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Abstract 

Several studies have indica!ed a long-term decrease in 
exchangeabie Ca in forest soils w~thin the northeastern 
Unrted States, but the reglonai extent of these decreases 
and the rmportance of a c ~ d  deposition as a cause has not 
been fully resolved. Results, from two recently completed 
studies have provided the opportunity to further investigate 
the role of ac~d  deposition in depletion of base cations in 
northeastern forest soils. These two studies entatled 1) a 
survey of soils in northeastern red spruce (Picea rubens 
Sarg.) stands, whtch were selected to encompass the range 
of environmental conditions to which this species is 
subjected, and 2) a study of base-cation leaching in soiis of 
a hardwood watershed in  the Catskrll Mountains of New York. 

Results from the survey of spruce stands indicated that 
exchangeable Ca concentrations varied constderably In the 
Northeast as a result of differences in parent material 
mineralogy. A stronger relationship between relative 
weaihering potentias of parent rnaterrat and exchangeable 
Ca concentrations was observed in the Oa horizon than in 
the 6 horizon of soils at these sites. Concentrations of 
exchangeable Ca in the B horizon may have decreased to a 
level at which further decreases are buffered by high 
concentrations of exchangeable Al. 

An upslope increase in atmospheric deposrtion of So:. 
corresponded to an upslope increase in the leaching of base 
cations, and an upsfope decrease in acid-neutralizing 
capacity of stream water in the Catskill Mountain watershed. 
Upslope gradients ir! natural factors that could increase 
base-cation ieaching were not detected. Decreases in 
concentrations of exchangeable base cations were 
approximately balanced by increases In concentrations of 
exchangeabie At. Greater Al mobilization in the mineral soil 
by acid deposition at upper elevations than at lower elevations 
was the most probable explanation for the upslope Increase 
in leaching of base cations and stream water acidity. 

Low Ca :o Al ratios in mineral soil solution were found to be 
related to high levels of Al saturation in the forest floor in the 
survey of spruce stands. Wobilization of A1 in the mineral soil 
tends to increase At saturarion in the forest floor by making 
Al available for upward transport by biocycling and water 
movement. Reversal of past decreases in exchangeable Ca 
concentrations will be hindered by 1) continued inputs of 
mobile anions that facilitate leaching, 2) high A1 saturation in 
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the mineral soil that will interfere with uptake of Ca by roots, 
3) increasing Al saturation in the forest floor, and 4) 
decreasing trends of atmospheric deposttion of Ca.. 

The possibility that acid deposition could deplete base 
cations in soils was acknowiedged In the early stages of 
acid rain research in the 1970's (Cowling and Dochinger 
1980). The effect of acid deposition on forest soils remained 
unresolved at the close of the National Acrd Precipttation 
Program (NAPAP) in 1990, however, because ( I )  there was 
no historical soil data to show that changes in soil Ca 
concentrations had actually occurred, either through natural 
processes or acid deposition, 2) release of bases through 
weathering could possibly compensate for losses from 
leaching. and 3) the importance of natural sources of acidity 
relative to acid deposition was unknown. A comprehensive 
literature review by Shortie and Bondietti (1992) provided 
the first indication that exchangeable base concentrations 
may have decreased in the second half of the 20" century. 
This paper showed that. before 1950, concentrations of 
exchangeable Ca plus Mg in the sods of coniferous forests In 
the Northeast were generally about twice that of 
concentrations measured af?er 1970. The first study to 
directly compare Ca concentrations measured earty in the 
century with those measured after the discovery of acid 
deposition in the 1970s showed that extractable Ca 
concentrations were signif~cantly lower in 1984 than in 1930- 
32; a result attributed to forest aggradation in this study 
(Johnson et at. 1994a). Detailed Ca budgets developed on 
Whiteface Mountain, NV, Indicated that the exchangeabie Ca 
pool in the forest floor of this site decfined from 1986 to 199Q 
(Johnson et al. 1994b) at a rate greater than that found in in 
the study of Johnson et al. (1994a). In this study, a iong-term 
decreasing rate of atmospheric deposition of Ca, identified 
by Hedin et at. (1994). was cited as a possible cause for the 
decrease in the 80's (Johnson et al. (1994b).The 
development of ecosystem Ca budgets through the use of 
stable isotopes of Sr (a biogeochemical anafog of Ca) at 
Whiteface Mountain, MY (Miller et al. 1993), and Cone Pond, 
NH (Bailey et a1.1996) provided additionai evidence of 
decreasing pools of exchangeable Ca in the Northeast. 

