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Concentrat ions of inorganic ions were measured in bulk rainfall  and bulk throughfall  collected beneath northern
red oak (Quercus rubra L.) trees growing in fert i le ,  l imestone-derived soil  and less fert i le  sandstone/shale-derived soil .
Rainfal l  passing through the crowns at  both si tes  was enriched with SO:-,  PO:-, Ca2+  , Mg2+  , K’ , Mn2+  , and Fe’+,
but  los t  NH;  to the crowns.  Concentrat ions of NaC  and H+  in incident rainfall  were higher at  the inferti le si te.  There
was no difference in ionic leaching from red oak crown leaves exposed to simulated acid rain solutions. Rainfall volume,
leaf area, and large  particle dryfall  ionic concentrations were all  larger at  the fert i le rather than the inferti le si te.  Con-
centrations of Ca +  , MgzC,  NH:,  Mn’+  , and SOi-  measured in throughfall  at  the fert i le  si te  were higher than those
of the infertile site. These differences in throughfall chemistry are likely due to site differences in (i) the ability of
tree crowns to capture dry deposition, (ii) dry deposition chemistry and occurrence, and (iii) rainfall volume.
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Les concentrat ions d’ions inorganiques ont  CtC  mesurCe  dans la prCcipitation  totale  et  dans la  precipi tat ion au sol
recueill ie sous  un couvert  de chenes  rouges (Quercus rubra L.) croissant  sur un sol  fert i le  d&iv6  de calcaire et un sol
moins fertile d&iv6  d’ardoise et de grb. La prCcipitation  passant B travers les times  aux deux endroits etait  enrichie
de SO:-,  PO:-, Ca2’,  Mg2+,  K+  , Mn2+  et Fe*+,  mais  il y avait une perte de NH:. Les concentrations de Na+  et
H’  dans la prCcipitation  totale  Ctaient  supCrieures  B I’endroit  du sol peu ferti le.  On n’a dCcelC  aucune diffkrence  dans
le lessivage ionique des feuilles des times  du ch&ne  rouge exposCes  g  des solutions simulCes  de pluies  acides.  Le volume
de prCcipitation,  la surface foliaire ainsi que les  concentrat ions ioniques des grosses particules  sbches Ctaient  tous  p lus
grands P l’endroit du sol fertile qu’8  celui du sol peu fertile. Des concentrations plus fortes de Ca*‘,  Mg*+  NH:,
Mn*+  et SOi-  ont CtC  mesurCes  dans la prtcipitation au sol g  I’endroit du sol fertile qu’8  celui du sol peu fertile. Ces
diffkrences  dans la chimie de la prCcipitation  a sol  sont  vraisemblablement  dues g  des diffkrences  dans (i)  la capacitC
des times  des arbres de capter  les dCp6ts  sets,  (ii) la prtvalence  et la chimie des dCp&s  sets  et (iii) le volume de la
prCcipitation.

Introduction
The forest canopy is the initial point of contact between

rain influenced by air pollutants and forest ecosystems. The
chemical composition of throughfall differs from rainfall.
Hardwood and coniferous forest throughfall is generally
higher in K, Ca, and Mg, and may be higher or lower in
NO; and SOi-  content than incident precipitation (Eaton
et al. 1973; Cronan and Reiners 1983; Mollitor and Raynal
1983; Lindberg et al. 1986). Hardwood throughfall during
the growing season usually has higher pH than rain; con-
ifer throughfall often has equal or lower pH than rain
(Nihlgard 1970; Mollitor and Raynal 1983; Cronan and
Reiners 1983). Stand structure (Olson et al. 1981) and canopy
structure (Reiners and Olson 1984) also influence throughfall
chemistry.

Washing of large-particle dryfall and leaching of
substances from leaves are dominant processes in throughfall
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chemical enrichment (Parker 1983). Foliar absorption of
nutrients in low supply (e.g., N) may also occur. Foliar
nutrient status has been increased with fertilizers and found
to affect throughfall enrichment (Khanna and Ulrich 1981).
Other studies suggest that foliar nutrient status is an indi-
cator of throughfall enhancement (Eaton et al. 1973;
Henderson et al. 1977).

The objective of this study was to examine the influence
of foliar nutrient status on inorganic ion concentrations of
throughfall. Northern red oak (Quercus rubra L.) growing
on sites with either low or high soil fertility were used to
test this relationship. Rainfal  and throughfall at each site
were collected and chemically analyzed. Northern red oak
leaves were treated with simulated acid rain solutions to
determine differences in ion leaching between sites.

