ELEMENT FLUX IN A DECIDUOUS FOREST
EXPOSED TO AIR POLLUTION

James R. McClenahen;/

Abstract.--Element inputs in precipitation and transfers in
throughfall and soil leachate pbeneath yellow buckeye (Aesculus
octandra Marsh.) canopies were compared in mixed mesophytic for-
est stands in a heavily industrialized region and an area rela-
tively remote from air pollutant sources within the Ohio River Valley
in southeastern Ohio USA. Atmospheric deposition of cations (ca*?,
Mg+2) and anions (NOjJ, SOEZ, Cl~, F7) was generally greater in the
high air pollutant exposure (HE) forest than in the low exposure
(LE) stand, and was generally greater than that reported for less-
polluted regions. Incident rainfall was relatively high in pH at
both sites (4.9 and 5.2, HE and LE, respectively), and was strongly
puffered by the canopy and soil. Throughfall was enriched in concen-
trations of all ions over incident precipitation. Calcium, Cl™ and
F~ throughfall fluxes were significantly greater in the HE stand,
and these same ions, in additon to SOEZ, had greater flux rates
through the surface soil of the HE stand. The rapid transfer rates
associated with increasing air pollutant exposure could place for-
ests in the high exposure area at greater risk of nutrient deple-
tion, especially following major vegetation impoverishment. How-
ever, greater incident fluxes of pollutant-associated macronutrients
into such areas may tend to buffer the ecosystem against excessive
element losses and reduce the time required to re-establish a steady
state.

Additional keywords: Air pollution, atmospheric deposition,
throughfall, nutrient cycling.

INTRODUCTION

Natural forest ecosystems generally depend upon nutrient cycling to main-
tain a given level of functioning. Element inputs to the system occur as wet
and dry atmospheric depostion and geochemical weathering. Perturbations in
the element budget resulting from air pollutant inputs may potentially alter
piomass production, succession, or other aspects of community functioning.

Anthropogenic sources of airborne elements are added to the forest eco-
system through vegetative filtration of particles, aerosols, and gases, and in
wet and dry precipitation. Acid precipitation resulting from certain pollu-
tant emissions may further affect the internal cycling of elements through such
processes as accelerated rates of geochemical weathering, increased leaching
losses from vegetation, and altered soil biotic activity. Depending upon the
nature and quantity of elements added, the potential exists for enrichment of
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the nutrient pool, as well as for toxic effects on the ecosysten.

Knowledge 1s presently limited regarding the influence of industrial air
emissions on element input and movement in forest ecosystems, and the ultimate
impact in terms of community structure and functioning. & previous study re-
ported changes in diversity, structure and composition of forest communities
on similar sites along an industrial air pollutant gradient in the Ohio River
valley (McClenahen, 1978). The objective of the present study was to compare
certain aspects of element cycling on sites representing extremes of high and
low air pollutant exposure on rhis same gradient.

METHODS

Data were collected within two mixed mesophytic forest stands {(v3ha) re-
presenting extremes of pollutant exposures along an air pollutant gradient
within the Ohio River Valley in southeastern Ohio. This portion of the Ohio
River flows southerly and lies in a narrow 150 to 200-m deep valley within the
Allegheny Plateau. Two coal-fired power plants, two chemical plants, and an
aluminum reduction facility are concentrated in the northern part of the study
area within the valley, and vary from 1 km south to 14 km north of the high air
pollutant exposure (HE) stand. The low exposure (LE) stand was 24 km south
{downriver) of the high exposure stand and 14 km north of the nearest air emis-
sions source, a chemical plant. Major known air emissions in the study area
include F7, C17, SO,, and NO4. There is a decreasing air pollutant gradient
from the vicinity of the HE stand southward to the LE stand. (McClenahen, 1978).

Details of the forest type, air pollutant sources, and effects of air
pollutants on the forest community have been reported for this part of the Ohio
valley {(McClenahen, 1978). The two stands in the present study were located on
mid- and lower north-facing slopes within narrow draws on the west slope of the
main valley. Soils were of the Gilpin and Upshur series; both are deep, well-
drained silt loams which intergrade on these steep slopes (Table 1). Species
were typical of the mixed mesophytic type (Braun, 1950), but differed markedly
in richness and relative species proportions between stands despite the similaxr-
ity of the two sites (Table 2). This contrast in vegetation is attributed to
differential air pollution exposure beginning in the early 1940’s (McClenahen,
1978).

