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Abstract Throughfall and bulk precipitation samples
were collected for two watersheds at Acadia National
Park, Maine, from 3 May to 16 November 2000, to
determine which landscape factors affected mercury
(Hg) deposition. One of these watersheds, Cadillac
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Brook, burned in 1947, providing a natural experi-
mental design to study the effects of forest type on
deposition to forested watersheds. Sites that face
southwest received the highest Hg deposition, which
may be due to the interception of cross-continental
movement of contaminated air masses. Sites covered
with softwood vegetation also received higher Hg
deposition than other vegetation types because of the
higher scavenging efficiency of the canopy structure.
Methyl mercury (MeHg) deposition was not affected
by these factors. Hg deposition, as bulk precipitation
and throughfall was lower in Cadillac Brook water-
shed (burned) than in Hadlock Brook watershed
(unburned) because of vegetation type and watershed
aspect. Hg and MeHg inputs were weighted by season
and vegetation type because these two factors had the
most influence on deposition. Hg volatilization was
not determined. The total Hg deposition via through-
fall and bulk precipitation was 9.4 pg/m*/year in
Cadillac Brook watershed and 10.2 pg/m?/year in
Hadlock Brook watershed. The total MeHg deposi-
tion via throughfall and bulk precipitation was
0.05 pg/m*/year in Cadillac Brook watershed and
0.10 pg/m*/year in Hadlock Brook watershed.

Keywords mercury - methylmercury - throughfall -
atmospheric deposition - Maine, USA - Acadia
National Park
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1 Introduction
1.1 Background

Mercury (Hg) is of environmental concern because of
its health effects on terrestrial and aquatic biota. Both
mono- and dimethyl mercury (MeHg) are extremely
toxic species of Hg that are absorbed through the skin
and membranes of aquatic animals and accumulate in
tissue over time. Dimethyl mercury is very volatile
and rarely found in environmental or biological
matrices. Consumption of contaminated animals by
humans, and other organisms, incorporates the accu-
mulated Hg into the consumer’s tissues, which can
cause nerve and brain damage, and even death.
Current health advisories in the U.S. discourage fish
consumption for pregnant women and children, and
recommend limits for adults, based on Hg concen-
trations in the fish (US EPA, 1997).

Mercury is released to the environment by natural
and anthropogenic processes. Pre-industrial levels of
Hg deposition to lakes in Maine, as shown by lake
sediment cores, were less than 50% of maximum
levels reached in the 1970s. Deposition has declined
to less than half of the maximum, reflecting changes
in modern industrial practices. However, substantial
anthropogenic input to Maine’s ecosystems continues
(Norton et al., 2000).

Mercury has a high vapor pressure (0.0017 mm of
Hg at 25 °C), causing it to exist primarily in the vapor
phase in the atmosphere, which is its major global
transport mechanism (Mason, Fitzgerald, & Morel,
1994). Mercury is typically released to the atmo-
sphere in gaseous or ionic/particulate form and can
remain in the atmosphere for one year or more (US
EPA, 1997). Mercury emitted from sources can be
deposited in the immediate proximity of the source as
particulates, while the gaseous fraction and the light-
est particles can be transported long distances (Mason
et al., 1994). The result is long-range transport of Hg
from points of release to areas remote from human
activity where Hg is intercepted by vegetation or
other exposed structures, accumulating on their
surfaces as dry deposition. New England receives
30% or more of its Hg from long-range sources
outside the region (US EPA, 1997), prompting the
U.S. Environmental Protection Agency (US EPA) to
initiate a program to investigate what factors control
biogeochemical cycling of Hg at the watershed scale.
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1.2 PRIMENet paired watershed project

Two watersheds were chosen in Acadia National Park
for a paired watershed project to determine differ-
ences in nutrient and metal deposition, internal
cycling, and export at a burned versus an unburned
watershed (Figure 1). This study was part of the US
EPA’s PRIMENet (Park Research and Intensive
Monitoring of Ecosystems Network) project, in
conjunction with the United States Geological Survey
(USGS), the National Park Service (NPS), and the
University of Maine. Cadillac Brook watershed,
which is dominated by deciduous hardwoods with
patches of softwood, burned in 1947 and, due to thin
soils and harsh exposure, regeneration of the forest
has been slow (Schauffler et al., in press). Much of
the soil organic layer was probably removed through
combustion and the subsequent erosion following the
fire, and Hg is hypothesized to have volatilized from
the upper mineral soil layers.

Hadlock Brook watershed, the reference watershed,
is forested primarily by non-deciduous softwood
species and has not burned in recent history (Schauffler
et al., in press). The Hadlock Brook canopy is more
continuous and the soil organic layer (forest floor) is
thicker than at Cadillac Brook watershed. These two
watersheds provide a natural experimental design for
the study of Hg deposition and transport because of
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Figure 1 Location of Mount Desert Island and the study
watersheds. C Cadillac Brook watershed, H Hadlock Brook
watershed.
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their proximity and similarities in topography and
climate, and their differences in disturbance history
and modern dominant vegetation type.

