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Abstract.--Annual ion fluxes in bulk precipitation and

throu_ifall were compared at three deciduous forest sites to
examine the role of hydrogen ions and organic compounds in canopy

cation exchange. Hydrogen ions explained from 31 to 83_ of annual
canopy cation losses. Organic compounds played a significant role
in canopy cation exchange as either weak acids or neutral salts.

INTRODUCTION increase concentrations of AI 3+ to toxic levels

to trout in soil drainage water reaching streams.
Loss of base cations from a forest canopy can

be due to H+ exchange, washoff of surface The purpose of this paper is to report the
daposits, or leaching of neutral salts from results of a year-long study of canopy exchange
tissue (Cronan and Reiners, 1983). Hydrogen ions at three hardwood forest sites with varying

from strong acids in atmospheric deposition and fertility on the eastern edge of the Central

dissociated weak organic acids from the canopy Hardwood region in an area with some of t_e
can exchange for base cations from the canopy, highest atmospheric wet deposition of S04 " and
Alternatively, washoff of surface deposited H+ in North America. The objective of the study
neutral salts or leaching of neutral salts from was to determine the role of H+ exchange versus

canopy tissue can represent a major cation loss. washoff and leaching of neutral salts in
Loss of base cations via H+ exchange has been controlling canopy cation losses, with special
linked to atmospheric deposition of H+ (Price and attention to the role of organic acids. Overall

Watters, 1988), while washoff and leaching of biogeochemistry for these sites has been
neutral salts can be largely determined by canopy described by DeWalle et al. (1988) and DeWalle
cation availability, and Sharpe (1985).

Whether canopy cation losses due to elevated

H+ deposition may lead to excessive nutrient loss

and soil acidification is unknown. Canopy cation THEORY
losses are resupplied from the soil by the
transpiration stream. If cation supplies from

mineralization of organic matter or mineral

weathering are insufficient to replenish the Two methods can be used to estimate the net
losses, soil acidification could result (Ulrich, flux of H+ involved in cation exchange within the

1983). Reduced soil and plant pH could increase canopy: I) pH measurements and 2) net canopy ion

availability of heavy metals toxic to plants and balance. By the first method pH differences
between bulk precipitation and throughfall can be
used to compute the net H+ flux in the forest

canopy (FH+) as:

1Respectively, Professor and Associate FH + , pH+bp . TH+t (I)
Professor, School of Forest Resources and -I

Envirorunental Resources Research Institute, The where P is the amount of precipitation i_ cm yr ,

Pennsylvania State University, University Park, T is the amount of throughfall in cm yr , and

PA, 16802, and Research Forester, Forest subscript_ bp and t refer to concentrations of H+
Service, Parsons, WV, 26287. in meq L "_ in bulk precipitation and throughfall,
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respectively. Equation (I) assumes no generation Experimental Forest in north central West
of H+ within the canopy from dissociating organic Virginia, and Sand Mountain in central

acids or that organic compounds behave as neutral Pennsylvania. All sites were gently-sloping,
salts. If organic compounds derived from the ridge-top sites in the Appalachian Mountains.

canopy occur as organic acids then an additional Forest on Peavine Hill was dominated by saw-timbe_ i!!ii
H+ flux equal to the net flux of organic anions in sized red oak (Quercus rubra) and black cherry i!il

the canopy (bulk precipitation - throughfall) (Prunus serotina) with a fern and Vaccinium spp.
should be added. Equation i then becomes understory. Fork Mountain forest was also mature,

saw-timber sized and primarily included red oak,

FH+ = PH+bp T H+t black cherry, and sugar maple (Acer saccharum)
with a dense herbaceous understory. Forest at

+ P IA'Obpl - T IA'otl (2) Sand Mountain was composed of large-pole sized
chestnut oak (Ouercus prinus) and white oak

where Ao- represents th_ organic anion (Quercus alba) with a mountain-laurel (Kalmia i!I

concentration in meq L" . latifolia) understory. All sites were underlain
by acidic sandstone and shale bedrock. Soils were

The second method of estimating the net flux fine-loamy, mixed, mesic typic Hapludults (Peavine

of H+ in the canopy is the use of an ion balance Hill and Stone Mtn.) and loamy-skeletal, mixed,

suggested by Cronan and Reiners (1983). With this mesic, Typic Dystrochrepts (Fork Mtn.).
method the net flux of cations, excluding H+, in i!ii

the canopy (bulk precipitation-throughfall) is

equal to the total canopy exchange by H+ exchange METHODS
as well as neutral salt washoff or leaching. The iiii!iiii
part of the cation flux due to neutral salt
washoff and leaching equals the net flux of anions Field
(bulk precipitation - throughfall) in the canopy,

since a charge balance must be obtained between Field methods included biweekly measurement of
cations and anions of neutral salts. The precipitation and throughfall amounts and

collection of bulk precipitation, throughfall and
remaining cation flux in the canop_ is due to H+
exchange. Thus, the net flux of H- by this method wet fallout samples from November 30, 1983 toNovember 14, 1984. Precipitation amounts were

becomes measured in standard non-recordlng rain gauges in

C+bp forest openings near each site. ThroughfallFH+ = (P - T C+t ) - (P ]A'bpl amounts were collected beneath the forest canopy

with plastic rain gauges randomly located at ten
T _Aitl) (3) points at Peavine Hill and five locations at each

or, by rearranging of the remaining two forest sites.

