies were collected per sampling event, 
one for the determination of HgT, a second for DOC. and a 
th~rd  for TOC, pH, cations, and anions. Trained USDA Forest 
Service employees collected all the samples with a modified 
clean protocol. Sampling was conducted by a single individual 
with clean polpiny1 chloride gloves and a Teflon ladle. Sample 
Teflon bottles were washed with a portion of the sample be- 
fore collection. 

Total Mercury and Organic Carbon Analysis 
Total Mercury Analysis 

Rigorously tested cleaning and analytical procedures were 
used throughout sample handling and analysis. Total Hg was 
measured by double amalgamation cold vapor atomic fluores- 
cence spectrometry (WAFS)  (Bloom and Grecelius, 1983). 
Most samples for HgT determination had bromine monochlo- 
ride (BrC1) added during sampling and were analyzed within 
the f~llowing few days. Samples not immediately oxidized 
with BrCl were frozen; BrCl was added directly to frozen 
sampies and digestion occurred while thawing. After BrCl 
addition, sampies were digested overnight on a heated sand 
bath at 70°C. Before analysis, excess B r a  was reduced by 
the addition of hydroxylamine hydrochioride (NHIOH-HCI). 
Sample aliquots (0.5-100 mL, depending on expected HgT 
concentration) were added to bubblers and Hg2+ was reduced 
to Hgo by 5 mL of SnCE. The bubblers were purged for 20 
min with Hg-free N? gas and H$ was collected on the sample 
gold trap. Sample traps were heated for 4 rnin at 5 0 ° C  and 
H g  was collected on the analytical trap. The analytical trap 
was then heated for 3 rnin and HgO passed into the spectrome- 
ter. and H$ peak area was recorded by an mtegrator. 

Organic Carbon Analysis 

Samples measured for DOC were filtered through 0.7-pm 
glass fiber filters and analvzed by a standard low-temperature 
Dohrman DG-80 total OC analvzer. Unfiitered (TOC) stream 
samples were measured using the same procedure. 

Total MercuyOrg-anic C 
ControYQualiQ Assurance 

For HgT analvsis, all open container operations were con- 
ducted under a HEPA filter rn a cteanroom. All laboratory 
analyses were conducted in full cleanroom garb including lint- 
free coats and hats. The fleld coHection method was compared 
to the more established dtrtv hands-clean hands protocol (St. 
LOUIS et al.. 1994). A set ot seven outlet sampies collected 
wrth both methods showed no signtficant differences among 
paired sampies (paired t-test = 0.18, p = 0.86). To assess the 
Impact of freez~ng on HgT concentratlon, a set of 17 sampies 
were ~mmedratelv analvzed and compared to a dupi~cate set 
that was frozen for 2 mo before anaivsis. There were no s~gnrfi- 
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cant differences among palred samples (paired r-test = 1.55. 
p = 0.14). Cleanroom quality, polvvinvl chlonde gloves were 
worn at all times durtng handling of samples and sampling 
equ~pment. Ail gases were precieaned by gold traps berore 
contact w~ th  the sample. Reagents were routinely anaivzed 
and cleaned of HgT to the extent possible and sets of standards 
and blanks were analvzed several tlrnes each day. A mlnlmurn 
of 10% duplicates was included within each sampie train. The 
120 dupltcate sets provided a standard error f SE) of 0.28 ng 
L - '  for a mean concentration of 12.50 ng L- '  12.396). Spike 
recoveries ranged from 93 to 106% with a mean of 100.4'0. 

For OC analysis. a minimum of 1096 duplicates were In- 
cluded withln each sample train. The mean concentration for 
ail duplicates was 41.4 mg L-', with a SE of 3 . 3 O G  (rz = 58) .  

[Ions and fluxes of HeT and 06 tended toward 11near relat~on- 
sh~ps, while those relating HgT and OC fluxes to watershed 
charactenstics tended to be nonlinear tn nature. ,4naivsls ol 
covariance was used to compare linear regressron slopes 
among watersheds and mult~ple regresslon was used to assess 
watershed rnkluences on IigT and OC concentrattons and 
fiuxes. 