1.3 Hypothesis

The hypothesis for the Hg biogeochemical cycling
portion of the PRIMENet project was that total Hg
export from the burned watershed (Cadillac Brook)
would be lower than the reference watershed (Had-
lock Brook) because:

* The soil pool of Hg was depleted at Cadillac
Brook watershed due to fire history;

* Landscape characteristics at Cadillac Brook (veg-
etation type, watershed aspect) result in lower Hg
deposition.

1.4 Objectives

The first objective of the project was to develop Hg
and MeHg input/output fluxes for each watershed,
through determination of the volume and Hg concen-
tration of bulk precipitation, throughfall, and litterfall.
The second objective was to identify landscape
characteristics governing Hg deposition, and integrate
the effects of these characteristics into the develop-
ment of Hg and MeHg mass balances.

This purpose of this paper is to present the
landscape characteristics that influence Hg and MeHg
deposition via throughfall and bulk precipitation. In
contrast to wet-only precipitation, bulk precipitation
represents the Hg and MeHg input from rain events and
dry deposition during the antecedent dry period for
non-vegetated sites. Precipitation that passes through
the canopy, termed throughfall, is an important Hg and
MeHg input to the terrestrial system. Throughfall
contains both the Hg and MeHg that exists in pre-
cipitation and any that is deposited to the canopy
surface during dry periods, and subsequently washed
off. Hg and MeHg in throughfall also represent the net
of biogeochemical exchanges of Hg with the canopy.
The forest canopy effectively rakes Hg from the
atmosphere due to its surface topography and the sub-
stantial surface area of the foliage. Therefore, the
concentration of Hg (and often other solutes that are
subject to atmospheric transport) in throughfall is
generally enriched relative to bulk precipitation.
Researchers often use Hg deposition via throughfall

as a surrogate for the sum of wet and dry deposition,
even though it includes the enhancement effect of the
canopy (Lindberg, Owens, & Stratton, 1994).

2 Materials and Methods
2.1 Site description

Cadillac Brook watershed, on the east side of Mount
Desert Island in Acadia National Park, Maine, covers
31.6 ha, and has an average slope of 28%. The
watershed is drained by a headwater stream that orig-
inates in a mixed softwood valley at the summit of
Cadillac Mountain. Soils are thin, with a lower con-
centration of organic material than at Hadlock Brook
watershed.

The Hadlock Brook watershed is 5.3 km southwest
of Cadillac Brook and covers 47.2 ha with an average
slope of 20%. It is drained by a headwater stream,
Hadlock Brook, which flows south-southwest, and is
fed by a large, wooded, poor fen at the northern end
of the watershed and seasonally by a smaller fen in
the southeast end of the watershed. The bedrock
underlying both watersheds is Cadillac Granite with
shallow, Haplorthod and Folist soils developed on till
(Schauffler et al., in press).

2.2 Vegetation

The Cadillac Brook watershed vegetation is dominat-
ed by hardwood species with some mixed soft and
hardwood stands. Hardwood species include Ameri-
can beech (Fagus grandifolia), paper birch (Betula
papyrifera), white birch (Betula populifolia), sugar
maple (Acer saccharum), and quaking and big-
toothed aspen (Populus tremuloides and P. grandi-
dentata). Softwood species include red spruce (Picea
rubens), balsam fir (4bies balsamea), and white
spruce (Picea glauca). The understory is composed
of young individuals of dominant canopy species and
striped maple (Acer pensylvanicum). The forested
landscape is interrupted by exposed bedrock on which
grow assorted moss (Sphagnum), lichens, and grass:
three-seeded sedge (Carex trisperma), common
hairgrass (Deschampsia flexuosa), and little blue-
stem (Schizachyrium scoparium). Low blueberry
(Vaccinium angustifolium) occurs in the understory
and at the edges of open bedrock areas.
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The Hadlock Brook watershed forest vegetation is
dominated by the same softwood species found in
Cadillac Brook watershed. The two wooded poor fens
also have mountain holly (Nemopanthus collinus),
black spruce (Picea mariana), and northern white
cedar (Thuja occidentalis). The majority of the
understory is composed of young individuals of the
above species.

Vegetation maps (Nelson, 2002) show percent and
square area of vegetation coverage for each watershed
(Table T). The softwood category includes all conifers.
The hardwood category includes all broadleaf vege-
tation taller than the throughfall collector (1 m). The
open category includes all un-vegetated areas as well
as scrub areas, covered with vegetation that is lower
than the throughfall collector.

2.3 Climate

The average annual precipitation is ~141 cm (NADP
1990-1998, website). Typical daily high-temperatures
range from —10 °C in the winter to 35 °C in the
summer (17 °F-95 °F). Snowfall depths vary greatly,
with a ten-year average of 24.9 cm (NOAA 1991-
2000, website).