Wet plus dry precipitation was collected in an open area adjacent to each
stand (2 collectors/stand). For comparison, precipitation was also collected
at our laboratory at Wooster, Ohio. Wooster has a population of about 19,000.
There are numerous manufacturing concerns and a few light industries in the
area, including several coal-fired institutional heating plants. Throughfall
was sampled at two points beneath the crowns of each of two yellow buckeye
(Aesculus octandra Marsh.) trees per stand (4 collectors/stand). Collectors con-
sisted of polyethylene funnels and bottles. Glass wool was used in the funnels
to filter large debris.

‘ Soil leachate was sampled at 15 cm depth by placing one 0.93 m’ wooden ly-
simeter box beneath the crown of each sample tree (2/stand). The lysimeters
were kept free of plant growth. Throughfall and soil leachate collection was
restricted to the crown areas of a common species, yellow buckeye, to minimize
sampling variation.
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Table 1. Results of chemical analyses of surface 15 cm of soils from forest
sites exposed to high and low air pollutant levels.

Analysis High Exposure Low Exposure

pH 5.8 5.4

Exchangeable Cations

K, ppm 192 128
Ca, ppm 3587 2270
Mg, ppm 234 268
Cation Exchange Capacity, me/100g 28.3 23.3

Percent Base Saturation

K 1.7 1.4
Ca 63.7 48.7
Mg 6.7 9.3

The collected volumes were retrieved bi-monthly or more often as necsssary,
filtered (Whatman No. 41), and aliquots for the various analyses were preser-
ved according to USEPA guidelines (Methods for Chemicalenaly es of Water and
Waste, 1974). Each collection was analyzed for K+, cat R Mg+ (atomic absorp-
tion), SOZz(barium sulfate turbidometric method), NO3 + NO7 ~-N (cadmium reduc-
tion-spectrophotometer method), C1~ (Buchler—Cotlove Chloridometer), and F~
(ion specific F~ electrode). Thirteen separate collections were made during
the period May 24-December 6, 1978.

RESULTS AND DISCUSSION

Precipitation

Total rainfall at the high pollutant exposure (HE) stand slightly exceeded
that at the low exposure (LE) stand (61.9 and 58.9 cm, respectively) . Wooster
received 50.7 cm during the same 197-day sample period. Along with a decreas-
ing gradient of rainfall, concentrations and total atmospheric inputs of most
elements also decreased from the HE and LE stands to the Wooster site (Tables
3 and 4). The HE stand consistently received greater atmospheric deposition
and had higher transfer rates for all elements except Kt and Mg+2 than the LE
stand (Tables 3 and 4). The fact that inputs at Wooster were pelow those of
either site for all elements except NO3 further indicates that atmospheric depo-
sition at the LE site was also affected by the air pollutant sources.

Precipitation input of SOZ2 was not greatly different between forest sites
despite SO, emissions sources near the HE stand. Both sites received much
higher inputs of SO:;2 than reported for North Dakota (Killingbeck and Wali, 1978},
Iowa (Tabatabai and Laflen, 1976), Walker Branch in Tennessee (Shriner and
Henderson, 1978), southern Tllinois (Weaver and Brown, 1979), or Hubbard Brook
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Table 2.--Comparison of forest comnunity composition between stands subiected
to high or low air pollutant exposure,

Stand

Stratum/Species High Exposure Low Exposure

OVERSTORY®/ -no-.- stems/ha~
Aesculus octandra Marsh. 350 100
Acer saccharum Marsh. - 50
Tilia americana L. -0~ 83
Liriodendron tulipifera L. =0 17
Other 34 51
Total 384 301

SUBCANOPYR/

. Aesculus octandra Marsh. 183 100
Acer saccharum Marsh. 17 150
Tilia americana L. ~Q- 100
Liriodendron tulipifera L. -0- 83
Cornus florida L. ~Q= 83
Lindera benzoin (L.) B1. 250 33
Asimina triloba {(L.)Dunal 250 -0-
Other 17 218
Total 717 767

SHRUBS/

Aesculus octandra Marsh. 94 56
Acer saccharum Marsh. 62 1,917
Lindera benzoin (L.) Bl. 3,500 2,972
Fraxinus americana L. 94 222
Asimina triloba (L.) Dunal 269 417
Hydrangea arborescens L. 1,906 -0-
Other 406 696
Total 7,031 6,280