Bulk precipitation and throughfall samples for
FH+ = (P C+ " IA'I)bP chemical analysis were collected using composite

samples from 17-cm diameter plastic funnels during

- T (C+ - IA'l)t (4) the growing season. Twelve funnels were employed _ii_

where C+ is the base cat_on sum and A" is the at Peavine Hill and three funnels were employed at
anion sum both in meq L"_. If organic anions are each of the other two sites. During winter, four
assumed to be derived from neutral salts, the 36-cm W x 52-cm L x 52 cm-D plastic tubs were used
anion sums in Equations 3 and 4 represent total to collect bulk precipitation at Peavine Hill and

one tub at each of the remaining two sites.
anions and Equation I above pertains. If organic
compounds exist as weak acids, then the anion sums

in Equations 3 and 4 represent only inorganic Laboratory
anions and Equation 2 must be used.

Standard methods (EPA, 1983] were employed for
2+ 2+ • +

Ideally the ionic concentrations in wet plus wa_er an_¥ses. An_lysls for Ca , Mg , Na , K ,

dry fallout should be used in the foregoing Mn z+, A15_, and Znz+ were conducted using atomic
calculations, rather than bulk precipitation absorption spectrophotometry, NH4 + and NO 3"
concentrations. However, no reliable method is analyses were conducted using a Technicon

available to continuously measure dry deposition autoanalyzer, S04 =" was analyzed using both the
inputs. Since bulk precipitation flux does turbidimetric method and chromatography (Dionex),

Cl- was analyzed using both a chloride titrator
include some inputs from larger particulate dry

and chromatography (Dionex), and pH was measureddeposition (Lindberg et al., 1986), it is used
here as the best available estimate of total using an Orion lonanalyzer. Further details are

atmospheric deposition, given in DeWalle, et al. (1988).

Lower canopy tree leaves of species common to

STUDY SITES all sites were collected in August 1984 for
chemical analysis. Three composite samples from

The three deciduous forest sites studied were leaves of at least ten trees of each species were
Peavine Hill on Laurel Mountain in southwest digested and analyzed using inductively coupled

Pennsylvania, Fork Mountain on the Fernow plasma emission spectroscopy for total K, Ca, and
, Mg content.
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Computations Table I. Ion and Water Fluxes at _ree D_clduous Forest Sites for November1983 to November 1984

Annual net flux of H+ using Equations I.and 2

_ere computed using annual ion fluxes. Due to the _lu× _,_a_-_Hill ForkMtge. S._ndMira
_imited number of throughfal,l collectors used in
,k (meq m "2 vr "I)

the study, emphasis was placed on annual ion
flu×es, Annual ion fluxes were computed as the cat_o_i/

product of mean biweekly ion concentration for the b_ p_ecip. 130 160 i42° _' throughf_ 11 188 286 191

one_ye,ar period and the measured preeipitati0n or Anions

throughfall totals, b,_,l._p_<[p.
'_ totalX / _288 _257 -230

Organic anion concentrations were computed as
the difference between all measured cations minus thro_g_falltotal -309 -337 -264

a_l.measured anions. As a check on this orga_i_ .19 -5o .,2'3

procedure_ mean annual organic anion Hconcentrations for bulk precipitation computed in b_k _'_p. _58 97 _

(pH) • (4,00) (4. 21) (_, 16)

this manner of 5, 8, and 9 _eq L "I at Peavine throughfall 120 5! 7&

Hill_ Fork Mountain and Sand Mountain, (p_o (4.05) <t,.ao) <4.19)

re_pectively, were found to agree well with (_yrI)Water
organic anion concentrations of 6,8 to 14.9 _eq preolp_tation 157 [56 128
L__ found in NADP wet deposition samples by Keene _hroughfall 134 127 115

and Galloway (1984). Thus, this procedure was

deemed reasonable, ii c,$_, _g2_, _u+ _+ _+ _j_. _3.+. z_
_/ S0 z ", NO3", CI', organic anion_
// organlc snlons _stlmated a_ c_tion_ Includlrlg H+ minus a_io_s