2.4 Precipitation and throughfall collection
and analysis

2.4.1 Collector layout

Six plots in Cadillac Brook watershed were chosen in
areas where enough soil existed to establish soil plots
for concurrent research (Figure 2). Five of the plots
were located in the lower reaches of the watershed
where slopes are shallower and there is more

Table I Vegetation type and area covered for each watershed

Vegetation Cadillac Brook Hadlock Brook
type watershed watershed

Area Percent Area Percent

m) (%) m) (%)
Softwood 89,140 282 245,460 52.0
Hardwood 96,280 30.5 9,380 2.0
Open 130,600 41.3 217,200  46.0
Total 316,020  100.0 472,040  100.0
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Cadillac Brook
Watershed

Throughfall, snow, and litter
Throughfall and litter
AEROCHEM™ and snow
USGS gauge station

P>=S80

400 Meters

Figure 2 Map of Cadillac Brook watershed with sample sites
marked by sample type.

vegetation. One plot was located at the top of the
watershed, near the headwaters of the brook. Between
the upper and remaining lower plots the watershed
surface is primarily loose boulders and exposed

Hadlock Brook
Watershed

Throughfall, snow, and litter
Throughfall and litter

Bulk precipitation
AEROCHEM™ and snow
USGS gauge station

=000

600 Meters

Figure 3 Map of Hadlock Brook watershed with sample sites
marked by sample type.
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bedrock with minor vegetation, or very patchy areas
of extremely thin soils. The six plots at the Hadlock
Brook watershed spatially represent the watershed
(Figure 3). Three were at lower elevations near the
brook and three at higher elevations. Two of the plots
were level and the others were on slopes; all were
fully forested.

Forty-eight of the fifty-two throughfall collectors
were located in these plots: four throughfall collectors
per plot, one per quadrant (Figures 2 and 3). Hadlock
Brook watershed had a bulk precipitation collector,
not influenced by vegetation, at the top of the
watershed boundary. Bulk precipitation collectors
were co-located with one Aerochem™ wet-only
precipitation collector in each watershed. The fourth
bulk precipitation collector was located next to the
Mercury Deposition Network (MDN) (2001) collector
on nearby McFarland Hill at Acadia National Park.

The vegetation type and aspect were recorded at
each collector, as well as any abnormal features over
or around any of the collectors. The trees directly over
the throughfall collector were identified to species,
and aspect was determined with a compass and
reported relative to true north.

2.4.2 Throughfall collector design

Throughfall collectors (Figure 4) were based on the
Swedish IVL design by Iverfeldt (1991), with struc-

FEP Liner —p
Polypropylene ——

Funnel
Glass Wool

Kynar cap w/
breather tube >

1/4” Teflon ——p
tubing

Collector from

comianion project

<— Funnel —»

<4—Sample Tubing

Sample Container

Figure 4 Diagram of throughfall collector with exploded view
of funnel assembly. Note adjacent throughfall collector from
co-located project.

tural modifications from Nelson (2002) and Lawrence
and Fernandez (1993). The throughfall was collected
in a polyethylene funnel, which was fitted with a
0.51 mm thick Teflon™ liner and had a deposition
area of 197.93 cm®. A 1 m piece of 6 mm FEP
Teflon™ tubing served to transfer the sample to 1 1
borosilicate glass, narrow mouth Boston bottles.

Each cap was drilled and fitted with an air vent to
minimize gaseous diffusion from the sample contain-
er. The sample container was joined to the funnel/
tubing apparatus by a Kynar™ fitting, and a 1-in.
electrical PVC pipe frame supported the assembly. A
loop was formed in the tubing. This loop retained a
small amount of sample, forming an air lock over the
sample and preventing evaporation.

Special modifications were made to seven collec-
tors in each watershed to collect samples for MeHg
determination. The MeHg sample containers received
300 pl Optima™ HCI in 30 ml of deionized water, to
preserve speciation. A one-way duckbill valve on the
sample container end of the tubing prevented diffu-
sion of chlorine gas, and cross contamination of the
adjacent collector, in the event that the sample tube
dried out. Valves were changed after each collection.

2.4.3 Equipment cleaning

The cleaning and collection regime used in this study,
termed ‘semi-clean,” differed from the US EPA’s
‘Ultra-Clean’ collection method in three major ways.
First, each technician wore one pair of gloves, instead
of two. Second, Tyvek suits, head covers, and booties
were not utilized while sampling. Third, the sample
container cleaning method did not employ a hot HCI
bath. The ‘semi-clean’ and ‘Ultra-clean’ procedures
were compared on four sets of paired streamwater
samples. For each pair of samples, one was collected
using the ultra-clean sampling method and the other
using the modified semi-clean method. The mean Hg
concentration for water collected by the ultra-clean
method was 0.3 ng/l for Cadillac Brook and 0.7 ng/
| for Hadlock Brook, and comparable results for the
semi-clean method were 0.3 ng/l for Cadillac Brook
and 0.8 ng/l for Hadlock Brook. The results were not
significantly different (paired #-test, @ = 0.05), and
therefore it was assumed the semi-clean method
would be similarly robust for throughfall sampling.
Samples in this study were collected following the
semi-clean method.
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2.4.4 Throughfall sample collection

Throughfall collectors were deployed from 3 May to
16 November 2000. Samples were collected after the
accumulation of approximately 1 1. Overflow volumes
were inferred from adjacent non-Hg collectors that
were equipped with overflow containers. The samples
were collected ten times at varying intervals in the
following manner. Fifty-two, double bagged, 1 I sam-
ple bottles, and field equipment, were carried into the
field in large backpacks. The old bottle was removed
from the collector, capped with the lid from the new
bottle, and placed in a labeled polyethylene bag. The
old sialized glass wool, used as a strainer for debris,
was removed from the funnel and discarded. The 1 1
of deionized water (DI) in the new sample bottle was
used to rinse the collector funnel and tubing. On
randomly selected collectors, the last 250 ml of DI
rinse was retained in a 250 ml Teflon bottle as an
equipment field blank. A small amount of DI (~2 ml)
was left in the tubing to form the vapor lock over the
sample container.