Materials and methods
Study si tes

Two forested sites were chosen because of their different soil
nutrient  status.  One si te was located in the Shenandoah National
Park (SNP),  Greene County,  Virginia (38”21  ‘N lati tude,  78”32’W
longitude). Soils of the SNP are classified as dystrochrepts (USDA
1980),  i.e., either loamy-skeletal, mixed, mesic  rupticalfic (Catoctin
series), or loamy-skeletal, mixed, mesic  typic (Parker series). These
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TABLE 1. A comparison of surface soil  horizon
chemistry for Shenandoah National Park
(SNP), Greene Co., VA, and Fernow
Experimental Forest (FEF), Tucker Co., WV

Variable” SNP FEF

N b-w@
P (w-N
K (wm)
Ca  (ppm)
Mg (ppm)
Zn  (ppm)
Mn  (pm-4
Al h-W

0.07 0.21*b
3.50 5.00 ns

37.38 56.00*
12.00 138.00*

5.88 22.00*
1.13 2.38*
7.75 79.25*

379.75 301.75 ns

Organic
matter (vo) 7.45 10.20*

PH 4.48 4.38 ns

Total N, extractable P, K, Ca, Mg, Zn, Mn, and Al.
%tudent’s  t-test results; * indicates a significant site

difference at P 5 0.05, and ns  indicates no site difference.

soils  are derived from sandstone and shale parent material  of the
Swift  Run and Pedlar  geologic formations (Gathright  1976).  The
si te  supports  an upland oak community which includes northern
red oak, chestnut oak ( Quercusprinus  L.), white oak (Q. alba L.),
and eastern white pine (Pinus  strobus  L.). The SNP site is on the
west-southwest facing side of a ridge with an average slope of 50%.
The site has a mean elevation of 615 m and receives an average
of 109 cm precipitation annually.  Northern red oak site index was
calculated to be 54 ft  (16.46 m) (base age 50 years) using age and
height  measurements,  and a published si te  index equation (Hahn
and Carmean 1982).

The second si te was located in the Fernow Experimental  Forest
(FEF), Tucker Co., West Virginia (39’3’N  latitude, 79”4O’W
longitude) on a fine-loamy, mixed, mesic  typic hapludalf of the
Belmont soil series (USDA 1980). This soil is derived from
calcareous shale, sandstone, and limestone parent material
(Auchmoody 1972). The FEF site supports northern hardwood
forest  species including northern red oak, chestnut oak, yellow-
poplar (Liriodendron tulipifera L.), and sugar maple (Acer
sacchamm  Marsh.). The site faces north northeast, with an average
slope of 30070,  mean elevation of 725 m, and receives 147 cm of
mean annual precipitation. Northern red oak site index at  base age
50 years is 85 ft. (25.91 m) (Yawney 1964).

Soil sampling method
Eight samples were collected from the A soil  horizon (defined

as O-20 cm in depth) of each si te using a 2.5-cm punchtube.  Soi l
was sampled beneath four randomly selected codominant trees of
each of two species on both si tes to determine the representative
soil  chemistry.  Soil  was sampled at  the SNP beneath four eastern
white pine and four northern red oak trees during the 1982 grow-
ing season. FEF soil was sampled during the 1983 growing season
beneath four black cherry (Prunes  serotina Ehrh.) and four north-
ern red oak trees. Prior to chemical analyses, soils were dried at
room temperature and passed through a 2-mm screen.

Leaf collection and leaching methods
Northern red oak leaves were sampled from three randomly

selected codominant trees on each site,  at  three 6-week intervals
beginning on June 25,  1984. Trees were cl imbed and,  with a pole
pruner,  leaves were removed from six to eight posit ions represen-
tative of the lower to middle portions of the crown. Leaves were
kept in plast ic bags,  on ice,  in an insulated cooler  no longer than
48 h while in transit to the laboratory. Leaves were refrigerated
an additional 48-72 h prior to experimental treatments.  Leaf areas
were measured with a Licor model Li-3000 portable leaf area meter.