RESULTS AND DISCUSSION
Tabi_ 2. Canopy E_changs of Hydrogen Ions Using

Two $csnsrlo_ for Org_anlc Compounds and Two

Ion and water fluxes at the three forest sites _s_at_on_s_ho_s

for the November 1983_84 period are given in Table
_. ] ,+Bu_k precipitation deposition of ,H at Peavine _t F_/ _®svln__i_ Fo_n. sa_ _n.
Mill was 63% greater than that at Fork Mountain
and 79% greater than that at Sand Mountain <_q too2yr-l)

p_imariiy due tO lower precipitation pH at Peavine .0rg_n_co_pounas_,Nsutra_Sa_s
}'{ill, Bulk precipitation of other cation and _._.__+_ t=_ _on_s_.....
anion sums wore similar among sites. Throughfall Bass ¢_t [on_ -58 o12_ -49

flux of H+ _as also greater at Peavine Hill, again s.u_ral salts -_i ._o ._
due to lower pH_ Throughfall flux of other cation _* _7 4_ 'L._
and anion sums was greater at Fork Mountain., _, _,_ _+fl_ fro,pH_,_sn_ _ 46 k_

apparently due to greater canopy wa,shoff, leaching o_.n_,co.po.._s.. '_s_ ^_s
and/or H+ exchange. Regardless, canopy water at

all._itos remained relatively acidic with the _,_t _'+f_ _=_ _o.b_=_
_axi_um p}{of 4_40 occurring in Fork Mountain _ =_do.s ._ ._ ,_
through faiI, _* _ _4 __'

_e assumed role of organic compounds had a _' _ _*_ _"_.r_
profound effect on tho computod not fluxes of H+ _ __ _ _ _

i_ the canopy (Table 2), If organic compounds act o_._ .... _a_ _ _,_ _I_
as weak organic acids, then the computed H+ .flux

in the canopy is greater and equivalent to a _ls_ __- b_.__p_._t_t_ • _m_o.,_,_:_
largor frac=ion of to_al canopy cation loss than
for the neutral salt scenario. For example, Excellent agreement was indicated between

computed ne_ H+ exchange at Poavino Hill, Fork me_hods for computing the H+ flux in the canopy
Men, and Sand Mtn. equals 83, 67, and 55% of total (Table 2), Ion balance estimates_baso_ upon

canopy cation losses_ respectively, with organics Equation 4 agreed within I meq m "2 yr _l with
acting a_ a weak acid_ These percentages reduce estimates based upon pH measurement (Equation I or
to 6&, 36_ and 31% at Peavine Hill, Fork Mtn. and 2).

Sand Mtn_ respectively, if organics act as

neutral sal_s_ Cronan and Reiners (1983) found H+ Results suggest that annual canopy cation
exchange only explained 20% of canopy cation losses due to H exchange do not vary simply with
Io_es in a northern hardwood forest in New annual total H+ deposition in bulk precipitation_

Hampshire with little or no organic anion The gr_ates_ H+ exchange in the canopy (46 or 84
¢ontrlbut!on. Their results compare more meq m "_ yr "*) occurred at Fork Mountain where bulk
favorably with the neutral salt scenario in this .precipitation deposition of H+ (97 meq m "2 yr "l)

paper._ :but the true role of organics can 'not be was intermediate in rank among the three sites.
_e '

do_..rmined. Similarly, ma_imtm_ H+ deposition at Peavine Hill
of 158 meq m" yr "I was associated with

intermediate canopy H+ exchange (38 or 49 meq m "2
yr" ). However, minimum H deposition did
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_r_n_s_rotln_ 3 K 1.63aI 2.47b EPA, Environmental Monitoring and SupportCa 0.95 a 1.26 b

Mg 0.28a 0.68_ Lab., Office of Research Development,
Cincinnati, OH.

pri_us. 3 K 0.81 a 1.37 b 1.05 c

Ca 0.49 a 0.61 b 0.79 c

Mg 0.10a 0.20b 0.15c Keene, W. C. and J. N. Galloway. 1984. Organic
_ercu$ rubra 3 K 0.84 b 1.35 b 0.94 b acidity in precipitation of North America.

Ca 0.49 a 0.79 b 0.75 e Atmos Environ 18(11):2491-2497.Mg 0.09 a 0.18 b 0.15 e " "

IMeans in the same row followed by the s_e letter Price, A. G. and R. J. Watters. 1988. Seasonal
are not significantly different between sites at the fluxes of some ions through the overstory,95% confidence level.

underbrush, and organic soil horizons of an
aspen-birch forest. Water Resour. Res.
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CONCLUSIONS

Ulrich, B. 1983. A concept of forest ecosystem

Hydrogen ion exchange explained 31 to 83% of stability and of acid deposition as driving
total annual canopy cation exchange at three force for destabilization, p. 1-29. In Bo

deciduous forest sites. High canopy H+ cation Ulrich and J. Pankrath (ed.) Effects of
exchange was associated with both high tree leaf Accumulation of Air Pollutants in Forest

total K_ Ca, and Mg content and high H+ depositio_ Ecosystems. D. Reidel Publ. Co.,'Dordrecht,
in bulk precipitation. Assuming organic compounds Holland, 389 p.

acted as weak acids also increased the magnitude
of the computed H+ exchange. Annual canopy H+
cation exchange was equivalent to 29 to 86% of

annual H+ in bulk precipitation for these stands;

suggesting that a varying proportion of changes in
H+ deposition from the atmosphere would be

translated into canopy H+ cation exchange.

The role of organic compounds in canopy cation
exchange was important, but ambiguous. As either
a weak acid or neutral salt, organic compounds
could have contributed from 19 to 30% of annual

canopy cation exchange.
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