After rinsing, the new sample container was
attached to the collector. If the collector was a MeHg
collector, a new valve was installed, and the previ-
ously described preservative was added to the sample
container before it was reattached. New sialized glass
wool was placed in the funnel to strain debris. Upon
return to the laboratory, the throughfall sample and
blank containers were removed from their bags,
weighed, and a sufficient volume of bromine mono-
chloride added to produce a 1.0% preservative
concentration.

2.4.5 Precipitation and throughfall analysis

All water samples were analyzed for total Hg on a
Tekran model 2600 cold-vapor atomic fluorescence
spectrometer, adhering to US EPA Method 1631 (US
EPA, 1995) for the analysis of Hg in water. Purge
techniques differed from those specified in the
method, in that a phase-separator tube was used in
place of the bubblers, eliminating foaming in samples
with a high organic concentration. The subset of
throughfall samples that were analyzed for MeHg
used US EPA Method 1630 (US EPA, 1998). A
custom-built automated-valve system was used to
control gas flow and heater timing. Otherwise,
protocols followed the US EPA method.
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Quality control (QC) methods for total Hg analysis
in water followed US EPA Method 1631. For every
10 throughfall or precipitation samples, one replicate
of that sample, two spiked samples, and two QC
standards were analyzed. The QC standards were
constructed in parallel with the calibration standards,
but starting with a different stock solution. Analysis
of known standards was also tracked over time to
detect long-term bias or drift. Methyl mercury QC
methods were as recommended in US EPA Method
1630, and were similar to total Hg QC methods.

2.4.6 Precipitation and throughfall data analysis

Samples collected on 27 July and 19 September 2000
exceeded the capacity of the container with more than
6.3 cm of precipitation. Collectors from another
project were located on the same structure, utilized
the same size collection funnel, and had overflow
bottles. All the non-overflow sample volumes of the
adjacent collector were correlated with the non-
overflow sample volumes from the Hg collectors and
a linear relationship was derived. The paired samples
were collected on the same day at the same time. The
total volume of each Hg sample that overflowed was
calculated from the corresponding volumes collected
in the co-located collectors.

The data from Hg and MeHg analysis were given
as ng/L, which were multiplied by the sample
volume, divided by the area of the opening of the
funnel (197.93 ¢cm?) and the number of days the
sampler collected, then divided by 107 to get total Hg
or MeHg deposition flux in nanograms per square
meter per day. Data from the National Atmospheric
Deposition Program’s (NADP) Mercury Deposition
Network (MDN) (2001), described below, were used
for Hg deposition from 17 November 1999 to 2 May
2000, because snow data yielded deposition values
less than wet-only deposition estimates, were unreli-
able, and collections were discontinued. Mercury de-
position calculated from snowfall was less than our
wet-only MDN deposition estimates. Methyl mercury
deposition for the non-collection period was estimated
from throughfall deposition by extrapolating the
average deposition from the collection period. This
was necessary because no other source of MeHg data
for that area was available at that time. The sampling
period for Hg and MeHg was extrapolated to one year
based on MDN collections.
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2.4.7 Mercury deposition network wet-only
precipitation

The NADP operates a modified AEROChem precip-
itation collector for Hg analysis of wet-only precip-
itation in Acadia National Park. The collector (ME98)
is located on McFarland Hill adjacent to the Park
Service’s air monitoring site. Samples are collected
weekly and sent to a contract laboratory for analysis
following US EPA Method 1631. MDN Hg deposi-
tion estimates were used as deposition data for
both watersheds for the period 17 November 1999
to 2 May 2000. The analysis methods, quality control
procedures, and Hg deposition data for this collector
are available from the NADP website at http://nadp.
sws.uiuc.edu/nadpdata/mdnRequest.

Deposition was stratified by vegetation type and
season, weighted by the vegetation area in the
watershed, and summed to obtain the total input for
the sampling period. Un-weighted deposition totals
were also calculated by averaging the deposition from
all collections, separated by watershed only. These
totals were compared to the weighted deposition
totals.

Single factor ANOVA tests were conducted on
total Hg deposition and MeHg deposition as depen-
dent variables, with watershed, vegetation, season,
and aspect as the factors of comparison. These tests
grouped all the data from both watersheds together in
one data set to determine general relationships
between deposition and landscape characteristics or

Table II Destroyed and discarded throughfall samples

other factors. The analyses were also calculated by
watershed.

3 Results
3.1 Hg inputs: throughfall and bulk precipitation

Of 520 throughfall samples collected from 3 May to
16 November 2000, 494 were used to construct the
Hg throughfall and bulk precipitation inputs. Twenty-
six samples were lost for various reasons (Table II).
The 10 samples from the bulk precipitation collector,
co-located with the MDN total Hg collector at
McFarland Hill, were used for calibration purposes,
and were not used to calculate the input as the
collector was not inside the Cadillac Brook watershed
boundary.

