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ABSTRACT

Because of the affinity of organic matter for lead, atmospheric
loadings of this pollutant have been strongly retained in the forest
floor. With the regulation of Pb emissions, loadings have decreased.
We measured changes in Pb in forest floor horizons at a variety of
northern hardwood sites in New Hampshire from the late 1970s to
the 1990s. In all seven of the sites in which horizons were distinguished
within the forest floor, Pb was found to be declining in the upper
(Oie) horizon, but not in the underlying Oa and A horizons. At the
Hubbard Brook Experimental Forest (HBEF), this loss from the Oie
resulted in a 36% loss of Pb from the forest floor as a whole between
1976 and 1997 (p < 0.001). In contrast, in six stands in the Bartlett
Experimental Forest (BEF), losses of Pb averaging >50% from the
Oi and Oe horizons (p = 0.01) between 1979 and 1994 were compen-
sated by gains in the Oa and A horizons. Similarly, at seven additional
stands in the White Mountain National Forest, changes in the forest
floor as a whole from 1980 to 1995 were not statistically significant
(redistribution within the forest floor was not evaluated at these sites).
Lead concentrations were highest in the Oe or Oie in the 1970s, but
were highest in the Oa horizon in the 1990s. There was no significant
pattern of Pb loss or retention as a function of stand age across all
the sites.

EAD IS AN ELEMENT that can be toxic to a variety of
organisms, and one that has been elevated by or-
ders of magnitude by human activities. More than 95%
of the lead now cycling in the biosphere is anthropogenic
in origin (Smith and Flegal, 1995). Combustion of leaded
gasolines has been the most important source of Pb to
biological cycles. At one time, rainwater exceeded the
USEPA standards for Pb in drinking water (Smith and
Siccama, 1981).

The affinity of soil organic matter for Pb (Schnitzer
and Skinner, 1967; Strawn and Sparks, 2000) has pro-
tected aquatic systems and public water supplies from
much of the Pb deposited in precipitation. In forested
ecosystems, Pb is strongly retained by the forest floor.
High concentrations of Pb in the forest floor were re-
ported at the height of Pb deposition, even in remote
areas (Parker et al., 1978; Heinrichs and Mayer, 1980;
Smith and Siccama, 1981). Samples collected in 1980
from nine northeastern states ranged from 0.7 to 1.8 g
Pb m~2, depending on the forest type (Johnson et al.,
1982). Sites at higher elevations tended to have more
Pb in the forest floor, presumably because precipitation
increases with elevation (Miller and Friedland, 1994),
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and older forest floors had more Pb, reflecting the dura-
tion of the exposure to deposition (Johnson et al., 1982).

Forest floors were observed to accumulate Pb over
time from the 1960s to the 1970s. White pine (Pinus
strobus L.) stands in central Massachusetts had nearly
doubled the Pb content of the forest floor between 1962
and 1978 (Siccama and Smith, 1980). In northern hard-
wood and boreal forest at Camels Hump, VT, Pb con-
centrations about doubled between 1966 and 1977
(Friedland et al., 1984). In both studies, the majority of
the Pb deposited from the atmosphere over the mea-
sured interval was retained in the forest floor (Siccama
and Smith, 1980; Friedland et al., 1984).

The regulation of Pb in gasoline, beginning in 1975,
reduced the atmospheric deposition of this element. For
example, at the Hubbard Brook Experimental Forest
(HBEF) in New Hampshire, precipitation in 1989 con-
tained only 3% as much Pb as it did in 1977 (Johnson
et al., 1995). The forest floor was expected to continue
to accumulate Pb at a low rate, because Pb residence
times were estimated to be hundreds of years (Friedland
and Johnson, 1985; Turner et al., 1985). Surprisingly,
the forest floor at this site had 29% less Pb in 1987 as
in 1977 (Johnson et al., 1995). Similarly, in a study of
30 sites in the northeastern USA, 12% of Pb in the
forest floor was lost between 1980 and 1990 (Friedland
et al., 1992). The fact that Pb is disappearing from the
forest floor could be cause for concern, although soil
water and stream export of Pb has been observed to be
low in a variety of systems (Van Hook et al., 1977,
Heinrichs and Mayer, 1980; Turner et al., 1985; Wang
et al., 1995).

We hypothesized that Pb would be found deeper in
the forest floor over time, because the majority of the
litter input, now nearly free of Pb, enters from above.
Previous studies of changes in Pb have not distinguished
horizons within the forest floor. The effect of stand age
and elevation on the retention of Pb in the forest floor
is also unknown, although the amount of organic matter
and Pb stored in the forest floor is known to be greater
in older stands and in those at higher elevation (Johnson
et al., 1982).