RESULTS 
Total Mercuw and Organic 

Carbon Concenfiations 
Biweekly concentrations of HgT and OC were con- 

Statistics verted to volume weighted mean monthly concentra- 
Linear and nonlinear regresslon were used to fit mathemati- tlons for each watershed. Total OG and DOC concentra- 

cal expressions to the data. Relationships between concentra- tions showed strong seasonal trend: for all watersheds 

-LU - C- ,,i clRd , 'Cr ' m. ry, , 
0 1 4 h X 10 12 14 Ih Ik 20 :: :.: 1% s 30 i 2  ;J ;h jr  Ic* 

Mar July Nov Mar Jill? \o\ \far July \o\  
1993 1994 1995 

I ? ~  ' . ' b - v ' . z . . . . . . . . .  . ?  

I 3 k 10 12 I4 I6 I S 2 0 2 7 2 4 I h 2 Y  10;: 3 4 1 6  IXUI 

'rlar Julv bov Mar Julk hov Mar Julv ; Z O ~  
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hlar Ju~k \o\ Mar  Jut \  \,1\ '\far JL,., to; 
1993 1 991 1995 

''tar ~ c : v  t o \  Mar  July LVoc "rar Ju1k bot 
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Fig. 1. Mean monthl? TOC. DOC. and HeT romrntraaoas for r*atmhed5 In the t.trtttt Expenmemull Forest, 



with peak concentratrons during the summer (Fig. 2) .  
Organic C concentratlons among bogs (S l ,  S2. S4. and 
S5) were similar: however. the groundwater fen (S3) 
had considerably lower OC concentratlons (Fig. 2) .  

Total Hg concentrations were variable. with annual 
peak concentrations sometimes associared with peaks 
in O C  ie.g.. for S4 in August 1995: Fig. 2 )  and at other 
times there was lit tie apparent correlation with e~ ther  
TOC or  DOC (e.g.. for S2 in July-Sept. 1995: Fig. 3). 
Correlations ( R 2 )  between monthly HgT and elther 
TOC or DOC did not exceed 40% for any watershed. 
Although DOC and TOC show annual cycles of concen- 
trations, generally peaking in summer. HgT concentra- 
tions are variable. with peaks observed in summer f e.g.. 
for S5 in July 1993: Fig. 2), spring (e.g.. for S1 in May 
1994: Fig. 2) and fall (e.g.. for S2 in November 1993: 
Fig. 2). Concentrations of DOC for the bog systems (Sl ,  
S2. S4, and S5) are generally higher than those in the 
literature while those for the fen (S3: Fig. 2) are more 
comparable (11-42 mg L-', Lee et al.. 1995: 2.8-7.8 mg 
L-', Krabbenhoft et al.. 1995: 11.8-18.6 mg L-l. St. Louis 

er al., 1993: 33-5.4 mg L- . Mierle. 1990). Although 
DOC concentratrons are higher than those generally 
reported, stream HgT concentratlons are comparable 
r 1.3-7.3 ng L-', Lee et al.. 1995: 2.8-7.8 ng L-', Krabben- 
hoft et al.. 1995: 5.0-13.1 ng L-', St. Louis et al., 1994: 
2.9-11.2 ng L-'. Westling, 1991; 7.0-8.3 ng L-', Lee and 
Iverfeldt, 1991: 1.6-3.2 ng L-" Mierle, 1990). For all 
streams for the period of record, HgT concentration 
averaged 9.1 ng L-I. 

I t  appears from the above results (Fig. 2) that the 
generation of TOC and DOC is related to temperature 
and microbial processes; however, other factors are in- 
fluencing HgT concentrations. Although poor correla- 
tlons were found between monthly DOC or TOC and 
HgT. s~gnificant positive relationships were found be- 
tween POC (particulate organic carbon) and HgT (Fig. 
17) .  Particulate OC was operationally defined as the dif- 
ference between TOC and DOC, or as the fraction of 
OC > 0.7 pm. When all watersheds and months are 
grouped. a significant positive relationship continues to 
exist between HgT and POC (Fig. 3). To  our knowledge. 