TABLE 2. Leaf areas and average concentrations of 11 nutrient
elements in northern red oak leaves collected three t imes during
the 1984 growing season at Shenandoah National Park (SNP),
Greene Co., VA and Fernow Experimental Forest (FEF), Tucker

co., WV

June 25-26
Nutr ient ’

Aug. 6-7 Sept. 26-27

element SNP FEF SNP FEF SNP FEF

s Vo) 0 .12  0.16*b 0.13 0.14 ns 0.13 0.14 ns
N PO) 2 .45  2.86* 2 . 3 2  2.71* 2 .34  2.43*
p v.0) 0 .13  0.18* 0 . 1 9  0.23* 0.22 0.22 ns
K (o’/o) 1 .44  1.71* 1 .15  1.33* 0 .92  1.07*
Ca (Ore) 0 .56  0.67* 0 . 7 8  0.90* 0 .80  0.84*
Miz Voo) 0 .19  0.13* 0 . 2 0  0.14* 0 .20  0.13*
B (ppm) 18 22* 16 22* 36 53*
Zn  h-w@ 24 28* 27 31* 32 31 ns
Mn  (ppm) 6 3 7  808* 7 8 2  1075* 6 8 4  754*
Cu  (wm) 9 12* 4 7* 6 7 ns
Fe  (ppm) 56 49* 58 57 ns 62 58 ns
LA (cm’) 111 136* 112 120* 99 130*

‘Nutrient elements are in total forms and are pooled from leaves treated and
untreated with rain solutions. LA, leaf area.

‘Significant site differences at P 5 0.05 are indicated by *; ns  indicates no site
difference.

Leaves from each si te were exposed to a simulated rain solution
of pH 4.3 fol lowing the three harvests .  Simulated rain solut ions
contained inorganic ions in proport ions measured in rainswhich
occurred in southwestern Virginia (Chevone et al. 1984). Approx-
imately 6 g of leaves, selected from the total collection at each site,
were placed in 18 x  20 cm clear,  plastic-zippered bags containing
250 mL of the s imulated rain solut ion.  Rain solut ion was placed
in bags without  leaves to serve as  controls .  Following a 2-h treat-
ment, leaves were removed from the bags and prepared for chemical
analyses. Leaves not exposed to simulated rain solutions were also
chemically analyzed. Solution pH  was measured before contact with
leaves, and immediately after leaves were removed from bags,
Inorganic ion concentrations were measured in control  and treat-
ment rain solutions.  Prior to chemical analyses,  leaves were dried
at 70°C for 24 h, and ground to pass through a l-mm screen.

Atmospheric deposition sampling methods
Bulk throughfall and bulk rainfall were collected weekly for

16 weeks beginning June 5 and ending September 25, 1984.
Collectors consisted of a 20-cm diameter polyethylene funnel  and
a 250-mL polyethylene bott le connected by 75 cm of clear Tygon
tubing.  Collectors were mounted 1.8 m above the ground on metal
posts.  Bulk rainfall  collectors were placed in a clearing near each
site. Bulk throughfall collectors were located beneath the same three
trees on each site from which the leaves were collected. Glass wool,
rinsed in deionized water to remove trace elements,  was placed in
the neck of each funnel to exclude contaminants.  Each week col-
lectors were cleaned with deionized water and new glass wool was
placed in the funnels .

Chemical analyses
A double acid extraction procedure (University of Georgia Soil

Testing and Plant Analysis Laboratory,  Athens,  Georgia) was used
to determine concentrations of P,  K, Ca, Mg, Mn, Zn, and Al in
soil. Soil extracts were analyzed by a Jarrell-Ash model 955 Atom
Comp argon plasma emission spectrometer. Total N was deter-
mined by the macro-Kjeldahl procedure.  A glass pH electrode and
reference electrode were used to determine soil pH in a  1:  1  mix-
ture of soil and deionized water. Percent organic matter in soil was
determined by wet oxidation with potassium dichromate.

Nutrient  element concentrations of leaves collected in June and
August were analyzed by the Virginia Tech Soil Testing and Plant
Analysis Laboratory, Blacksburg, Virginia. Concentrations of total
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Ca, Mg, Mn, Zn, Cu, and Fe were measured by atomic absorp-
tion spectrophotometry.  Leaf total  P and total  B were determined
calorimetrically,  and total  K was determined by f lame photometry.
Nutrient  element concentrations of leaves harvested in September
were determined by a Jarrell-Ash model 750 arc spark emission
spectrograph,  at  the Universi ty of  Georgia Soil  Test ing and Plant
Analysis Laboratory,  Athens,  GA. Both labs used a micro-Kjeldahl
technique to measure leaf total N, and a Leco  sulfur analyzer to
measure leaf total S. There were no differences in nutrient element
concentrations (t-tests, P I 0.05) in the chemical analyses of
10 duplicate samples sent  to each laboratory.