We studied changes in Pb in the forest floor in two
independent sets of samples initially collected for other
purposes. At the HBEF, we collected forest floor sam-
ples at seven different dates from 1976 to 1997 in a
single watershed. This data set provides the best remea-
surement sequence of forest floors in the region. Two
other watersheds at HBEF provide ancillary data. In
the second study, we measured changes in the forest

Abbreviations: BEF, Bartlett Experimental Forest; HBEF, Hubbard
Brook Experimental Forest; WMNF, White Mountain National
Forest.
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floor at two points in time in 13 additional stands of
different ages, all in the White Mountains of New Hamp-
shire. We distinguished horizons within the forest floor
at the HBEF and at six of the additional stands, which
allowed us to test whether Pb was moving down through
the forest floor. We also tested the importance of eleva-
tion and stand age in the loss or retention of Pb by
the forest floor. This information should be useful to
predicting the fate and transport of Pb in forested eco-
systems.

METHODS
The Forest Floor

We define the forest floor to include the A horizon, if
present (Yanai et al., 2000). The O horizon by definition con-
tains a minimum of 20% organic C (Soil Survey Staff, 1975)
or roughly 40% organic matter (Federer, 1982). The A horizon
was separated from the Oa horizon at Bartlett Experimental
Forest (BEF), but is included with the Oa horizon at HBEF.
Here we refer to these samples as Oa-A, for consistency with
the BEF samples, but they were called Oa (or H) in previous
publications (Smith and Siccama, 1981; Yanai et al., 1999). The
Oi1 and Oe horizons were also divided at BEF, but collected
together at the HBEF, where we refer to them as the Oie
horizon. The Oi, Oe, and Oa horizons are distinguished by
their rubbed fiber content (Soil Survey Staff, 1975). All the
horizon separations are subjective in the field (Federer, 1982).
For both studies, the same investigators were involved in dis-
tinguishing horizons at all sampling dates. The consistency of
horizon separations is evidenced by the consistency of organic
matter fractions over time and between sites (Yanai et al.,
1999, 2000).

Site Descriptions
Hubbard Brook Experimental Forest

The HBEF is located in the central White Mountains of
New Hampshire, USA (43°56' N, 71°45" W). Samples for this
study were collected from Watershed 6, a 13.2-ha natural area
which serves as the reference watershed for the HBEF and has
not been experimentally manipulated. Species composition
varies along an elevational gradient, dominated by American
beech (Fagus grandifolia Ehrh.), yellow birch (Betula allegha-
niensis Britton), and sugar maple (Acer saccharum Marsh.) at
the lower elevations (550-630 m); sugar maple and beech at
mid-elevations (630-700 m); and balsam fir [Abies balsamea
(L.) Mill.], red spruce (Picea rubens Sarg.), and white birch
[Betula papyrifera var. cordifolia (Marsh.) Regal] at higher
elevations (>700 m). Soils are acidic, well-drained Spodosols
(mostly Typic Haplorthods and Fragiorthods) derived from
glacial till and of varying depth. Further descriptions of the
HBEEF are available in various publications (e.g., Whittaker
et al., 1974; Bormann and Likens, 1979; Johnson et al., 1991;
Likens and Bormann, 1995; Likens et al., 1998).

Three watersheds at the HBEF—W6, W5, and W1—have
been sampled for forest floor properties at different times
and somewhat different intensities (Table 1). The reference
watershed, W6, was sampled on seven occasions between 1976
and 1997. At three of the dates (1976, 1977, and 1982) the
forest floor was collected as a whole, while at the others (1978,
1987, 1992, and 1997) Oie and Oa-A horizons were distin-
guished. Individual plots consisted of 15 by 15 cm square
blocks of excavated forest floor material and each sample date

included between 58 and 87 plots (Table 1), randomly located
within elevational strata (16-27 at low elevation, 21-26 at mid-
elevation, and 21-34 at high elevation). An adjacent water-
shed, W5, was sampled using the same methods in 1982 before
it was whole-tree harvested. We did not include in our analysis
another data set from W5 (Huntington et al., 1988) from the
same date, because it used different sampling methods. Finally,
W1 was sampled in 1996, 1998, and 2000, in association with an
experimental addition of calcium silicate, which we assumed
would not affect the behavior of Pb in the forest floor.

Bartlett Experimental Forest

The BEF is also located in the central White Mountains of
New Hampshire, USA (43°50" to 44°13’ N, 71°14’ to 71°44’
W). Elevations of our sites at BEF range from 305 to 365 m.
The northern hardwood stands are dominated by beech, yel-
low birch, and sugar maple, along with red maple (Acer rubrum
L.), and paper birch (Betula papyrifera Marsh) (Yanai et al.,
2000). Some of the younger, even-aged stands contain signifi-
cant amounts of pin cherry (Prunus pennsylvanica L.f.). Soils
at these sites are coarse-loamy, mixed, frigid Typic Haplor-
thods.