The results of lhese studies indicate that decreases in 
exchangeabie soil-base concentratrons have occurred at 
several locations within the Northeast, but the regional 
extent of these changes, and the importance of acid 
deposition as their cause was not fully resolved. Resufts 
from two recently completed studies have provided the 
opportunity to further investigate the role of acjd deposition 
in depletion of base cations in northeastern soils. In the first 
of these projects, soil and soil soiution samples were 
collected from 12 red spruce stands (Picea mbens Sarg.; in 
New York, Vermont, New Hampshire and Maine (Figure I), 
which were chosen to encompass the range of 
environmental conditions and stand health experienced by 
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Figure I .-Locations of red spruce stands where 
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Lawrence et al. (1997) and Lawrence et ai (in press) 
collected Oa and B horizon soil samples. 

red spruce in this reglon. In the second project, soil-base 
leaching was studied over an elevational gradient in a 
hardwood forested watershed in the Catskril Mountains of 
southeastern New York (Figure 1 ).The purpose of this report 
is to integrate the published results of these two studies to 
summarize the mechanisms through which acid deposition 
affects the availability of base cations rn the forest soils 
Northeast. 

Methods 

Survey of Soil Chemistry 
in Northeastern Red Spruce Stands 

Red spruce was the predominant species in each of the 12 
stands, although other coniferous and dec~duous species 
were common. increment cores indicated that the average 
age of canopy spruce at each site ranged from 96 to 175 
years. Apparent stand health varied from good to poor 
where extensive dieback had occurred. Stand elevations 
ranged from 80 m at Howland ME to 975 m on Whiteface 
Mountain. NY. Wet deposition of SO, at six of the sites, was 
determined from on-site monitor~ng; at the remain~ng six 
sites, wet deposition was estimated from the nearest 
monitored site. Details of how wet deposition estimates were 
derived are available in Lawrence et al. (1 997). Wet-only 
atmosphertc deposition of SO4 ranged from 12.7 mmol m-2 
yrl at 150 m elevation at Kossuth, ME to 28.8 mmol m.I yr' 
at 810 rn etevatron in Crawford Notch, PIH. 

A relative value of calcium weathering potential was 
assigned on the basts of general mineralogy, determined 
from bedrock maps and a till-source model that identified 
rock types that could be present in non-local ttli (Baiiey and 
Hornbeck. 1992). Relative weathering potential varied from 1 
at sites underlain by metapelite and quartzite, to 3 at sites 
influenced by calcareous schist. Further details about these 
sites including rat~ngs of relative Ca weathering potential are 
available in Lawrence et ai. (1997). Soils at all sites were 
classified as Spodosols. 

Soil samples were collected from the faces of nine individual 
soil pits at each sjte (grouped in three plots, each with three 
pits). Eight of the 12 sites were sampled in mid-June and 
late September or early October of 1992 and 1993; four of 
the 12 sites were only sampled once (earty summer or early 
fall) In each of !he two years. in each pit, a sarnpie was 
collected from the middle of the Oa horizon and from the top 
10 cm of the % horizon. This sampiing des~gn was chosen to 
comp!iment assessments of red spruce tree condition 
conducted in conjunction with !he soiis investigation. 
Sampiing in the sariy summer and early fall was timed to 
coincide with the perrods when nutrient concen!rations in 
foliage were both high and low for purpose of biochemrcai 
studies of foliage processes. The three individual soti 
sampies from each horizon, in each plot, were combined 
into one sample and thoroughly mixed before chemical 
analysis to yield one sample from each horizon ir! each piot. 
Ail samples were analyzed for exchangeable cations (Ca, 
Mg, Na and K) by extraction with 1 M MYCi (Blurne et al. 
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7 990) and exckangeabie acidity (A!. H) by extraction with 1 M 
KCi (Tiomas 1982j. Samples from Oa horizons collected on 
two dates at each site were analyzed for acid-extractable-Ca 
concentrations (Friedland et al. 1984). and Oa-horizon 
samples collected on one date were analyzed for total Ca 
concentrat~ons by neutron activation (Parry 1991). Mineral Ca 
concentrations were calculated by subtracting concen!rations 
of ac~d-extractable Ca from concentrations of total Ca; reactive 
nonexchangeable Ca concentrations were calculated by 
subtracting concentrations of exchangeable Ca from acrd- 
extractable Ca concentrations. Exchangeable Ca is probably 
the most representative form of plant-available Ca. 