TOTAL SPECIES ~-numbexr-
Overstory 3 7
Subcanopy 5 13
Shrub . 8 16

a/ Trees 215 cm diameter at breast height (1.4m). Means based on six .01
ha circular quadrats.

b/ Woody stems <15 and 22.5 cm diameter at breast height. Means based on six
.01 ha circular quadrats.

c/ Woody stems <2.5 cm diameter at breast height. Means based on eighteen and

"~ sixteen .002 ha circular quadrats in the high and low exposure stands, respec-
tively.
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in New Hampshire (Whittaker et al., 1979). Sulfate input at Wooster closely
agreed with that at Walker Branch (Shriner and Henderson, 19785, but was con-
siderabl e1y greater than reported by the other investigators. As at Walker
Branch, SOQ’ depostion at Wooster was apparently influenced by local {(and
perhaps also remote) coal combustion emissions.

Atmospheric NO3 deposition at the HE site predictably exceeded that at the

LE site (Tables 3 and 4); an NOyx emissions source lay 2 km east of the HE stand.
However, NO3 deposition at all three locations fell within the range of wvalues

reported elsewhere (Tabatabai and Laflen, 1976; Killingbeck and Wali, 1978;
Whittaker et al., 1979).

Chloride depocsition at Wooster was low and quite similar to that measured
in North Dakota (Killingbeck and Wali, 1978). The two forest sites did not
differ greatly in Cl1- input, but their inputs were about 15X that at Wooster
(Tables 3 and 4). High atmospheric Cl~ deposition at both forest sites can be
attributed to multiple Cl™ air emissions sources in this portion of the Ohio
River Valley {(McClenahen, 1978).

Wooster rain was low in F~ compared to some industrial areas (Garber, 1970).
Fmissions from an aluminum reduction plant seemed to slightly elevate F~ inputs

to the LE forest site and grossly increased F~ deposition at the HE stand. Both
up-and down-valley F~ transport has been substantiated (McClenahen and Weidensaul

1977). The highest F~ concentration in a collection period (21 days) was 3.5
mg/l at the HE stand; the lowest value at this site was 0.52 mg/l. The range in

F~ values at the LE site was 0.02 to 0.13 mg/l. Garber (1970) reported F~ con-
centrations in rain for industrial regions of Germany ranging from 0.28 to 14.1

mg/1.

Atmospheric deposition of cations (x*, cat?, Mg+2) was greater at the for-
est sites than at Wooster (Table 4), and inputs at all sites were generally
greater than those for non-industrial regions (Likens et al., 1967; Killingbeck
and Wali, 1978; Rolfe et al., 1978). This seems to indicate some nutrient en-
richment, particularly of the forest sites, associated with air pollutant emis—
sions. Although the differences were not significant, the LE stand tended to
receive greater total K inputs than the HE stand, whereas the HE stand tended
to receive more Ca’ 2 Precipitation inputs relating to air emissions (SOQ ,
C17, F~ and NO3) were positively and nearly all significantly correlated between
the HE and the LE sites (Table 5). This further confirms the influence of air
emissions sources on deposition at both forest sites. Emissions of Cl™ and NO,
from common locations (viz., two chemical plants) were also substantiated by
significant correlations between le'andNO; both within and between sites
(Tables 5 and 6). On the other hand, these same correlations for Cl” and F~ were
quite low, a reflection of their separate source locations. Thus, some discrim=-
ination of the respective impacts of pollutant sources on element deposition was
possible. This demonstrates the potential use of precipitation quality as an
alternative to alir monitoring to determine areas being affected by particular
air pollutant sources or air pollutant types.

High cation intracorrelations show these inputs are strongly associated
at each forest site, but usually not at Wooster (Table 6). Conversely, poor
between-site correlations for cations (Table 5) indicate that factors differ-
ent from those govaznlng pollutant deposition affected inputs of K ,,Ca+2 and
Mg+2. However, SOf~ input at the HE site was highly and positively correlated
with Xt and Ca*? inputs at the LE site. Significant, positive correlations also
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occurred between F~ and K, ca*? and Mg+t? at the LE stand (Table 6). These re-
lationships suggest that cation inputs partially originated from one or more of
the air emissions sources. Coal combustion emissions could be one such source.
Coal in this region averages 0.14, 0.23 and 0.062 percent k+, cat? and Mg*t?,
respectively (Botoman and Stith, 1978).