The BEF study involves six even-aged stands spanning a
range of ages representing a number of developmental stages.
The stands were sampled in 1979 (Federer, 1984) and again
15 yr later in 1994 (Yanai et al., 1999, 2000). All sampled
stands originated following clearcutting between about 1875
and 1985. This remeasured chronosequence provides observa-
tions from stands of different ages (two stands were the same
age), from 11 to 119 yr following treatment. Forest floor sam-
ples at the BEF were separated into Oi, Oe, Oa, and A hori-
zons. Plots (n = 10) were established at regular intervals along
six systematically located transect lines in 1979 and along five
of the previously established lines in 1994. Each plot consisted
of a 10 by 10 cm square block of excavated forest floor mate-
rial. Plots within a line were composited by horizon, providing
six and five samples per stand in 1979 and 1994, respectively.
We also report on combined Oie and Oa-A layers for the
BEF because these were collected at the HBEF.

White Mountain National Forest

Seven additional stands were sampled in the White Moun-
tain National Forest (WMNF), ranging in latitude from 43°56’
to 44°13" N, in longitude from 71°14’ to 71°44’ W, and in
elevation from 455 to 550 m. Soils were coarse-loamy, mixed,
frigid Typic Haplorthods. Sampling methods were similar to
those used at the BEF: five transects of 10 plots each were
sampled in 1980 (Federer, 1984) and 1995 (Yanai et al., 1999,
2000). The forest floor blocks were not subdivided into hori-
zons in 1980, so only the forest floor as a whole (O-A) can
be assessed for change over time at these sites.

Laboratory Analyses

Both sets of samples from BEF were analyzed at the same
time, as were both sets of samples from the WMNF, to control
for variation in laboratory procedures. Samples from the
HBEF were analyzed over alonger period of time. Forest floor
samples from all sites were analyzed using similar procedures.
Samples were dried to a constant weight, screened to remove
coarse fragments in the case of BEF and WMNF samples
(Yanai et al., 1999), then ground with a Wiley mill. Loss on
ignition was used to estimate organic mass. Ashed subsamples
from each horizon were dissolved in 6 mol L™! nitric acid and
analyzed by inductively coupled plasma spectroscopy (ICP).
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Table 1. Forest floor mass, organic fraction, Pb content, and Pb concentration of the forest floor at Hubbard Brook Experimental Forest
(HBEF), Bartlett Experimental Forest (BEF), and other locations in the White Mountain National Forest (WMNF).

Stand Sample Organic Pb
Forest Stand age year Elevation Horizon Sample Mass mass Pb content concentration
m n kg m~? —gm?*— —mgkg!' —
BEF H1 40 1979 335 FF 6 1372 196 523 0.58 041  0.06 30.13 1.42
BEF H1 55 1994 335 FF 5 1263 1.00 612 0.57 047 0.04 37.10 2.24
BEF H2 104 1979 335 FF 6 1780 516 825 147 069 0.13 42.49 3.70
BEF H2 119 1994 335 FF 5 1272 219 701 152 0.50  0.07 41.09 2.98
BEF H3 104 1979 457 FF 6 1284 0.63 871  0.53 0.60 0.10 46.60 6.83
BEF H3 119 1994 457 FF 5 1113 074 787 0.72 0.39  0.02 3541 1.27
BEF H4 45 1979 366 FF 6 10.31 0.73 470  0.71 0.58  0.09 55.80 8.01
BEF H4 60 1994 366 FF 5 732 1.58 354 054 047 020 59.38 11.34
BEF H5 12 1979 366 FF 6 998 0.86 451 026 041 0.03 41.41 2.74
BEF H5 27 1994 366 FF 5 964 140 494 0.60 044  0.09 46.00 5.06
BEF H6 0 1979 366 FF 6 11.84 1.05 603 037 050 0.03 42.61 2.19
BEF He6 11 1994 366 FF 5 10.13 1.92 553  0.83 048  0.06 49.81 4.80
WMNF C3 10 1980 488 FF 5 890 1.51 414 0.69 047  0.06 55.51 5.30
WMNF C3 25 1995 488 FF 5 12.16 1.61 388 0.68 060 0.11 46.26 4.46
WMNF M3 70 1980 457 FF 5 11.77 1.26 867 096 070 0.10 59.31 4.16
WMNF M3 85 1995 457 FF 5 18.49 1.67 17121 1.05 086  0.05 35.56 6.02
WMNF M4 30 1980 457 FF 5 12.08 1.35 1706 083 0.60  0.09 49.26 3.94
WMNF M4 45 1995 457 FF 5 1331 267 428 080 061 0.12 33.33 514
WMNF M5 4 1980 457 FF 5 816 0.41 515 046 049  0.08 60.77 9.54
WMNF M5 19 1995 457 FF 5 9.63 1.31 372 058 051 0.05 54.23 9.97
WMNF M6 1 1980 518 FF 5 981 160 672 1.20 045 0.05 47.30 3.05
WMNF M6 16 1995 518 FF 5 1328 341 4.07 0.50 058  0.11 42.94 9.75
WMNF T20 22 1980 518 FF 5 900 025 549 028 053  0.03 58.96 4.05
WMNF T20 37 1995 518 FF 5 8.01 0.73 225 016 039  0.04 41.52 2.62
WMNF T30 32 1980 549 FF 5 1449  2.03 489 047 053  0.09 36.01 243
WMNF T30 47 1995 549 FF 5 898 1.24 287 0.42 041  0.08 48.56 6.26
HBEF w1 86 1996 490-740 FF 84 1621  1.12 775 048 091  0.06 62.04 3.03
HBEF w1 88 1998 490-740 FF 97 14.80 1.56 8.69 0.82 082  0.07 60.59 2.48
HBEF W1 90 2000 490-740 FF 100 15.46 099 829 053 0.81  0.05 55.00 2.04