The mean volume of throughfall collected on an
individual sample basis during the collection period
was 985 ml in Cadillac Brook watershed and 991 ml
in Hadlock Brook watershed (Table III). The mean
volumes in the two watersheds were not significantly
different (ANOVA, P = 0.94) for each event. Equip-
ment blank Hg concentrations ranged from less than
the detection limit to 1.46 ng/l, averaging 0.35 ng/l,
and the concentration in the blank was always less
than 10% of the time-equivalent sample Hg concen-
tration. The average total Hg concentration (+SD) in
throughfall over the duration of this study was
14.2 ng/l (+11.7) in the Cadillac Brook watershed

Sample date Sample ID Reason for exclusion

5/17/00 C6A Contaminated in lab (10 too much BrCl)

5/17/00 CAERO Bottle broken in field

6/14/00 Cl1A Kinked sample tube, sample backed up in funnel
6/14/00 C2B Negative concentration from analysis (—0.18 ng/l)
7/5/00 H6C Bottle broken in field

7/5/00 H6D Bottle broken in field

7/5/00 C5A Contaminated, Hg = 99.5 ng/l with high P and NH;
7/5/00 C5B Clogged sample tube, sample backed up in funnel
7/5/00 CeD Negative concentration from analysis (—0.48 ng/l)
9/19/00 C3C Bottle broken in field

9/19/00 c4cC Accidentally discarded in lab

10/12/00 H3D Bottle broken in transit

11/1/00 H6A & H6C Had same labels, discarded both

5/3-6/14/00 HT4F Not deployed during collections 1 and 2

Entire Season CPARKB Totally excluded because it is located outside watershed boundary
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Table III Throughfall total Hg concentration, non-weighted deposition, and sample volume for Cadillac and Hadlock Brook

watersheds for the period during 3 May to 16 November 2000

Statistics Hg concentration (ng/l) Hg deposition flux (ng/mz/day) Sample volume (ml)
Cadillac Hadlock Cadillac Hadlock Cadillac Hadlock
n 241 253 241 253 249 255
Min 2.1 2.2 4.9 1.0 117.0 103.1
Max 68.4 55.9 151.0 116.8 3174.3 3449.6
Median 10.0 15.1 29.2 33.9 870.1 897.6
Mean 14.2 18.8 30.8 41.1 985.3% 991.3%
Std dev 11.7 11.3 21.0 20.7 549.2 553.4

Matched letters indicate that means are not significantly different (ANOVA, P > 0.01).

and 18.8 ng/l £ (11.3) in the Hadlock Brook
watershed. The average, non-weighted throughfall
total Hg deposition was 30.8 ng/m*/day (+21.0) in
Cadillac Brook watershed and 41.1 ng/m*/day (+20.7)
in Hadlock Brook watershed. Hg deposition via
throughfall was significantly different between water-
sheds (ANOVA, P < 0.001) with Hadlock Brook
watershed receiving more Hg deposition (Table III).
The total Hg deposition via throughfall and bulk
precipitation was 9.4 pg/m?/year in Cadillac Brook
watershed and 10.2 pg/m?/year in Hadlock Brook
watershed.

Throughfall total Hg deposition varied widely with
aspect (Figure 5). Average deposition (mean ng/m?/

0 b

£
(=3

Hg Deposition (ng/m®/day)
] (%)
=] =1

0
West South Southeast East
Figure 5 Hg deposition stratified by site aspect for the period
3 May 2000 to 16 November 2000, for both watersheds
combined. Matched letters are not significantly different
(ANOVA, P > 0.05). Error bars represent standard error.

Southwest
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day + SE), in descending order by site aspect, was
southwest (54.8 + 3.1) > west (43.7 + 1.8) > south
(34.1 £ 1.5) = east (33.4 + 3.2) > southeast (25.8 +
1.8). Throughfall Hg deposition on east and south
facing sites was not significantly different (ANOVA,
P = 0.64). Southwest, west, and southeast sites were
significantly different from each other and from south
and east facing sites (ANOVA, P < 0.001). There
were no sites, in either watershed that faced north-
west, north, or northeast.

Average Hg deposition (£SE) in throughfall was
highest under softwoods with 40.2 (£1.2) ng/m?/day,
followed by hardwood with 31.9 (+1.6) ng/m*/day,
then open sites with 18.4 (+4.0) ng/m?/day, when all
sites from both watersheds were combined (ANOVA,
P < 0.001; Table IV). At Cadillac Brook watershed,
Hg deposition under softwood was higher than
hardwood sites (ANOVA, P = 0.03), but not signif-
icantly higher than open sites (ANOVA, P = 0.09). Hg
deposition did not differ significantly between hard-
wood and the bulk precipitation site at Cadillac Brook
watershed (ANOVA, P = 0.33). At Hadlock Brook
watershed, throughfall Hg deposition was lower in
open sites than in softwood or hardwood sites
(ANOVA, P < 0.001), but Hg deposition in softwood
sites did not differ significantly from hardwood sites
(ANOVA, P = 0.12; Table IV).