O J 6 8 1 0  0 \ 10 15 20 

POC (mg L- f )  POC (mg L-') 

0 1 2 3 3 5  il 2 4 h 8 I0 12 

POC ( rng L-i 1 POC (mg  L- ')  

0 2 3 h R 1 0 1 : 1 3  0 F 10 15 20 

POC img L-') POC t mg L-' 1 

Fig. 3. Relationship between HgT and POC for watersheds in the Marcel! E x p r i m e n d  Forest. Sl Watershe& WgT = 1.99 l.OI(POC). r 2  - 
058. p = 0.0001. S2 Watershed, HgT = 4.58 - 30(POC),  r' = 0.76. p = O.(W)I)I. S3 Watershed, HgT = 0.82 + 0.714POC). r 2  = 0.57, p = 

0.0003. S4 Watershed, HgT = 1.91 - IS4(POC). r L  = 054, p = O.OO1. S5 Watershed, HgT = 5.95 + OR( POC), r' = 0.49, p = 0.0004. All 
5ites, HgT = 0.99 + l.M(POC), r: = 0.60, p = 0.0001. Note differences in scale. 



n o  other study has compared POC and HgT concen- 
trations. 

Volume \B ~ h t e d  mean monthly HgT concentrations 
were signif~cclntiy different among watersheds ( p  < 
0.fKfl). Analvsts of covariance lnd~cated that the slopes 
of the HgT-POC relat~onshrps for individual watersheds 
were s~gnificantly different from zero ( p  < 0.001) but 
aiso different among watersheds ( p  < 0.001). Account- 
ing for the variabilitv that watershed imposed on the 
overall HgT-POC relationship ( p  < 0.001) increased 
the explained variation from 0.60 (Fig. 3) to 0.77. 

The slope and ?-intercept of the HgT-POC relation- 
ships for each watershed are important when assessing 
the sources of HgT in the watershed (Fig. 3). The 
v-intercept is the concentration of HgT that is associated 
with DOC or inorganic complexes and the slope repre- 
sents the ng of HgT associated with each mg of POC. 
We assume that the HgT not associated with POC is 
associated with DOG. Since the majority of HgT present 
in soils occurs as Hgp and the high affinitv of HgL- for 
organic matter and soil clays. the ion is not very mobile 
as a simple salt (Schuster. 1991). Although Cl- and 
OH- both form highly soluble complexes with Hg'- 
(Schuster. 1991). their relatively low concentrations in 
most forest soils iimit their effectiveness in transport. 
The HgT associated with DOC (y-intercepts) was re- 
gressed upon watershed characteristics (peatland area. 
upland area. watershed area. and uplandipeatland ra- 
tio), and was most closely related to the peatland area. 
As peatland area increases, the HgT associated with 
DOC decreases (Fig. 4). High production of DOC in 
peatlands evidently overwhelms the Hg available for 
transport, decreasing the Hg'DOC ratio. Runoff from 
uplands. with short residence times and lower DOC. 
should have higher HgT associated with DOC. In an 
associated study of upland runoff in the S2 Watershed 
(Kolka, 1996). we found the HgT associated with DOC 
to be much higher in upland runoff (10.50 ng L- ) than 
in stream waters. substantiating our hvpothesis (Fig. 4). 

Although HgT associated with DOC was most closely 
related to peatland area. the HgTlPOC ratio (i.e.. the 
slope of the relationships in Fig. 3) was more closely 
reiated to upland area. As upland area increases. the 

- 1 1 - 0 '  1 

0 3 10 t i -  5 2r) 
Peariand Area (ha  J 

Fig, 4. Relationship between peatturd area and the HeT aswmated 
rrith DOG for stream waters at the watershed outkts 4 HeT = 7.03 

A"a', r :  = 0.79. p = 0.04351. The CPL s~rnbol 
represents upland runoff data from collecton i w t e d  in t k  St 
\Fatetrhea and were not used in the regre5sion. 