HBEF W5 72 1982 500-750 FF 245 12.18 0.56 6.70 0.30 0.79 0.04 73.40 2.00

HBEF Wweo 66 1976 550-790 FF 59 18.86 2.33 6.72 0.59 1.07 0.09 71.77 4.84
HBEF W6 67 1977 550-790 FF 58 13.49 191 6.06 0.54 1.00 0.07 98.42 6.06
HBEF W6 68 1978 550-790 FF 58 12.70 1.01 6.61 0.53 0.96 0.06 86.41 4.26
HBEF we 72 1982 550-790 FF 68 10.90 0.66 6.32 0.49 0.87 0.06 82.10 3.53
HBEF W6 71 1987 550-790 FF 70 12.86 1.97 6.21 0.75 0.75 0.07 69.84 3.11
HBEF W6 82 1992 550-790 FF 80 16.75 1.30 7.67 0.64 1.02 0.07 68.09 3.15
HBEF Wé 87 1997 550-790 FF 87 11.50 0.89 6.28 0.46 0.68 0.06 59.89 2.73
BEF H1 40 1979 335 Oi 6 0.35 0.02 0.31 0.02 0.01 0.00 20.02 0.52

BEF H1 55 1994 335 Oi 5 0.42 0.07 0.38 0.07 0.00 0.00 6.67 0.60

BEF H2 104 1979 335 Oi 6 0.35 0.06 0.31 0.05 0.01 0.00 20.83 1.15
BEF H2 119 1994 335 Oi 5 0.37 0.05 0.33 0.05 0.00 0.00 11.48 2.10
BEF H3 104 1979 457 Oi 6 0.35 0.02 0.33 0.02 0.01 0.00 22.75 2.21
BEF H3 119 1994 457 Oi 5 0.41 0.05 0.38 0.05 0.00 0.00 7.84 1.86
BEF H4 45 1979 366 Oi 6 0.49 0.02 0.44 0.02 0.01 0.00 27.98 5.74
BEF H4 60 1994 366 Oi 5 0.41 0.05 0.35 0.05 0.01 0.00 13.02 3.26
BEF HS 12 1979 366 Oi 6 0.31 0.04 0.31 0.04 0.01 0.00 25.92 1.57
BEF HS 27 1994 366 Oi 5 0.36 0.06 0.31 0.05 0.00 0.00 8.46 1.57
BEF H6 0 1979 366 Oi 6 0.31 0.01 0.28 0.01 0.01 0.00 29.64 6.19
BEF Ho6 11 1994 366 Oi 5 0.35 0.08 0.30 0.07 0.00 0.00 14.16 3.58
BEF H1 40 1979 335 Oe 6 1.61 0.14 0.95 0.11 0.09 0.01 53.29 3.93
BEF H1 55 1994 335 Oe 5 1.91 0.07 1.44 0.09 0.07 0.01 35.94 8.63
BEF H2 104 1979 335 Oe 6 1.70 0.13 1.35 0.11 0.14 0.01 80.26 3.70
BEF H2 119 1994 335 Oe 5 1.63 0.38 1.29 0.33 0.07 0.02 36.80 4.40
BEF H3 104 1979 457 Oe 6 2.71 0.18 2.30 0.21 0.18 0.01 67.24 1.95
BEF H3 119 1994 457 Oe 5 3.01 0.27 2.61 0.29 0.09 0.01 30.43 2.21
BEF H4 45 1979 366 Oe 6 241 0.31 1.65 0.11 0.21 0.03 95.17 19.88
BEF H4 60 1994 366 Oe 5 1.46 0.21 1.07 0.13 0.06 0.01 41.87 5.11
BEF H5 12 1979 366 Oe 6 2.21 0.42 1.39 0.17 0.15 0.02 68.87 4.54
BEF H5 27 1994 366 Oe 5 248 0.53 1.69 0.28 0.12 0.03 49.51 4.87
BEF Ho 0 1979 366 Oe 6 2.70 0.46 1.65 0.17 0.17 0.02 69.24 8.18
BEF Ho 11 1994 366 Oe 5 1.86 0.12 1.54 0.13 0.09 0.01 50.27 4.79
HBEF w1 86 1996 490-740 Oie 84 3.55 0.20 2.93 0.18 0.19 0.02 53.21 3.36
HBEF w1 88 1998 490-740 Oie 97 3.85 0.26 3.20 0.24 0.18 0.02 43.80 2.58
HBEF w1 90 2000 490-740 Oie 100 4.61 0.22 3.39 0.18 0.18 0.01 38.42 1.86
HBEF W6 68 1978 550-790 Oie 58 3.05 0.26 2.52 0.22 0.36 0.05 115.01 4.01
HBEF Wwe 77 1987 550-790 Oie 70 3.83 0.27 2.73 0.21 0.30 0.03 75.66 3.47
HBEF Wwo 82 1992 550-790 Oie 80 3.30 0.19 2.59 0.14 0.22 0.02 63.79 3.15
HBEF w6 87 1997 550-790 Oie 87 3.38 0.16 2.80 0.14 0.15 0.01 40.57 2.51
BEF H1 40 1979 335 Oa 6 4.53 0.47 2.69 0.32 0.17 0.02 38.61 3.93