Mercury deposition under softwoods at Cadillac
Brook watershed was lower than under softwoods at
Hadlock Brook watershed (ANOVA, P < 0.001), and
deposition under hardwoods was also lower at Cadillac
Brook watershed than at Hadlock Brook watershed
(ANOVA, P < 0.001). There was no significant
difference in Hg deposition between watersheds at
bulk sites (ANOVA, P = 0.48; Table 1V).
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Table IV Hg and MeHg average deposition (+ standard deviation) stratified by season and vegetation type for Cadillac and Hadlock
Brook watersheds for the period during 3 May to 16 November 2000

Separated by Hg deposition (ng/m?/day)

MeHg deposition (ng/m>/day)

Cadillac Hadlock Cadillac Hadlock

Season

Spring 37.7 (11.6)* 49.4 (17.2) 0.28 (0.23)° 0.85 (0.68)

Summer 35.6 (19.5)* 423 (20.1) 0.11 (0.10)° 0.15 (0.10)°

Fall 22.8 (23.3) 35.8 (21.3) 0.16 (0.14)° 0.21 (0.19)°
Vegetation type

Softwood 343 (22.2)° 44.1 (20.6)° 0.14 (0.16) 0.29 (0.39)2

Hardwood 28.1 (19.5) 39.4 (17.1)° 0.19 (0.15)"¢ 0.29 (0.29)"

Open 21.5 (17.1)>¢ 16.9 (15.5)¢ 0.12 (0.15)"¢ 0.34 (0.63)"

Matched letters indicate that means are not significantly different (ANOVA, P > 0.05).

Mercury deposition differed significantly between
seasons, both intra- and inter-watershed, for most
combinations (Table IV). Spring Hg deposition at
Cadillac Brook watershed was not significantly differ-
ent from summer deposition (ANOVA, P = 0.50), but
both were higher than for fall (ANOVA, P < 0.0001).
Mercury deposition at Hadlock Brook watershed was
different between all seasons, decreasing from spring
to winter (ANOVA, P < 0.03). Hadlock Brook
watershed received more Hg deposition than Cadillac
Brook watershed, for each season (ANOVA, P < 0.02;
Table 1V).

3.2 Methyl mercury inputs: throughfall
and bulk precipitation

A subset of samples collected from 3 May to 16
November 2000, were analyzed for MeHg. These data
were used to estimate MeHg deposition for the col-
lection period from 17 November, 1999, to 2 May,

2000, by applying the per-day deposition amounts to
this period.

A total of 131 samples were analyzed for MeHg
(bulk precipitation (n = 18) and throughfall (n =
113)). The average concentration of MeHg in
throughfall precipitation (+SD) was 0.07 ng/
1 (£0.06) for Cadillac Brook watershed and 0.10 ng/
1 (£0.11) for Hadlock Brook watershed. Non-vegeta-
tion-weighted MeHg throughfall deposition for the
watershed averaged 0.16 ng/m*/day (£0.20) for
Cadillac Brook watershed and 0.30 ng/m?*/day
(£0.40) for Hadlock Brook watershed. Hadlock
Brook watershed also received more MeHg during
the collection period (ANOVA, P = 0.013; Table V).

Methyl mercury deposition, weighted by vegeta-
tion and season, for the collection period of 3 May to
16 November 2000, was 0.04 pg/m?/collection period
for Cadillac Brook watershed and 0.08 pg/m?/
collection period for Hadlock Brook watershed,
extrapolating to the entire watershed from throughfall

Table V Throughfall MeHg concentration, non-weighted deposition, and sample volume for Cadillac and Hadlock Brook watersheds

3 May to 16 November 2000

Statistics MeHg concentration (ng/l) MeHg deposition (ng/m>/day) Sample volume (ml)
Cadillac Hadlock Cadillac Hadlock Cadillac Hadlock

n 63 68 63 68 63 68

Min 0.025 0.025 0.02 0.03 117 233.4
Max 0.28 0.63 0.70 2.11 2126.1 3449.6
Median 0.05 0.06 0.10 0.18 804.4 909.6
Mean 0.07 0.10 0.16 0.30 964.7 1135.9
Std dev 0.06 0.11 0.20 0.40 523.1 681.4

Matched letters indicate that means are not significantly different (ANOVA, P > 0.05).
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data. Methyl mercury deposition for 17 November
1999 to 2 May 2000 was estimated to have been
0.03 pg/m*/collection period for Cadillac Brook
watershed and 0.07 pg/m*/collection period for
Hadlock Brook watershed. The annual weighted
MeHg deposition totals, the sum of measured and
extrapolated data, was 0.05 pg/m®/yr for Cadillac
Brook watershed and 0.10 pg/m?/yr for Hadlock
Brook watershed.