The study of Johnson et ai. (1994a). in which Ca 
concentrations in Adirondack Mountain soils in 11930-32 
were compared to values in 1984. followed the methods of 
Heimburger (1 934), which were not directly comparable to 
the method of Friedland et al. (1984); a commonly used 
method for determination of extractabie Ca concentrations in 
the 1980's and 11990's. Methods tests by Lawrence et at. 
(1 997) showed that the data from the studies of Johnson et 
al. (1 9944 and Heimburger (1 934) yielded concentrations 
about 25% higher than the Friedland el al. (1 984) method. 
This factor was applied to the data of Johnson et al. (1 994a) 
and Heimburger (1934) to allow comparisons w~th data from 
other studies. 

Soil solutions were collected from all soil samples by 
expulsion (described and evaluated in Lawrence and David 
1996). The procedure entails 1) manually packing field moist 
soil in a PVC cylinder to reduce porosity, 2) adding 
simulated throughfall solution to saturate the soil column. 3). 
discarding solution that drains off by gravity, and 41 applying 
air pressure (1 72 kPa for Oa horizon samples; 138 kPa for B 
horizon samples) to force out the solution that is collected 
far analysis of total Al, total monomeric Al and organic 
monomeric Al by methods in Lawrence et a!. (1995). 
Concentrations of polymeric Al were determined by 
subtracting tofal monomeric A1 concentrations from total A1 
concentrations; inorganic monomeric AI concentrations were 
determined by subtracting organic monomeric A1 
concentrations from total monomeric Al concentrations. 

As part of the regional survey of spruce stands, soii 
chemistry also was evaluated in spruce stands of two 
adjacent watersheds in eastern Maine. Through the EPA- 
sponsored Watershed Manipulation Project 1800 equiv ha-' 
yr' of (NH,),SO, was applied to one of these watersheds 
beween 1989 and 1995 (No.9on et al. 1994). This treatment 
resulted in significantly higher concentrations of NO, in 
stream water of the treated watershed than the reference 
watershed, in response to elevated nitrification rates in soil. 
The effects of increased nitrification rates and associated 
acidity on A1 mobilization were evaluated by determining pH 
and concentrations of total Ai, totar monomeric Af and 
organic monomeric Al in soil sofuticlns coilected by 
expulsion, as described above. To further investigate 
possible changes in soil Al concentrations associated with 
changes in soil acidity, archived Oa horizon soil coltected in 
spruce stands in the Hubbard Brook Experimental Forest, 
NH, in 1969-1970, 1987 and 1992, were anaiyzed for 

concentra!ions of exchangeable and acid-exlracfable Ca and 
Al, by the methods given above. 

Soil-Base Leaching in 
Hardwood Forested Watershed 

The effects of acid deposition on base leaching were studied 
over an elevational gradient (approxtmately 800 rn to 1236 m) 
in Winnrsook watershed. a subbasin of the Neversink River, in 
the Catskill Mountains of NY. Atmospheric deposition was 
measured along the gradient at 14 stations from 799 rn to 
1234 m near the summit of the watershed. At each station. 
four 20-crn diameter funnels collected throughfail solutions 
that were combined by station for analysrs. During November 
through April, the funnels were replaced with galvanized 
cylinders lined with plastic bags, to collect frozen precipitation. 
Throughfall measurements have been shown to be a reliable 
method for estimating total atmospheric S deposition 
(Lindberg and Garten, 1988; Lindberg and Lovett, 1992, 
Lawrence and Fernandez, 1993). Throughfall collections also 
were used to estimate water input to the watershed. 