BEF H1 55 1994 335 Oa 5 6.64 0.91 3.54 0.48 0.31 0.05 46.71 4.01

BEF H2 104 1979 335 Oa 6 7.90 1.16 4.68 0.74 0.32 0.05 42.56 4.52
BEF H2 119 1994 335 Oa 5 7.08 2.41 4.34 1.62 0.30 0.10 47.36 6.05
BEF H3 104 1979 457 Oa 6 8.10 0.57 5.57 0.48 0.36 0.11 43.15 9.70
BEF H3 119 1994 457 Oa 5 7.05 0.65 4.74 0.53 0.28 0.02 39.90 2.06
BEF H4 45 1979 366 Oa 6 2.73 1.05 1.54 0.66 0.15 0.08 49.72 8.96
BEF H4 60 1994 366 Oa 5 2.99 0.81 1.52 0.40 0.19 0.05 68.20 11.16

Continued next page.
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Stand Sample Organic Pb
Forest Stand age year Elevation Horizon Sample Mass mass Pb content concentration
m n kg m? —egm?*— —mgkg!' —
BEF H5 12 1979 366 Oa 6 291 0.69 1.74  0.43 0.13 0.03 44.58 3.70
BEF H5 27 1994 366 Oa 5 2.44 1.52 1.42 0.86  0.16 0.10 51.39  14.08
BEF H6 0 1979 366 Oa 6 4.66 0.43 2.87  0.31 0.20 0.02 43.07 4.64
BEF H6 11 1994 366 Oa 5 494 229  2.69 1.03 0.24 0.09 55.58 3.87
HBEF W1 86 1996 490-740 0aA 84 12.66 1.08 4.82 0.40 0.72 0.05 67.44 3.43
HBEF W1 88 1998 490-740 0aA 97 10.95 1.49 550 0.74 0.64 0.07 73.98 3.43
HBEF w1 90 2000 490-740 0aA 100 10.85 0.92 4.90 0.44 0.62 0.05 66.70 2.82
HBEF W6 68 1978 550-790 0aA 58 10.18 1.02 4.31 0.48 0.64 0.05 76.16 4.10
HBEF W6 77 1987 550-790 0aA 70 972 2.01 3.75 0.70 0.49 0.06 66.73 3.41
HBEF W6 82 1992 550-790 0aA 80 13.80 1.27 521 0.60 0.82 0.07 68.12 3.54
HBEF W6 87 1997 550-790 0aA 87 9.42 0.85 4.03 0.39 0.62 0.06 74.24 3.84
BEF H1 40 1979 335 A 6 7.23 1.80 1.29 0.23 0.15 0.04 21.77 2.35
BEF H1 55 1994 335 A 5 3.66 0.58 0.75 0.10 0.09 0.01 25.82 3.78
BEF H2 104 1979 335 A 6 785 512 1.91 1.27 022 0.15 26.51 4.05
BEF H2 119 1994 335 A 5 3.64 1.54 1.4 041 0.13 0.05 35.73 5.98
BEF H3 104 1979 457 A 6 1.67 0.29 051 0.10 0.05 0.01 28.46 3.85
BEF H3 119 1994 457 A 5 0.66 0.12 0.15 0.02 0.02 0.00 31.85 2.58
BEF H4 45 1979 366 A 6 4.69 0.56 1.08 0.08 0.20 0.03 44.23 9.31
BEF H4 60 1994 366 A 5 2.46 0.81 0.60 016 022 0.15 64.53  25.99
BEF H5 12 1979 366 A 6 4.55 0.77 134 047 012 0.02 26.80 2.73
BEF H5 27 1994 366 A 5 4.36 0.94 1.52 0.37  0.16 0.04 36.78 8.70
BEF H6 0 1979 366 A 6 4.17 0.86 1.23 0.21 0.12 0.02 30.10 2.22
BEF Ho6 11 1994 366 A 5 2.98 0.88 0.99 0.30 0.14 0.04 48.64  10.44