Concentrat ions of  total  P,  K,  Ca,  Mg, Mn, Fe,  B,  M O, and Na,
in rainfall  and throughfall  samples were determined by a Jarrell-
Ash model  955 Atom Comp argon plasma emission spectrograph.
Concentrat ions of  ammonium and ni trate  (fol lowing reduct ion to
ammonium) were determined by distillation of basic ammonium
and t i t rat ion to an end point  (Universi ty  of  Georgia  Soi l  Test ing
and Plant Analysis Laboratory).  Sulfate concentrations were deter-
mined by the turbidimetric method (Anonymous 1983) using a
model  900-3 Klet t-Summerson photoelectr ic  calorimeter.  Rainfal l
and throughfal l  pH were determined using a Beckman combina-
t ion  pH  electrode with an Ag/AgCl  reference element. Electrical
conductivity was measured using a Thomas model 275 linear
conductance/resistance meter.

Results
Site characterization comparisons

Soil chemistry
Student’s t-tests were used to compare nutrient element

concentrations in soil between sites. FEF soil had greater
concentrations of total N, extractable P, K, Ca, Mg, Mn,
Zn, and greater percent organic matter than SNP soil
(Table 1). Concentrations of Al and pH of the two soils did
not differ.

Northern red oak crowns
One sample of leaves representing the total collection from

each tree per harvest was exposed to rain solutions and used
for chemical analyses. Chemical variables in leaves and in
simulated rain solutions were compared between sites for
each harvest using analysis of variance and a 2 (sites) x 3
(trees/site) design. Concentrations of total N, P, K, Ca, Mn,
Zn, S, B, and Cu were greater in FEF than SNP leaves
(Table 2). However, SNP leaves had higher concentrations
of Mg and Fe than FEF leaves. Differences in N, K, Ca,
Mg, B, and Mn between sites were significant (P I 0.05)
at all harvests. The magnitude of nutrient ion exchange was
similar between simulated rain solutions and leaves with high
(FEF) and low (SNP) nutrient element concentrations
(Table 3).

Rain chemistry
Student’s t-tests were used to compare nutrient element

concentrations in bulk rainfall. Average concentrations of
Cazf , Mg2+,  K+, NH:, NO;, SO:-,  PO:-, B(OH);,
Zn2+,  Mn2+,  Fe2+, MoOa-,  and conductivity did not dif-
fer between the sites (Table 4). The average concentration
of Na+ in rain at SNP was more than twice that at FEF
(P < 0.05). Rainfall pH at the FEF (pH 4.69) was lower
than the SNP (pH 5.57). Chemical variables of wet-only
rainfall from National Atmospheric Deposition Program/
National Trends Network (NADPINTN)  preliminary data
for both sites were compared by Student’s t-tests. Rainfall
at SNP, FEF, and NADP/NTN sites were collected con-
temporaneously. The NADP/NTN sampler WV 18 is about
5 km from the FEF site and NADP/NTN sampler VA 28
is about 24 km from the SNP site. Rain collected at NADP/

TA B L E  3 .  Exchange of eight  nutr ient  ions (mequiv./m’  leaf area)
between simulated rain solut ions of  pH  4.3 and northern red oak
leaves harvested three times during the 1984 growing season at the
Shenandoah National Park (SNP), Greene Co.,  VA and the Fernow

Experimental Forest (FEF), Tucker Co., WV

June 25-26 Aug. 6-7 Sept. 26-27
Nutrient
variable SNP FEF SNP FEF SNP FEF

Ca2+ -0.10 -0.05 0.02 0.02 0.16 0.07
Ma+ 0.02 0.01 0.03 0.01 0.08 0.02
K+ 0.57 0.82 0.17 0.23 0.42 0.40
NH: 0.00 0.04 -0 .15  -0 .06 - 0.07 - 0.04
Mn2+ 0.00 0.00 0.00 0.01 0.02 0.01
PO:- 0.01 0.11 0.10 0.06 0.04 0.04
so:- 0.15 0.10 0.02 0.05 - 0.02 - 0.04
NO; -0 .40  -0 .34 0.00 0.16 0.00 0.00

NOTE: Positive values indicate ions leached from leaves, negative values indicate
ions retained by leaves. Site differences were all nonsignificant (F-tests, P 5  0.05).