This watershed is forested primarily by Acer saccharurn, 
Betula afleghaniensis, and Fagus grandifofa, but stands of 
Abies balsamea are common along upper eievation ridges. 
Soiis are classified as fnceptisois. Soil samples were 
collected from the E horizon at 48 locations along the 
eievational gradient, by taking equal volumes of soil from 
each 10 crn increment of the mineral profile, which were 
mixed before analysis to yield one B horizon sample from 
each location. Exchangeable cation concentrations were 
determined by methods used in the survey of northeastern 
spruce stands. Mineral soil was also collected from a single 
pit downslope of Winnisook watershed at 570 m elevation 
where soil-base saturation was higher than within Winnisook 
watershed. This soii (the 0-10 crn layer below the 0 horizon) 
was thoroughly mixed and put in nylon mesh bags. which 
were then placed beneath the Oa horizon at 35 locations 
along the elevational gradient. The approach followed the 
buried bag method described in David et ai. (1990). Bags 
were removed and chemically analyzed aMer one year by 
the methods used in the survey of spruce stands. 

Relations among acid deposition, soif base saturation and 
base leaching were further evaluated by leaching solutions of 
X,SO,, HNO,, CaCl and NaCi through 5 horizon soil d three 
different base saturation values. ionic strength (0.32 to 0.52 
rnMc L-') and pH (3.7 to 4.8) of the added solutions were 
similar to mean vaIues measured in Oa horizon soil solutions 
in the Neversink watershed (D.A. Burns, USGS, unpublished 
data). Soil samples used for the buried bag experiment were 
also used for the leaching study; samples with the highest 
base saturation (14.4%) had not been placed in the s$t pro6ie 
in Winnisook watershed, whereas the other samples (base 
saturation 9.6% and 4.5%) had Seen in the soil profile of 
Winnismk watershed for one year. Solutions were edracted 
from ?he soil samples with a mechanical vacuum edractor 
(Blume e? a!, f 990). Duplicate extractions were done for 
each treatment. Concentrations of base cations (Ca, Mg, Na 
and K) and acid anions (SO4, C1, and NO,) were measured in 
leachates, as described in Lawrence et a!. ( d  3953. 
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Tabte 1.-Exchangeable Ca concentrations as ~ r n o l ~ k g - ~  and as a percentage of cation exchange capacity 
(Ca saturation) for the Oa and 8 horizons of 12 red spruce stands and 2 hardwood stands in  the Northeast. 
Samples were colfected from the upper 10 cm of the 5 horizon in the spruce stands, from the Bh horizon at 
Hubbard Brook. In Winnisook Watershed equal volume samples were collected at 10 cm depth increments 
through the entire 6 horizon, then mixed before analysis. 

Oa Horizon 0 Horizon 
SITE (cmo12kg-') ((cmolckg ' )  CEC ')I 00 ,cmotckg-') ((cmoickg.') CECi)l 00 

S_PN~.srA_N_o_S 
Sleepers River. VT ' 22 51 0.68 6.9 
Groton, VT ' 14 4 1 0.32 13 
Howiand. ME 1 1  34 0.19 3.8 
Kossuth, ME ' 6.3 24 0.19 2.6 
Bartlen, NH ' 1 1  3 1 0.18 3.4 
Hubbard Brook, NH 7.9 25 not sampled not sampled 
Whiteface Nit.. NY ' 6.3 26 0.57 7.3 
Crawford Notch, NH ' 6.8 21 0.30 3.1 
Bear Brook, ME ' 5.3 21 0.32 4.1 
Big Moose Lake, NY ' 6.4 20 0.37 3.1 
Cone Pond, NH ' 3.5 10 0.11 1.6 
Mt. Abraham, NY ' 2.1 9.1 0.41 4.0 

HARDWOOD STAw_S 
Hubbard Brook. NH 6.75 38.5 0.63 8.4 
Winnisook Watershed, NY ' 2.31 13.4 0.16 2.7 

' From Lawrence et al (1 997) 
From Johnson et al. (1 994) 
' Previously unpublished data, G B Lawrence, U.S. Geological Survey 

Stream water samples were collected weekly at the base of 
Winnisook watershed and approximately monthly at seven 
upstream sites from May 1991 through September 1994. 
These samples were analyzed for Ca, Mg, Na, K, SO,. CI. 
NO, total monomeric Al, and organic monomeric Al 
(methods described in Lawrence et al. 1995). To evaluate 
elevationat trends in stream chemistry that were most 
influenced by soils (and least influenced by ground water), 
only samples coliected on dates with the highest 20% of 
stream flows were included. 