Rainfall in this portion of the Ohio River Valley was not particularly acidic
compared with the northeastern U.S. (Likens and Bormann, 1974) or Tennessee
(Shriner and Henderson, 1978), but was more acid than that reported for Iowa
(Tabatabai and Laflen, 1976) (Table 4).

Precipitation at Wooster was lower in pH than that in the industrialized
Ohio River Valley, and lower at the HE site than at the LE site. Monthly input
of bases (Ca+ , Mg+ . K*) averaged 14.5 me m~ at the HE stand and 12.5 me m“2
at the LE stand. Assuming all C17, F~, NOj and SOEI2 inputs were in acid components
yields 25.7 and 16.8 me m-2 for the respective stands. Thus, the total equivalent
cations nearly balanced the potential acid anion components of rain at the LE site.
However, the proportions of NO3 and SO;? reaching these sites as NHX salts is not
known, but could be significant (Tabatabai and Laflen, 1976) .

At the LE site, SOR? content of rain strongly and postively correlated with
pH and amounts of cat?and X* (Table 5), which suggest that SO;’2 input may have
been largely as salts of these bases. A similar trend was not evident for the
HE site and, in fact, the negative correlations of SO;Z, NO3, C17 and F~ with
pH indicate a more substantial portion of these ions may have been acid compon-—
ents.

Throughfall

Rainfall increased in concentrations of all elements after passage through
the canopy of yellow buckeye (Table 3). Ion flux in throughfall tended to be
greatest in the HE stand, especially for cat?, Cl1- and F~ (Table 4). Net er-
richment of throughfall during the growing season is typical for most elements
{Killingbeck and Wali, 1978; Rolfe et al., 1978; Mayer and Ulrich, 1977, 1978);
however, net canopy retention of Cl7, sor?, and NO3 has been reported in areas
remote from industrial air pollution.(Killingbeck.and Wali, 1978; Weaver and
Brown, 1979). 1In this study, there was apparent net canopy retention of F~
and perhaps NOJ in the HE but not the LE stand (Table 4), which can be only
partly attributed to the underestimate of throughfall volume resulting from
occasional collector overflow. Throughfall flux for NOj, SO7? and the cations
in both stands exceeded rates given for some other forests (Rolfe, et al., 1978;
Killingbeck and Wali, 1978; Johnson and Risser, 1974; Reiners, 1972), although
SO:2 flux was slightly less than that reported by Shriner and Henderson (1978).

The contribution of canopy 8032 to throughfall in both stands was propor-
tional to the amount of SOK2 received in precipitation (Table 4). This appeared
generally to be the case for NO3, Ca®?, and Mg*2, but not for K¥, Cl™ and F~.
The canopy increased the Cl1~ transfer of throughfall 5X in the HE stand, but
only 2X in the LE stand. Chloride concentrations in yellow buckeye foliage
averaged 0.12 and 0.05 percent in the HE and LE stands, respectively. The
quantity of leaf C1- removed by rain in the HE stand increased disproportionate-
ly over that accumulated by foliage, which may have resulted from greater atmos-
pheric Cl” deposition on leaves in this stand.
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The apparent net canopy retention of F~ in only the HE stand is puzzling.
Highest incident F~ input occurred at the HE site, and yellow buckeye leaves
in the HE stand averaged 9X¥ higher F7 concentrations than those in the LE
stand (120 ppm and 13 ppm, respectively). Despite this, the canopy of the LE
stand increased net F~ transfer to the soil 2.4% (Table 4). The literature in-
dicates that F~ is readily washed from foliage (Knabe, 1970; Jacobson et al.,
1966). Possibly, F~ was more strongly retained in leaves in the HE stand as
a result of pollutant-associated materials accumulated by foliage.

Rainfall acidity was reduced by passage through the forest canopy to the
extent that pH of throughfall was raised about one unit at both sites (Table
4). This buffering capacity of the canopy can be expected to largely dis-
appear after leaf fall; however, data in this study were insufficient to re-
flect such trends. It is significant that the different magnitudes of industrial
air pollutant exposure did not alter the buffering capacity of vellow buckeye
foliage. Reductions in throughfall pH compared with incident precipitation
have been reported beneath beech and spruce in other industrialized regions
{Baker et al., 1976; Mayer and Ulrich, 1977).