NTN sampler VA 28 had higher concentrations of K+, and
NH,f , and higher pH (P < 0.05) than rain at NADP/NTN
WV 18.
Site process comparisons

Rainfall to throughfall transformation
A one-way analysis of variance was used to compare

chemical variables in bulk rainfall and throughfall within
each site for 16 weeks. Concentrations of Ca2+,  Mg2’,
K+, Mn2+,  and Fe2+ were higher in throughfall than rain-
fall at SNP (Table 4). Throughfall at the FEF had greater
concentrations of Ca2’, Mg2+,  K+, Mn2+,  Fe2+, SOS-,
and PO:-  than rainfall. Concentrations of MOO; were
higher in rainfall than throughfall at SNP and FEF.
Throughfall pH (5.30) was higher than rainfall pH (4.69)
at FEF. Rainfall (pH 5.57) and throughfall (pH 5.21) pH
did not differ at SNP. Rainfall and throughfall had similar
conductivities and concentrations of NH:, Naf  , Zn2+,
NO<, and B(OH)i  at both sites, and similar concentra-
tions of SOi-  and PO:-  at the SNP.

Throughfall chemistry
Bulk throughfall chemical variables were compared

between sites using nested analysis of covariance and a
2 (sites) x 3 (trees/site) design. No measurable rainfall
occurred during weeks 1 and 14 at SNP or week 1 at FEF,
thereby reducing sample sizes for statistical comparison to
14 and 15, respectively. Data for each chemical variable were
tested for normality and found to be skewed. Natural log
transformations resulted in normal distributions. All
variables measured in rainfall were significant covariates in
the analysis of transformed throughfall data. Throughfall
at FEF had greater concentrations of Ca2+,  Mg2+,  Mn2’,

$,  SOi-  B(OH);  and conductivity than at SNP
gble 4). Co&entratio&  of K were greater in FEF through-
fall than SNP throughfall, but this difference was not signifi-
cant due to high variability in the data. There was no dif-
ference in pH between sites.

Discussion
There are three sources of chemical input that could

account for differences in throughfall chemistry between
SNP and FEF. First, the chemistry of rain falling on the
sites could differ, and second, the amounts of leachable
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TA B L E  4.  Average weekly chemistry of rainfall  (RF) and throughfall  (TF) at  the Shenandoah
National Park (SNP), Greene Co., VA and the Fernow Experimental Forest (FEF), Tucker

Co., WV from June 12, 1984 to September 25, 1984
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Chemical
variable

Bulk rainfall

SNP FEF

RF vs. TF

SNP FEF

Bulk throughfallb

SNP FEF

Ca*+ (ppm)
Mg*+ (pw-4
K+ (ppm)
NaC (ppm)
NH: hwm)
Zn*+ hxd
Mn*+  (rw-4
Fe*+ (pw)
PO:-  (pm)

El%  (ppm)(ppm)
&I-K (ppm)
Moo;  Mm)
PH
Conduct iv i ty

(amho/cm)’

0.65 0.74 nsa
0.18 0.13 ns
0.51 0.20 ns
1.41 0.62*
0.73 0.48 ns
0.05 0.03 ns
0.00 0.01 ns
0.01 0.01 ns
0.09 0.06 ns
4.09 4.19 ns
0.32 0.44 ns
0.73 0.58 ns
0.03 0.02 ns
5.57 4.69**

28.1 32.3 ns

* * 1.12
* * 0.28
* * 2.53
n s n s 1.02
n s n s 0.40
n s n s 0.04
* * 0.06
* * 0.02
n s * 0.15
n s * 4.36
n s n s 0.42
n s n s 0.66
* * 0.02
n s * 5.21

ns ns 29.7

(1.W
(0.31)
(2.46)
(1.31)
(0.39)
(0.04)
(0.05)
(0.02)
(0.15)
(4.13)
(0.36)
(0.66)
(0.02)
(5.46)

(28.6)