Results and Discussion 

Current Status of Soil Calcium 

Concentrations of exchangeable Ca, the predominant base 
cation in northeastern forest soils, varied by a factor of 10 in 
the Oa horizon of the 12 red spruce sites (Table I) .  There 
were no geographicai patterns other than high 
concentrations in eastern Vermont; the concentrations at the 
Big Moose Lake site were similar to those measured in 
Maine. and the concentration at the Bartlett, NH site, in the 
central Whtte Mountam, was three trmes that of Cone Pond. 
in ?he southern Whtte Mountains of New Hampshire. 
Exchangeable Ca concentrations expressed as Ca 
sa!uration (Ca as a percentage of totai cation-exchange 
capacity) varied by a factor of 5 Exchangeable Ca 
concentrations in the upper 10 cm of the 5 horizon at these 
sites were less var~ed than in the Oa horizon, and 1 to 2 
orders of magnitude lower (Table 11. Geographic patterns of 

B horizon concentrations also differed somewhat from the Oa 
horizon; Whiteface Mountain, NY and Mt. Abraham. VT had 
relatively high concentrations in the B horizon, but these sites 
had concentrations in the Oa horizon that were among the 
lowest. Although soils in hardwood stands are generalty 
considered less ac~dic than soils in conifer stands, 
exchangeable Ca concentrations in the Oa and 0 horizons in 
Winnisook watershed were in the lower rar;ge of !he spruce 
stands, and the average value reported for a hardwood 
watershed at Hubbard Brook was slightly less than that 
measured in the spruce stands at Hubbard Brook (Table 1). 

Exchangeable Ca was the largest Ca fraction in the Oa 
horizon of at1 spruce sites except those with a mineral-maPter 
content greater than 30 percent (Whiteface, NY, Bear Brook. 
ME, and Mt. Abraham, VT), where mineral-bound Ca was the 
iargest fraction (Figure 2). Reactive-nonexchangeable Ca was 
generaify a minor component. Averaged for the 12 sites. acid- 
extractable Ca was comprised of 92 percent exchangeable Ca 
and 8 percent reactive-nonexchangeable Ca. 

Concentrations of acid-extractable Ca measured in the 
spruce survey ranged from 13.9 mmol kg ' to ?1)3 mmol kg ' 
(Figure 3). This range encompassed vaiues determined by 
McNulty et ai. (1991) for 1 i red spruce stands, also in New 
York, Vermont. New Hampshlre and Maine. The average of 
samples collected In 59 red spruce stands throughout the 
Adirondack Mountains of Mew York by Johnson et ai. 
(1 994a) feil in the mrddie of the range of the spruce survey 
data of Lawrence et al. (1 997). but the average value 
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Figure 2.-Mean concentrations of 
exchangeable Ca, reactive 
nonexchangeable Ca (acid-extracrabie / Ca concentrations minus exchangeable- 
Ca concentrations) and mineral Ca ftdaj 
Ca concentrations minus acid- 
extractable Ca concentrations) in the Oa 
horizon of :2 northeastern red spruce 
stanls. Reprinted with kind permission 
from Kluwer Academic Fubl~shers 
(Biogeochem!stry, vol. 38. 1907, 
Assessnlent of soil calc~urn in red 
sipuce forests in the northeastern 

--L- 
United States, Lawrence, G.B.. David, 

loo I4O M.B.. Bailey, S.W., and Shortie, W.C., 

f~gure 4 .  p. 30, copyright 1997). 

obtained for the same sites by Heimburger ~n 1930-34 was Calcium saturat~on was weakly related to wet deposition of 
approximately 30 mmol k g '  h~gher, and In the upper quarter SO, in the Cia horizon and unrelated to wet depositicr~i of 
of the range determined in the spruce survey of Lawrence et SO, in the B horizon (Figure 41, but was highly correlated 
al. (1997). wlth relative weathering potential in  the Oa horizon. A 

weaker relation between Ca saturation and relative 

Causes of Regional Variability weathering potential was observed in the E3 horizon than the 
Oa horizon, despite the greater abundance of parent 