HgTIPOC ratlo decreases (Fig. 5 ) .  We believe that waxer 
residence tlme and water sources also influence this 
relationship. We estimated the trme of concentration of 
stormflow waters (Gray, 1973) as a surrogate for water 
residence trme In these watersheds. The time of concen- 
tration is the time required for the entire watershed ro 
contr~bute runoff at the outlet dur~ng a storm event. The 
time of concentration for S2. the smallest watershed. rs 
approximately 50% that of S1, S4, and S5 and approxr- 
matell; 25% that of S3. Particulates derived from the 
uplands of a large watershed such as S3, have a greater 
opportunity to settle or become trapped because water 
Row paths are ionger and water residence time is greater 
than in a smaller watershed such as S2. Although the 
total particulate load in streams may increase with wa- 
tershed size, the proportion of HgT in the load decreases 
because of the greater opportunity for HgT to volatilize 
or be complexed with more immobile forms of soil OC. 
If the above hypothesis is true. then the HgT:POC ratio 
for relatively 11ashy upland runoff should be higher than 
that of streams. In the study cited above (Kolka. 1996). 
we found that to be the case (Fig. 5; 2.59 ng HgTi 
mg POC). 

Poor relat~onships existed between flow from individ- 
ual watersheds and either HgT or OC concentrations: 
none expialned >50% of the variation. We found no 
studies that found a relationship between HgT and flow. 
although several have correlated flow with OC (Heikkl- 
nen, 1990: 5lcDowell and Likens. 1988: Clair and Freed- 
man. 1986: Naiman. 1982). Poor relationships were aiso 
found between pH and HgT concentration for individ- 
ual watersheds: no correlations explained >25% of the 
variation in HgT. Unlike HgT concentrations. pH for 
individual watersheds varied little over the duration of 
our study. 

Total biercury and Organic Carbon Fluxes 
Monthly fluxes of HgT and OC were calculated for 

each watershed. summed annuallv, and means were cal- 
culated for the period of record (Table 2). Although 
concentrations were low in waters from the groundwater 
ten (Fig. 3 t. its high flow results in the greatest fluxes 
of HgT and OC. The standard error (SE) is the resuit 

c i  i * z . ' r ~ ' ' c  

(1 2 5 50 35 100 125 

Upland Area (ha) 
Fig. 5. between upland area and t 

wat waters at the Marcell 
( HgT = 3-04 - l D ( L o g  Upiand Area), r' 
The UPL n&l represents u p h d  iuno 
located in the 51  Watershed, and were not 
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Table 2, Annual and mean fluxes of HgT and OC for the five study watersheds (standard error in parentheses). 

Watershed Year Flow HeT DOC POC 

S 1 

Mean 
S2 

Mean 

S3 

Mean 
s4 

Mean 
S5 

Mean 

of propagation of uncertainty associated with concentra- 
tion measurements, predicted flow and the variation 
among the 3 yr of the study (2 yr for the S3 Watershed). 

Peatland Area (ha) 

0 
0 20 40 60 80 100 120 I40 

Upland (ha) 
Fig. 6. Rehtionships between total outlet fluxes of HgT. POC, and 

DOC PBd ( A  i peafjand (HgT = -319 - 1484Peatfand Area), r :  = 
080, p = 0.0398: POC = - 4 8  - 12t(Peatland Area), r 2  = 0.89, 
p = 0.0152: DOC = -202 -+ WtPeatland Area), r' = 0.87, p = 
0.0200) and ( B  ) upland area 4 HgT = 44.6 + 20.7(Uplsnd Area ), 
r' = 0.96. p = O.Mm POC = - 114 - 16.4f Upland Areat, r2 = 
0.93. p = 0.0016: DOC = 971 + 53.64Upiand Area). r' = 0.92. 
p = 0.0144) for watershds at the Marcel1 Experimental Forert. 

Standard errors associated with S2 are smaller because 
flow was directly measured. 

Mean annual HgT and O C  fluxes were related to 
both upland area and peatland area (Fig. 6). Multiple 
regressions were developed to separate the fluxes be- 
tween upland and peatland areas. Dependent variables 
were annual watershed fluxes of HgT, DOC, and POC, 
and independent variables were areas of upland and 
peatland in each watershed; regressions were forced 
through zero (Table 3). Peatland fluxes dominate the 
transport of HgT, DOC, and POC in all watersheds with 
upland fluxes becoming more important in watersheds 
with higher uplandpeatland ratios, such as S3 and S5 
(Table 4). Based on the equations (Table 3), peatlands 
play a more significant role in transport of DOC than 
HgT or POG (Table 4). This emphasizes our earlier 
point that peatland area was more closely related to the 
HgT associated with DOC while upland area was more 
closelv related to the HgTlPOC ratio. 