Across watersheds the average MeHg deposition
was not different among site aspects (ANOVA, P =
0.65). The average MeHg deposition wasn’t different
among vegetation types in Cadillac Brook watershed
(ANOVA, P = 0.43) or in Hadlock Brook watershed
(ANOVA, P = 0.92). Average MeHg deposition in
spring was higher than average MeHg deposition in
summer or fall for both Cadillac Brook watershed
(ANOVA, P < 0.05) and Hadlock Brook watershed
(ANOVA, P < 0.0001). Spring MeHg deposition at
Hadlock Brook watershed was higher than MeHg
deposition during any other season in both watersheds
(ANOVA, P < 0.0001). Otherwise, MeHg deposition
did not differ between seasons or watersheds
(Table V).

4 Discussion
4.1 Mercury inputs: throughfall and bulk precipitation

Mean Hg concentrations in bulk precipitation were
similar to those found in studies in Tennessee and
Vermont (Lindberg, 1996; Rea et al., 1996; Table VI);
although they are only one third of the Hg concen-
tration found in Sweden (Iverfeldt, 1991; Table VI).
This difference may be attributed to source proximity
instead of small-scale deposition variability. Mercury

concentrations and volumes in open precipitation
were not different between the PRIMENet water-
sheds, indicating that Hg deposition in these open
sites was fairly uniform on a small scale. The
difference may also be a result of local lab and field
technieques, or differences in current and past lab and
field techniques (Lindberg et al., 1994).

Average Hg concentrations in throughfall were
similar to those found in a mixed hardwood forest in
Vermont (Rea, Keeler, & Scherbatskoy, 1996;
Table VI), but less than half of throughfall Hg
concentration found in a mature, coniferous forest in
Sweden (Iverfeldt, 1991; Table VI). The Hg concen-
trations in mixed hardwood throughfall at Cadillac
Brook watershed were similar to Hg concentrations in
throughfall under a hardwood canopy in Tennessee
(Lindberg, 1996; Table VI). In Hadlock Brook
watershed, which is primarily coniferous, the through-
fall Hg concentrations are markedly similar to those
found under a coniferous canopy in Tennessee
(Lindberg, 1996; Table VI). The Hg concentration in
throughfall is consistently elevated in coniferous
forests, relative to hardwood forests, a pattern that
has been previously reported in the literature. Other
studies have attributed this difference in Hg concen-
tration to vegetation type, estimating conifer Hg
scavenging efficiency to be two to five times that of
deciduous trees (Grigal, Kolka, Fleck, & Nater, 2000;
Kolka, 1996). Such foliar surface characteristics as
waxier cuticles, greater surface roughness, and densi-
ty or presence of leaf hairs, coupled with greater foliar
surface area, contribute to the enhanced scavenging of
coniferous canopies (Rea, Lindberg, Scherbatskoy &
Keeler, 2002). Rea et al. (2002) also suggests that
coniferous canopies are more effective than hardwood
canopies at retarding air flow through them, due to
their dense canopy structure, thereby increasing the

Table VI Hg concentrations from other studies throughout the USA (Rea et al., 1996; Lindberg, 1994; this study) and in Sweden

(Iverfeldt, 1991)

Location Mean Hg concentration (ng/l)

Open field precipitation Throughfall

Study period

Acadia National Park, USA 6.3 (Cadillac) 14.2 (Cadillac)

6.1 (Hadlock) 18.8 (Hadlock)

Vermont, USA 7.4 12

Tennessee, USA 9.68 15.98 (hardwood)
17.47 (coniferous)

Sweden 30.8 48

May 2000—Nov. 2000

Aug. 1994-Sept. 1994
Aug. 1991-Mar. 1995 Aug 1991-Jun. 1994

Nov. 1987-Sept. 1988
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opportunity for deposition. The difference between
Hg concentrations in open versus forested sites may
be attributed to dry-deposition of Hg on vegetation
(Grigal et al., 2000; Rea et al., 1996; Iverfeldt, 1991).
Coniferous vegetation collects more dry deposition
than other vegetation types, resulting in higher Hg
concentrations in throughfall in both watersheds (Rea
et al., 1996; Grigal et al., 2000).

Higher Hg concentration in samples at Hadlock
Brook watershed resulted in higher Hg deposition,
because average throughfall sample volumes between
watersheds were not significantly different. Higher Hg
deposition in Hadlock Brook watershed, again, reflects
the scavenging of Hg from the atmosphere by soft-
wood vegetation because it comprises a larger propor-
tion of the forest canopy than in Cadillac Brook
watershed. The 1947 fire that burned the majority of
Cadillac Brook watershed resulted in regeneration of a
patchy hardwood-dominated forest that contributed to
lower Hg deposition in the watershed.

As Hg deposition in open sites decreased from
spring to fall, deposition amounts in the forested areas
also decreased. Seasonal Hg deposition differences
may have been a result of changing Hg concentration
in air masses. This trend suggests that as the available
Hg in the atmosphere decreased, less Hg was
scavenged by vegetation. In Tennessee, Lindberg
et al. (1994) observed the lowest throughfall Hg de-
position during the winter months. The same season-
ality was noted in Sweden (Iverfeldt, 1991). Although
sampling over the entire year was not possible, it
could be speculated that the trends in Tennessee and
Sweden are the same found in this study.