Soil Leachate

Regardless of pollutant exposure, water passing through the top 15 cm of
soil increased in concentration of most ions except KT over levels in through-

fall (Table 3). However, flux values indicate an apparent net retention of all
ions except NO3 and ca+? in soils of both stands over the period monitored
(Table 4). Rates of ion flux from surface soil were significantly greater in

the HE than the LE stand for cat?, sog2, ¢1-, and F~, and there was more than
a two-fold difference for NOjJ. The HE stand therefore seems to be at greater
inherent risk of nutrient depletion,; however, the available data do not in-
dicate that this has occurred.

The large cation flux and favorable pH and cation exchange capacities
(Table 1) exhibited by soils at both levels of pollutant exposure, and parti-
cularly the dominance of cat? and 8072 in soil leachate, indicate these soils
have considerable buffering capacity (Likens et al., 1977). Although the data
do not represent annual surface soil leachate losses, especially those occur-
ring in winter when potential losses are greatest, the large precipitation in-
puts and inherently high cation retention capacity of the soil further suggest
that air pollutant impacts on soil acidification and nutrient depletion has
been minimal on these sites. In fact, general nutrient enrichment of the HE
and perhaps the LE stand has probably occurred as part of the deposition from
industrial air emissions in this region. This may not be true for Nog, however.
Considerable quantities of this ion were found in soil leachate. These amounts
represent leaching plus plant uptake because the lysimeter boxes were vegeta-
tion-free. However, a relatively larger NO~ loss occurred in the HE stand,
perhaps partly due to a faster rate of littér decomposition on this site (Van-
Fossen and McClenahen, unpublished data). Accelerated litter breakdown is
thought to be due in part to air pollutant-induced changes in community struc-
ture leading in turn to an understory microclimate more favorable for litter
decomposition (McClenahen, 1978). Regardless, the HE site appears more suscep-
tible to NO3 depletion, although the role, if any, of air pollution in this
process is unclear.

Fluoride is ordinarily strongly adsorbed by clay~-containing soils in forms
largely unavailable to plants (Larsen and Widdowson, 1971; Bower and Hatcher,
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1967). However, the significantly greater quantity of leachate ¥~ in the UE
stand (Table 4) could serve as an important secondary F~ source for plants on

this site.

Unlike F7, a large amount of C17 is apparently available for plant uptake
or leaching loss, especially in the HE stand (Table 4).

CONCLUSIONS

Atmospheric deposition in forests within this portion of the Ohio River
Valley is strongly influenced by industrial air emissions. The possibility can-
not be ruled out that the magnitude of certain ion inputs (viz. SOXZ, ci7, FT)
could induce dysfunctions in nutrient element cycling or accrue +o toxic levels
in the ecosystem. For example, sugar maple (Acer saccharum Marsh.) appears
especially sensitive to airborne C17 {McClenahen, 1978; Lacasse and Treshow,
1976), and the particular reduction in importance of this species may have
been compounded by additional Cl~ exposure through atmospheric deposition and a
high rate of mobility in the internal element cycle.

Greater atmospheric deposition and internal transfer of macronutrients
were also associated with increasing air pollutant exposure. It is possible
this nutrient enrichment of the ecosystem tends to offset harmful pollutant
effects, although the limited evidence available suggests greater plant sensi-
tivity to gaseous pollutants under nutrient-rich conditions (Lacasse and Treshow,
1976). The high nutrient deposition rates associated with increasing pollu-
tant exposure may also serve to buffer the system against element losses which
might occur as a result of pollutant-induced vegetation changes. (McClenahen,
1978} .

The observed changes in the forest communities are probably largely a
result of direct airborne pollutant impact on vegetation. However, added
stresses imposed by toxic amounts or types of pollutant-related elements such
as Cl7 in the internal element cycle seem plausable. A clearer understanding
is needed concerning the forms in which pollutant and other ions enter the in-
ternal cycle, the amounts of elements contributed to internal cycling via direct
plant and soil scavenging from the atmosphere, and finally, the stresses in-
duced by various types and amounts of pollutant elements after entering the
internal cycle.

LITERATURE CITED

Bakex,‘J., D. Hocking, and M. Nyborg. 1976. Acidity of open and intercepted
precipitation in forests and effects on soils in Alberta, Canada. In L. S.
Dochinger and 7. Seliga (eds.) Proc. First Intern. Symp. on Acid Prggipitation
and the Forest Ecosystem. p. 779-790. U.S. For. Serv. and Ohio State Univ.,
Columbus, Ohio.