1.39 (1.44)**
0.33 (0.30)**
3.30 (3.39) ns
1.17 (1.27) ns
0.46 (0.46)*
0.03 (0.03) ns
0.10 (o.ll)**
0.02 (0.02) ns
0.18 (0.18) ns
6.79 (6.83)**
0.39 (0.44) ns
0.80 (0.73)*
0.00 (0.00) ns
5.30 (5.07) ns

3 4 . 7  (35.8)*
“Variable means were compared by F-tests; ns indicates no site difference; * and ** indicate site differences at

P 5 0.05 and P 5 0.01, respectively.
*Analysis of covariance (ANCOVA)  means, the ANCOVA  procedure used the natural log of adjusted means. Values in

parentheses are means of volume weighted  averaae concentrations among three replicate samples.
‘1  mho = 1.3.

nutrients within canopy leaves could differ. Third, the meable to simulated rain solutions. Differences in leaf
amounts and composition of dry material deposited on the nutrient concentrations may be due to nutrients in the tissue
canopies from atmospheric sources could differ. not being readily subject to leaching.
Site characterization Site processes

Atmospheric, soil, and foliar chemistry Throughfall comparisons between sites
Average chemical concentrations of bulk rainfall were

similar for SNP and FEF except for Na+ and pH (Table 4).
Differences in pH between FEF (4.69 = 20 mequiv.) and
SNP (5.57 = 3 mequiv.) are small in terms of chemical
equivalents. Bulk rainfall data and NADP/NTN rainfall
data both indicate few statistical differences between SNP
and FEF.

Soil fertility and site productivity are greater at the FEF
due to differences in the chemical nature of soil parent
material, and amounts of rainfall occurring at each site.
Long-term records show that FEF receives 26% more aver-
age annual precipitation than SNP. This would tend to
increase weathering and depth of soil at the FEF site. Higher
clay and organic matter content in FEF soil suggest a higher

6 cation exchange capacity than at SNP. Greater total N in
FEF soil indicates that biological turnover of N, and min-
eralization rates of nutrients in general, may be greater at
FEF.c

Rainfall was enriched chemically at both sites. The
distance between sites may confound wet and dry deposi-
tion conditions with soil fertility. Comparisons of bulk rain-
fall to wet-only rainfall may be confounded by differences
in collector type and deposition conditions. Still, these data
indicate that the chemical nature of rainfall was similar at
both sites. Thus, wet deposition is not likely to cause the
differences in throughfall chemistry between the SNP and
FEF sites. The simulated rain experiments show that foliar
leaching of nutrients contributes to chemical alterations of
rainfall. They also suggest that leaching is not the sole cause
of between-site differences in ion concentrations in through-
fall. Large particle dry deposition data for NADP/NTN sites
WV 18 and VA 28 during May to September of 1982, 1983,
and 1984 suggest that dryfah may be greater at FEF than
SNP. The occurrence and chemical nature of dry deposi-
tion at the sites needs to be studied thoroughly in order to
verify this assertion.

Leaves at FEF had higher nutrient element concentrations
through the growing season than at SNP, except for Mg.
Low levels of Mg2+ in FEF leaves may be due to a high
extractable calcium to extractable magnesium ratio (6.3:1)
in FEF soil. The Ca/Mg  ratio of FEF leaves was 6.0: 1 over
the growing season. The Ca/Mg  ratio was 2.0: 1 in SNP soil
and 3.6:.1  in SNP leaves. High levels of extractable Ca2’
in soil can inhibit absorption of extractable Mg2+ by roots
(Barber 1984). The absence of between-site differences in
nutrient losses from leaves despite large differences in nutrient
concentrations suggests that leaf surfaces remained imper-

The physical nature of tree crowns can affect through-
fall chemistry (Reiners and Olson 1984). Average leaf area
was 16% greater at FEF than SNP (Table 2). Larger leaves
at FEF provide a larger area for capturing dryfall.  More
rainfall (26%) at FEF would affect greater leaching of
chemicals from leaves, since leaves need only to be wet for
leaching to occur (Tukey 1971). Thus, differences in
throughfall chemistry between SNP and FEF may be caused
by differences in (i) the ability of northern red oaks to cap-
ture dryfall, (ii) dryfall chemistry and occurrence, and
(iii) rainfall volume.