The data show differences in Hg deposition based
on site aspect that are similar to results in Sweden
(Iverfeldt, 1991). Iverfeldt noted higher Hg deposition
in sites with a southwest aspect due to the increased
interception of polluted air, implying that there are
more Hg sources in that direction. Southwest facing
sites in our watersheds also receive the highest Hg
deposition, implying that air masses from the south-
west contain more Hg than air masses originating in
other areas. Air masses from the southwest track
across the midwestern United States, or up the coast
of the northeastern United States, passing over high
density population and industrial centers. The likeli-
hood that these air masses encounter sources of Hg
exceeds the likelihood that air masses from Nova
Scotia, to the east, do. Site aspect analysis encom-

passes multiple Hg collections, presumably minimiz-
ing the affect of varying local wind direction and
representing larger transport trends. It must also be
mentioned that prevailing winds originate in the
southwest, so naturally watersheds exposed in that
direction would most efficiently capture dry deposited
Hg from the atmosphere.

4.2 Methyl mercury inputs: throughfall
and bulk precipitation

Methyl mercury concentrations in throughfall and
open bulk precipitation were not different in these
watersheds. The same result was obtained in the
Gardsjon roof project in Sweden (Munthe et al.,
1998). In contrast, at the Svartberget watershed in
Sweden (Hultberg, Iverfeldt, & Lee, 1994) and the
Experimental Lakes Area in Ontario, Canada
(St. Louis et al., 2001), MeHg concentrations in
throughfall were twice as high as in bulk precipitation
samples, suggesting either dry deposition of MeHg to
the canopy (Lee, Bishop, & Munthe, 2000), methyl-
ation of Hg in the canopy (Munthe, Hultberg, &
Iverfeldt, 1995; Ericksen et al., 2003), or emission of
MeHg from soils (Hultberg et al., 1994) at this water-
shed. The varied ratios of MeHg deposition in
throughfall and bulk precipitation might be explained
by the difference in length of the studies (Svartberget =
four years, Géardsjon = two years, this study = one
year). The Svartberget study may have lasted long
enough for the slightly higher MeHg deposition rate
under the canopy to produce a significant long-term
difference between MeHg deposition in open and
forested areas.

The data suggest that neither site aspect nor
vegetation type influenced annual MeHg deposition
in either watershed. Hultberg et al. (1994) reported
higher MeHg deposition in spring than in other
seasons at the Gardsjon watershed, and attributed this
increase to an increase in MeHg concentration in the
air and in precipitation, which is supported by results
found in Ontario (St. Louis et al., 2001). Higher
MeHg deposition values were also recorded during
the spring in Hadlock Brook watershed, but not in
Cadillac Brook watershed, perhaps due to MeHg
emission from the Hadlock soils (Hultberg et al.,
1994). Hadlock has 77% soil coverage, while Cadillac
watershed is only 40% covered, presumably due in
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part to disturbance history and surficial geology. The
difference in soil coverage might explain the differ-
ence in MeHg deposition during the spring, which
was the wettest period during the study, and therefore
had the greatest potential for MeHg production in
organic soils (Bishop, Lee, Pettersson, & Allard,
1995). Wet organic soils may be facilitating the
production of MeHg, which could be degassed and
deposited in the throughfall collectors.

5 Summary and Conclusions

Total Hg deposition in Cadillac Brook watershed was
lower than in Hadlock Brook watershed, because of
both the type of vegetation coverage and the site
aspect. Cadillac Brook watershed is partially forested
by mixed hardwoods and faces east/southeast, where-
as the forest at Hadlock Brook watershed faces
southwest and is dominated by conifers. The 1947
fire destroyed the majority of the vegetation in
Cadillac Brook watershed, and the patchy mixed-
hardwood canopy that resulted was less efficient at
scavenging Hg from the atmosphere than the conifer-
ous vegetation that covers the unburned Hadlock
Brook watershed.

The factors affecting Hg deposition did not affect
MeHg deposition. The higher MeHg deposition in the
spring at Hadlock Brook watershed might be
explained by volatilization of MeHg from soils as
suggested by Hultberg et al. (1994). This is a rather
tight cycle, which may involve emission of MeHg
from the soil and entrainment in precipitation or
interception by vegetation before it can escape from
the site.

In a parallel pilot study on Hg in litterfall in the
study watersheds, preliminary data indicate two to
five times as much Hg was contributed to the forest
floor by litterfall as by precipitation during the
overlapping sampling period. Many other studies have
indicated that litterfall is an important depositional
vector in forested watersheds and, similar to through-
fall, is influenced by vegetation type (Ericksen et al.,
2003; St. Louis et al., 2001; Lee et al., 2000; Grigal
et al.,, 2000; Rea et al., 1996; Iverfeldt 1991). The
residence time and ultimate fate of the litter and its
associated Hg, are unknown, making it difficult to
determine if Hg from litter is retained or released by
the watersheds. However, the contrasting vegetation

@ Springer

of these two watersheds poses an ideal locale for
further study of Hg in litterfall.

Vegetation type, the legacy of the local fire
disturbance, had profound effects on the deposition
of Hg and MeHg at Acadia National Park. The fire-
induced regeneration of mixed-hardwood, rather than
conifers, at Cadillac Brook watershed resulted in
decreased Hg deposition to that watershed compared
to Hadlock Brook watershed.
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