Botoman, G. and D. A. Stith. 1978. Analyses of Chio coals. Information Circu~-
lar No. 47, Ohio Dept. Nat. Res., Div. of Geol. Surveys, 148p.

Bowgr, C. A. and J. T. Hatcher. 1967. Adsorption of fluoride by soils and
minerals. Soil Sci. 103:151-154.

170



Braun, E. L. 1950. Deciduous forests of eastern North America. Hafnexr Pub.
Co., New York, N.Y. 596p.

Garber, K. 1970. rluoride in rainwater and vegetation, Fluoride 3:22-26,

Jacobson, J. S., L. H. Weinstein, D. C. McCune and A. E. Hitchcock. 1966.
The accumulation of fluoride by plants. J. Air Pollut. Cont. Assoc. 16:
412-417.

Johnson, F. L. and P. G. Risser. 1974. Biomass, annual net primary produc-
tion, and dynamics of six mineral elements in a post oak-blackjack oak
forest. Ecology 55:1246-1258.

Killingbeck, K. T. and M. K. wali. 1978. BAnalysis of a North Dakota gal-
lery forest; nutrient, trace element and productivity relations. Oikos
30:29-60.

Knabe, W. 1970. Natural loss of fluorine from needles of Norway spruce
(Picea abies Karst.). Staub-Reinhalt. Luft 30:29-32.

Lacasse, N. L. and M. Treshow (eds.). 1976. Diagnosing vegetation injury
caused by air pollution. U.S. EPA, Air Pollution Training Institute,
Research Triangle Park, N.C.

Larson, S. and A. E. Widdowson. 1971. Soil fluorine. J. Soil Sci. 22:
210-221.

Likens, G., F. H. Bormann, N. Johnson, and R. Pierce. 1967. The calcium,
magnesium, potassium and sodium budgets for a small forested ecosystem.
Ecology 48:772-785.

Likens, G. E. and F. H. Bormann. 1974. Acid rain: a serious regional environ-
mental problem. Science 184:1176-1179.

Likens, G., F. H. Bormann, R. Pierce, J. Eaton and N. Johnson. 1977. Bio-
geochemistry of a forested ecosystem. Springer-Verlag, N.Y. l46p.

Mayer, R. and B. Ulrich. 1977. Acidity of precipitation as influenced by the
filtering of atmospheric sulfur and nitrogen compounds-its role in the ele-
ment balance and effect on soil. Water, Air, and Soil Pollut. 7:409-416.

Mayer, R. and B. Ulrich. 1978. Input of atmospheric sulfur by dry and wet
deposition to two central European forest ecosystems. Atmos. Environ. 12:
375-377.

McClenahen, J. R. 1978. Community changes in a deciduous forest exposed to
air pollution. Can. J. For. Res. 8:432-438.

McClenahen, J. R. and T. C. Weidensaul. 1977. Geographic distribution of air-
borne fluorides near a point source in southeast Ohio. Ohio Agric. Res. and

Develop. Center Res. Bull. 1093, 29p.

U. S. Environmental Protection Agency. 1974. Methods for chemical analysis of
water and wastes. Nat. Environ. Res. Center, Cincinnati, Ohio.

179



Reiners, W. A. 1972. Nutrient content of canopy throughfall in three Minne-
sota forests. Oikos 23:14-22.

Rolfe, G. L., M. A. Akhtar, and L. E. Arnold. 1978. Nutrient distribution and
flux in a mature oak-hickory forest. For. Sci. 24:122-130.

Shriner, D. S. and G. S. Henderson. 1978. Sulfur distribution and cycling in
a deciduous forest watershed. J. Environ. Qual. 7:392-397.

Tabatabai, M. A. and J. M. Laflen. 1976. Nutrient content of precipitation
over Towa. Water, Air and Soil Pollut. 6:361-373.

Weaver, G. T. and R. Brown. 1979. Nutrient inputs and transfers via precipi-
tation in southern Illinois forested watersheds. p.419 In Proc. Symp. on Im-
pact of Intensive Harvesting on Forest Nutrient Cycling, State Univ. of New
York, Syracuse, N.Y.

wWwhittaker, R. H., G. E. Likens, F. H. Bormann, J. S. Eaton and T. G. Siccama.
1979. The Hubbard Brook ecosystem study: forest nutrient cycling and element
behavior. Ecology 60:203-220.

180