482 CAN.J.FOR.RES.VOL.18.1988

Acknowledgements
The authors thank J. David Helvey of the Fernow

Experimental Forest and David Haskell of the Shenandoah
National Park for their assistance and willingness to sup-
ply technical support for this project. We also thank David
W. Smith and Harold E. Burkhart for critical reviews of
early versions of the manuscript, and Samuel B. McLaughlin
for his help and suggestions during the project. Funding for
this research was provided by Martin Marietta Energy
Systems, Inc., under contract No. 7733 X05.

ANONYMOUS. 1983. Methods of chemical analysis of water and
wastes. Environmental Monitoring and Support Laboratory.
Office of Research and Development. U.S. Environmental
Protection Agency, Cinncinnati,  Ohio.

AUCHMOODY,  L.R. 1972. Nutrient  propert ies of f ive West Virginia
forest soils. USDA For. Serv. Res. Note NE-145.

BARBER, S.A. 1984. Soil nutrient availability: a mechanistic
approach. John Wiley & Sons Ltd., New York.

CARLISLE, A., BROWN, A.H.F., and WHITE, E.I. 1966. The
organic matter and nutrient elements in the precipitation beneath
a sessile oak (Quercus  petraea) canopy. J. Ecol. 54: 87-98.

CHEVONE, B.I., YANG, Y.S., WINNER, W.E., STORKS-CODER,  I.,
and LONG, J.S. 1984. A rainfall simulator for laboratory use
in acidic precipitation studies. J. Air Pollut. Control Assoc.
31: 

CRONAN, C.S., and REINERS, W.A. 1983. Canopy processing of
acidic precipitat ion by coniferous and hardwood forests in New
England. Oecologia (Berlin), 59: 216-223.

EATON, J.S., LIKENS, G.E., and BORMANN, F.H. 1973. Through-
fall and stemflow  chemistry in a northern hardwood forest. J.
Ecol. 61: 495-508.

GATHRIGHT ,  T.M., II.  1976. Geology of the Shenandoah National
Park, Virginia. Department of Conservation and Economic
Development,  Division of Mineral  Resources,  Richmond, VA.
No. 86.

HAHN, J.T., and CARMEAN,  W.H. 1982. Lake States site index
curves formulated. USDA Forest Serv. Gen. Tech. Rep. NC-88.

HENDERSON, G.S., HARRIS, W.F., TODD, D.E., JR., and
GRIZZARD, T. 1977. Quality and chemistry of throughfall as
influenced by forest type and season. J. Ecol. 65: 365-374.

KHANNA, P.K., and ULRICH, B. 1981. Changes in the chemistry
of throughfall under stands of beech (Fagussylvatica) and spruce
( Picea  abies)  following the addition of fertilizers. Acta  Oecol.
Plant. 2: 155-164.

LINDBERG, S.E., LOVETT, G.M., RICHTER, D.D., and JOHNSON,
D.W. 1986. Atmospheric deposit ion and canopy interaction of
major ions in a forest. Science (Washington, D.C.), 231:
141;145.

MOLLITOR,  A.W., and RAYNAL, D.J. 1983. Atmospheric deposi-
t ion and ionic  input  in  Adirondack soi ls .  J .  Air  Pol lut .  Control
Assoc. 33: 1032-1035.

NIHLGARD, B. 1970. Precipitation, its chemical composition and
effect on soil in a beech and spruce forest in south Sweden.
Oikos, 21: 208-217.

OLSON, R.K., REINERS, W.A., CRONAN, C.S., and LANG, G.E.
1981. The chemistry and flux of throughfall and stemflow  in
subalpine balsam fir forests. Holarct. Ecol. 4: 291-300.

PARKER, G.G. 1983. Throughfall and stemflow  in the forest
nutrient cycle. Adv. Ecol. Res. 13: 57-133.

REINERS, W.A., and OLSON, R.K. 1984. Effects of canopy
components on throughfall chemistry: an experimental
approach. Oecologia (Berlin), 63: 320-330.

TUKEY, H.B., JR. 1971. Leaching of substances from plants.
In  Ecology of leaf surface microorganisms. Edited by T.F. Preece
and C.H. Dickinson. Academic Press, New York.

UNITED S TATES DEPARTMENTOFAGRICULTURE.  1980. Classifica-
tion of Soil Series of the United States, Puerto Rico, and the
Virgin Islands. USDA Soil Conserv. Serv. SCS-TP.

YAWNEY, H.W. 1964. Oak site index on Belmont limestone soils
in the Allegheny mountains of  West  Virginia.  USDA For.  Serv.
Res. Pap. NE-30.