Although total fluxes of HgT and OC are related to 
areas of peatland and upland, comparisons are compro- 
mised because of correlations of area with flow. espe- 
cially peatland area ( r2  = 0.97, p = 0.0027). To avoid 
these problems, total fluxes were converted to fluxes 
per unit area of watershed (Table 5). Although the 
groundwater driven fen (S3) has significantly higher 
flow per unit area, fluxes of HgT and DOC are within 
the range of the runoff driven bog watersheds (Table 
5). The Iower concentrations present in fen waters com- 
pensate for the higher fl ow, producing similar fluxes of 
HgT and DOC per unit area. The S3 fen does have the 
highest fluxes of POC per unit area of the watersheds 
studied (Table 5) .  With higher fluxes of POC but similar 
fluxes of HgT as the bog watersheds, less HgT is associ- 
ated with POC in the fen. The range of HgT export 
from streams at the Marcel1 Experimental Forest falls 
within the range reported in the literature (0.2-4.4 pg 
m--  yr-" Mierle. 1990: 1.5-1.8 pg rn-' yr- . Lee et al.. 
1995: 1.2-2.1 pg rn-2 yr-'. St. Louis et al.. 1994). 

Watershed fiuxes of DOC per unit area are not re- 
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Table 3. MuMpIe regression equations developed to predict -4 HgT, DOC, and POC fluxes (PLA = p t l n n d  area in ha, UPA = 
upland area in ha, n = 5). Peatland area and upland area are not significantlv rebated ( p  > 0.05). R ion coeffiaents are all 
cripificsnt at the @.I@ confidence level and models are ail sipnifiesnt at the 0.01 confidence level. 

Flux PLA ( p  t CPA2 ( p ) r 

H e r  NgT fmg) = 168 x PLA) + (0.10 U P A : ~  0.12 0. U 089 
noc DOC t~rg) = (340 x PLA) - to,@ UTPA:) 0.03 0 s  0.89 
POC POC (kg) = (32 r PLAI - (0.09 CPA:) 0.05 0.01 0.98 

Table4, Percentaes of NgT, DOC, and POC fluxes from the upland and peatland portions of the watersheds studied, b 
equations in Table 3. 

HbT DOC POC 

%% atershed % Peatiand "0 Upland a~ Peatland Oo Upland Oo Peatiand Oi, U p W  

S1 90 10 92 7 81 19 
St 1 98 99 1 96 4 
S3 82 18 96 4 69 31 
S4 89 11 98 2 80 20 
S5 67 33 92 8 49 51 

lated to HgT fluxes among watersheds: however. POC 
and HgT fluxes are related, but onlv for the bog water- 
sheds (Fig. 7). These results suggest that transport of 
HgT by DOC is independent of peatland type. while 
transport of HgT associated with POC is influenced by 
peatland type present in the watershed. 

DISCUSSION 
Total Mercury and Organic 

Carbon Concentrations 
The processes controlling the transport of HgT from 

the watersheds at the Marcell Experimental Forest are 
complex. It is clear that both DOC and POC influence 
transport of HgT from the upland and peatland portions 
of the watershed. The two OC fractions were not related 
to one another. The S3 fen watershed had the I-hest  
correlation, ( r 2  = 0.36, p > 0.1) while those of the 'boz 
watersheds were lower or even negative in some cases. 
We therefore do not believe that covariance is a problem 
in our interpretations. 

While relationships between HgT and OC concentra- 
tions exist for individual watersheds. the relationships 
are stronger for POC than for DOC. It appears that 
POC is the most important terrestrial transport mectla- 
nisrn for total HgT, although the HgTLPOC ratlo at -  
pends on the watershed. The proportional extent a i  
uplands and peatlands best account for \.anations In 
HgT/OC concentrations among watersheds. The resuits 
suggest that peatlands are more influential in estabiish- 
ing the relationship between HgT and DOC (Fig. 2 1  
while the uplands control the HgTiPOC ratto in s n e m  
waters (Fig, Sj. Previous forest management pracrl- 
on the watersheds do not appear to s~glriicantty LIGU- 
ence these relationships. 