T Means and standard errors (in italics). Sample n refers to individual plots at HBEF and composited lines at BEF and WMNF (see text for details).

We report Pb concentrations on a dry weight basis. Because
chemical analyses were performed on individual horizons,
mass-weighted concentrations were calculated for all com-
bined layers.

Statistical Analyses

The HBEF data set was analyzed separately from the BEF
and WMNF data sets, because the amounts of Pb and the
changes over time differed between the two studies. Mean
values at the stand level were used to test hypotheses about
changes in forest floor properties over time. Dependent vari-
ables did not require transformation to meet tests for normal-
ity of the residuals.

Relationships between forest floor properties and stand
age, elevation, or time of measurement were tested using
linear regression. Paired ¢ tests were used to test for change
over time in stands at the BEF and WMNF, which were sam-
pled only twice. Differences were determined by comparing
stand level means at the two sampling dates. Minimum detect-
able differences were determined based on inverse ¢ tests with
a = 0.05.

RESULTS
Forest Floor Totals

The forest floor as a whole (O + A horizons) was
measured at 16 sites for intervals ranging from 4 to 21
yr (Table 1). At the most intensively measured site, W-6
at the HBEF, the forest floor lost 0.25 ¢ Pb m? from
1976 to 1997, to total 36% of the initial Pb content (p =
0.002, linear regression; Fig. 1a). Another site at HBEF,
W-1, was sampled three times in 4 yr, with results very
similar to W-6, except for slightly higher mass (Fig. 1c)
and Pb content (Fig. 1a).

Changes in Pb content in 13 additional sites (six at
the BEF and seven elsewhere in the WMNF) during a
15-yr interval (Fig. 1a) were not statistically significant
(p = 0.63, paired ¢ test). The behavior of these forest
floors is significantly different from those at HBEF: a

mean change in Pb content of 0.08 ¢ m~? across the 13
stands would have been detectable at p = 0.05.

Like Pb contents, concentrations of Pb at HBEF de-
clined by 29 mg kg~! (ppm), or 32%, in the forest floor
as a whole between 1976 and 2000 (p < 0.001, linear
regression) (Fig. 1b). The change in Pb concentrations
at BEF and WMNF was not statistically distinguishable
from zero (p = 0.10, paired 7 test) and was less than the
rate of loss at HBEF (a mean change of 7 mg kg™ ! would
have been statistically detectable).

The amount and concentration of Pb in the forest
floor was higher at the HBEF than at the other sites
by about 40% for content and 22% for concentration
(Fig. 1). The mass of the forest floor was similar at the
HBEF, BEF, and WMNF sites (Fig. 1c). Older stands
tended to have more massive forest floors than younger
stands (¥ = 0.28; p < 0.001 for linear regression on all
observations; » = 0.30; p = 0.02, using average values
for each stand). There was no significant effect of stand
age on Pb contents or concentrations or changes in these
variables (Fig. 1a and b).

Changes within Horizons

For eight of the sites, the forest floor was divided into
Oie and Oa-A horizons. The underlying Oa-A is more
massive (Fig. 2¢) and has greater Pb contents (Fig. 2a)
than the Oie. Declines in Pb were more evident in the
upper portions of the forest floor (Oie) than in the Oa-A
(Fig. 2a and b).

Declines in Pb contents in Oie horizons were similar
in magnitude at the HBEF and BEF (Fig. 2a). At HBEF
W-6, the Pb content of the Oie horizon declined by 59%
from 1977 to 1997 (p = 0.0004), accounting for the
overall change taking place in the forest floor. At the
BEF, the Pb content of the Oie declined by 47% be-
tween 1979 and 1994 (p = 0.01). In contrast, the Pb
content of the underlying Oa-A horizon did not change
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Fig. 1. (a) Lead content, (b) concentration of Pb per unit organic
matter, and (c¢) organic matter content of the forest floor as a
function of stand age in three stands at the HBEF, six stands at
the BEF, and seven stands elsewhere in the WMNF. At HBEF,
W6 was sampled seven times, W1 was sampled three times, and
W5 was sampled once. Lead content of W6 = 1.78 gm 2t0 0.0118 g
m 2 yr ! X age (yr).

significantly over time at HBEF (p = 0.77) or at BEF
(p = 0.88).

Like Pb contents, concentrations of Pb in the Oie
horizon declined dramatically (Fig. 2b), by almost 65%
at the HBEF (p < 0.0001) and by 45% at the BEF (p =
0.002). In contrast, in the Oa-A horizon, Pb concentra-
tions were stable within detection limits at HBEF and
increased by 29% at BEF (p = 0.03). Concentrations
of Pb were greater in the Oie than Oa horizon at the
beginning of the measurement period, but were lower
in the Oie than the Oa at both locations at the most
recent observations.

The forest floor was divided into four horizons (Oi,
Oe, Oa, A) at the BEF. Changes within these horizons
provide finer resolution of Pb dynamics, and confirm
that Pb was found deeper in the profile over the period
of observation (Fig. 3). The uppermost Oi horizon de-
clined in Pb concentration (Fig. 3b) by 58%, on average,
during the 15-yr period (p < 0.0001); the Oe horizon
experienced an average 44% loss (p = 0.004). In con-
trast, Pb concentrations increased by 18% in Oa and
37% in A horizons (p = 0.05 and 0.01, respectively).
Changes in Pb content (Fig. 3a) were not as consistent,
with the loss being statistically significant only in the Oe
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Fig. 2. Change over time in (a) Pb content (HBEF, Oie r* = 091,
p <0.001, OaA = 0.17, p = 0.74; BEF, Oie > = 0.55, p = 0.004,
0aA = 0.10, p = 0.90); (b) Pb concentration (HBEF, Oie r* =
0.99, p < 0.001, OaA > = 0.07, p = 0.47; BEF, Oie r* = 0.72, p <
0.001, OaA * = 0.21, p = 0.08); and (c) organic mass (HBEF, Oie
P = 0.54, p = 0.04, OaA * = 0.07, p = 0.29; BEF, Oie r* = 0.10,
p = 0.86, OaA r* = 0.06, p = 0.56) of Oie and Oa-A horizons at
Hubbard Brook and Bartlett Experimental Forests.

horizon (p = 0.01). Changes in organic matter content
within horizons (Fig. 3c) were also mostly insignificant
(the A was significantly less massive in 1994 than 1979;
p = 0.04).

Elevational Effects

At the HBEF, 58 to 87 samples were collected at each
sampling date from elevations ranging from about 550
to 800 m. Concentrations of Pb invariably increased
with elevation (Fig. 4b). Since forest floor mass (Fig. 4c)
declines dramatically with elevation, however, the Pb
contents of forest floors at high elevation were not al-
ways greater than those at low elevation (Fig. 4a). Lead
contents were more often greater at high elevation at
the earlier measurement dates, but this decrease over
time in the slope of Pb content with elevation was at
best modestly significant (p = 0.08).

In the 13 stands of the BEF and WMNEF, elevations
ranged from about 300 to 550 m. There were no signifi-
cant relationships between elevation and Pb content or
concentration, and the slopes of these regressions did
not change significantly between 1979-1980 and 1994-
1995 (data not shown).
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Fig. 3. Changes within stand in () Pb content, (b) Pb concentration,

and (c) organic mass by horizon at Bartlett Experimental Forest
measured in 1980 and 1995, plotted as a function of stand age.

DISCUSSION

The high affinity of organic matter for Pb was the
basis for previous predictions that Pb would be retained
in the forest floor for many decades. Steady state calcu-
lations of mean residence times treated the forest floor
as a single pool (e.g., Friedland and Johnson, 1985;
Turner et al., 1985), as did the more sophisticated calcu-
lation of mean response time based on time-varying
inputs of Pb (Miller and Friedland, 1994). Consideration
of dynamics within the forest floor provides a slightly
different perspective on the potential for Pb to move
through the soil profile. Early in the time period we
studied, the highest concentrations of Pb were measured
in the uppermost portions of the forest floor (Fig. 2),
consistent with atmospheric sources of Pb and with
other measurements taken from 1962 to 1981. But after
Pb emissions were curtailed in 1977, the upper part of
the forest floor was the locus of inputs of organic matter
low in Pb, relative to the accumulations in the forest
floor. The differentiation of horizons within the forest
floor in our studies revealed that Pb is now concentrated
deeper in the forest floor than it was two decades ago.
By the end of our study period, the upper portions of
the forest floor (Oie) had lower concentrations than the
Oa-A, a reversal of the previous pattern (Fig. 2).