Driscoll et al. (1994) found that the percent of near- 
shore wetlands in the drainage basin of 16 Adirondack 
lakes explained 65% of the variability in total HgT con- 
centration in the lakes. We found that peatland area 
accounts for 94% of the variability in mean voiume 
weighted total HgT concentration (Fig. 8). Our results 
and those of Driscoll et al. (1994) suggest that watershed 
parameters related to wetland extent show promise in 
predicting HgT concentrations in surface waters. 

Total  mercury and Orgaaic Carbon Flaxes 
Fen peatiands have fundamentally different hydro- 

logic and chemical regimes than do bogs (Boeiter and 
Verry. 1977). Fluxes of HgT associated with DOC be- 
have sixniiarlv among all watersheds, but fluxes of HgT 
assocrated with POC behave differently in the water- 
shed with a fen (Fig. 7 ) .  IRSS HgT is associated with 
the POC transported through the fen watershed than 
in the bog watersheds. We hvpothesize that water resi- 
dence time is an Important factor leading to the lower 
HgTPOC ratio in fen-derived stream waters. Because 
S3 has the Iargest watershed and peatland, the mean 
res~dence time of waters flowing through the system 
are likely greater than those of the bog watersheds, 
As discussed earlier. POC transport in streams mav 
Increase w t h  watershed size. but the proportion of HgT 
in the load decreases because of the greater opportuaiv 
for HgT to volatilize (LLndberg et al., 1995) or be cam- 
piexed with more i m o b i l e  forms of soil OC. 

I t  IS apparent that the suspended particulate fra&on 
of rnobrie organic C plays an important role in HgT 
transport. By usrng the relationships in Fig. 3 and the 
mean annuai volume weighted concentrations for HgT, 
DOC. and POC. the percentage of HgT t r ampned  

Table 5. Unit area flux of HgT and OC from wlrl Forts? t 

Watershed Area Row &T fhn TOC fbn M)C flax POCkx  



0.0 0.5 1 .0 1.5 2.0 

POC (g  me2) 
Fig. 7. Relationship between annual unit area fluxes of HgT and POC 

for watershds at the Marcell Experimental Forest (fen not in- 
cluded the relationship, HgT = -1.08 + 3.17(POC), rL = 0.93, 
p = 0.0376). 

0 5 10 15 2 0 
Peatland Area (ha) 

Fig. 8. Relationship between mean volume weighted HgT concentra- 
tion and peatland area for watersheds at the Marcell Experimental 
Forest (HgT = 20.0 X 10 " '- Am), r2 = 0.94. p = 0.0106). 

by each O C  fraction can be estimated (Table 6). The 
percentage of HgT transported by POC ranges from 52 
to 80% for the watersheds at the Marcell Experimental 
Forest even though POC only contributes approxi- 
matelv 10 to 15% of the OC fluxes for the bogs and 
25% for the fen. 

CONCLUSION 
Both the dissolved and particulate organic fraction 

are important transport mechanisms of HgT. Although 
this study was designed to investigate the role of TOG 
in HgT transport, the results suggest that POC is the 
dominant vector of transport in all five watersheds. 
Variations in upland and peatland forest canopy and 
differences in past forest management among water- 
sheds do not appear to strongly affect the relationships 
between HgT and OC fluxes. Instead. the hi~drology as 
i t  relates to watershed geometry (the extent of upland 
and peatland in the watershed) and water sources. have 
the greatest effect on WgT and OC fluxes. These findings 
have important implicat~ons lor forest management if 
HgT transport from terrestnai svstems to surface waters 
is to be reduced. Silviculturai or construction practices 
that generate particulates. rtspeciallv upland partlcu- 
lates, should be avoided or controlled. Desisn stratepec, 

Table 6. Mean annual volume weighted HgT, DOC, and POC 
concentrations and the percentage of HgT transport associated 
with each organic fraction, 

Watershed HgT DOC POC DOC "b POC od 

that lessen particulate transport to surface waters and 
wetlands, such as the use of buffer strips. should be 
encouraged. Considering that the terrestrial transport 
of HgT can account for up to 62% of the HgT present 
in drainage lakes (Henning et ai,, 1989), and that HgT 
associated with the particulate organic fraction can con- 
tribute up to 80% of the total watershed flux, up to 
50% of the HgT in drainage Iakes could be derived 
from terrestrial particulates. 
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