Much of the downward movement of Pb that we ob-
served can be attributed to litter additions at the top of
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Fig. 4. Elevational patterns in (a) Pb content, (b) Pb concentration,
and (c) organic mass of the forest floor in HBEF W-6 for seven
sampling dates: 1976, 1977, 1978, 1982, 1987, 1992, and 1997.

the forest floor. Some may be due to migration of Pb
in the soil solution or in particulate matter (Wang and
Benoit, 1996). At Camel’s Hump in Vermont, Pb has
migrated from the forest floor into the upper 10 cm of
the mineral soil (Kaste et al., 2003). At the HBEF, the
Pb lost from the upper forest floor was not retained
within the forest floor: the lower Oa-A remained about
constant, and the Pb contents of the forest floor as a
whole declined significantly from 1976 to 1997. In con-
trast, at the BEF sites, declines in concentrations of
Pb in the Oi and Oe were compensated by significant
increases in the Oa and A. Although the observed in-
creases in Pb contents were not statistically significant
in the Oa-A, they were sufficient to prevent detectable
losses of Pb from the forest floor as a whole. Similarly
small changes in Pb contents took place in forest floors
of the additional WMNF sites. One difference between
the HBEF and the other studies is that forest floor
sampling commenced earlier, in 1976, instead of in 1979
or 1980. The most rapid losses of Pb at the HBEF oc-
curred in the earliest portion of the record (Fig. 1). We
can imagine that losses from the forest floor might have
been greater at the BEF and WMNTF sites if they had
been sampled somewhat earlier.

Another difference between the HBEF and the BEF-
WMNEF sites, besides the timing of sampling, is their
elevation. The greater Pb content of the forest floor at
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Fig. 5. Forest floor Pb content as a function of elevation for 32 stands
reported by Johnson et al. (1982) and the 16 stands reported in
this study.

Hubbard Brook is consistent with previous observations
of forest floor Pb as a function of elevation in the Ta-
conic, Green, and White Mountains (Johnson et al.,
1982) (Fig. 5). The pattern of greater Pb in the forest
floor at higher elevations is explained by greater wet and
dry deposition velocities (Miller and Friedland, 1994).
Within the HBEF sites, Pb concentrations increased
significantly with elevation. The most surprising result
is perhaps the absence of a consistent pattern in Pb
content with elevation at HBEF, in spite of consistent
increases in concentration. Similarly, in testing for pat-
terns with time, concentrations of Pb changed more
systematically than Pb contents. This raises questions
about the consistency of forest floor sampling over time.

Variation in the organic mass of the forest floor could
be due in part to environmental factors such as changes
in organic matter inputs, occasioned by defoliation
events, windstorms, or processes affecting root dynam-
ics. Some of the variation, however, is probably due to
measurement error, and specifically to the difficulty of
distinguishing horizon boundaries in the field (Federer,
1982). The high organic mass of the forest floor collected
at HBEF in 1992 (Fig. 1c; Table 1) is probably due to
sampling under wet conditions, as it is more difficult to
see mineral grains in moist samples (Yanai et al., 1999).

When monitoring change over time in the forest floor,
the choice of concentration or contents as the indicator
variable depends on the depth distribution of the ele-
ment in question. When concentrations vary dramati-
cally with depth, it is possible to introduce spurious but
statistically significant changes over time in elemental
concentrations merely by sampling to different depths
(Yanai et al., 1999). In the case of Pb, since concentra-
tions are similar in the upper and lower portions of the
forest floor (Fig. 2b), variation in the depth of samples
collected has a greater effect on Pb contents, and Pb

concentration values are less sensitive to variation in
sampling methods. Indeed, Pb concentrations were
more consistent than Pb contents in our data sets
(Fig. 1-4, comparing a and b). For elements that decline
with depth in the forest floor, such as C, N, P and
exchangeable bases, contents will be less sensitive to
sampling error than concentrations. Since it is far easier
to collect “grab” samples for chemical analysis than
“quantitative” samples for calculation of contents, con-
centration may be the better parameter for future moni-
toring of the fate of Pb in the forest floor.

In the future, we can anticipate that the upper por-
tions of the forest floor will continue to decline in Pb
content and concentration, as litter low in Pb is added
to the surface. In the sites we studied, peak concentra-
tions of Pb are now in the Oa horizon, in contrast to
two decades ago, when Pb concentrations were highest
at the surface. The fate of Pb in the Oa horizon is linked
to humus decomposition and complexation; the rate of
loss of Pb from the forest floor could provide insight into
the dynamics of C cycling as well as that of heavy metals.
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