The considerable variability observed in exchangeable Ca materjal In the mineral soil (Figure 4). 
concentrations in the spruce survey of Lawrence et al. 
(1997) could be a result of spatial variations in (1) net Ca 
uptake by trees. (2) atmospheric deposition of Ca, (3) acid 
deposition. or (4) mineralogy of parent material. Analysis of 
increment cores of 54-108 live trees at each site indicated 
that all of the red spruce stands averaged approximately 100 
years in age or older and had been experiencing similar 
rates of declining growth since 1965. The extent of mortality 
was highiy variable from site-to-site, however. which 
suggested that net uptake of Ca may also have varied from 
site-to-site. Variations in net Ca uptake could therefore not 

This relation suggests that acid depos!tion was unlikely to be 
the primary cause of variation in exchangeable Ca 
concentrations among sttes, however enhanced leaching by 
acid deposit~on in the mineral soil can explain why Ca 
saturation is rriore strongly related to reiative weathering 
potential in the Oa horizon than the t3 horizon. If base 
saturation is less than 209/0, solute concentrations. and 
therefore cation leaching, are strongly controiled by 
excharigeahle Al, which results in high rates of Al leaching 
and low rates of Ca leaching (Fieuss, 1983). For example. in 

be ruled out as a factor in the observed spatial variab~lity. soil with a base saturation of 4.5%, oniy 0.1 1 meq L '  of Ca 
although neither stand health nor stand age were related to are released per meq L.' ot added acid anion (Figure 5). The 
exchangeable Ca concentrations. Atmospheric deposition of base saturation of the B horizon at all 12 spruce stands was 
Ca was also unlikely to be the primary cause of variability in less than 14% (Figure 61, whereas base saturation in the Oa 
exchangeable Ca concentrations amGng the spruce sites horizoo was greater than 20% at 10 stands, and greater 
because deposition of Ca decreases consistently from west than 16% at ail 12 stands. Acidic deposition may have 
to east (Table 2), whereas soil Za concentrations did not lowered base saturation in The B horizon to levels where 
show a spatial pattern. further changes in base saturation were buffered by Al, 

which obscured the effect of differences i n  parent materia! 
Parent materia! was more cleariy expressed in the Oa 

Table 2.--Atmospheric wet deposition of Ca (kg hc' ~ r ' )  hcrizon where vegetative reduces ioss Ca to 
in the northeastern United States, measured by the ieaching. 
NADPlNTN network (http:l/nadp.sws.uiuc.edul). 

1985 1995 Acid Deposition and Ca Leaching 

Bennett Bridge, NY 1.95 1.60 Additional information on teaching of Ca frorrt soil was 
Huntington Forest, NY 1.03 0.68 obta~ned in Winnisook wa!ershed in the recent study by 

Underhill. VT 1.09 0.70 Lawrence et at. (in press). Within this watershed. 

Hubbard Brook, NH 0.69 0.53 atmospheric deposition of SO: increased by a factor of 2 

Greenville. ME 0.63 0.42 from the fowest to the highest e!evaiions in the watershed 
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Acid Extractable Calcium (mmoi kg.') 

EXPLANATION 
s Mean concentratsons of calciuin in soils of individuai 

sites in New Yorii, Vsrmont, New tiampshire and Maine 
sampled by Lawrence and others (1997) in 199'2-3. 

d Mean concentrations of ca!c~urn in soils cf individual 
sites in New York, Vermont, New Hampshire arid Maine 
sampled by McNulty and others (1991) in 1987-8% 

Q Mean concentrations of calcium in so11 of 38 samples 
collected by Hairnburger ( 1  934) throughout the 
Adirondack Mountains of New York irl t 930-32. 

9 Mean concentrations of calcium i r l  soil of 59 sampies 
collected by Johnson and others (1 934a) throughout 
the Adirondack Mo~intnir;; ::f New Yoik in 1984. 

Figure 3.-Acid-extractable Ca concentrat!ons in Oa horizons of 
red spruce starids in the northeastein US measured in this 
s!i~dy and the sti~dies of McNuity et at ( l99 l ) ,  .lohrtson e! ai 
(1394a), and Heimburjer (1934). baiues frorrl this stilay and the 
study of McNu!ty et al (1991) represent means of individual 
sites: the values irom Johnson et al (1994ai represorits ttie 
mean of 59 samples collected throughot~t the Adiroridack 
Mottntains of New Ynrk: the values from tieimburger (1934) 
represent the inearl of 38 safllpies collected througb~oi~t the 
Adirondack Moi~ntair!~ of New York. Vali~es reported by .Johnson 
et al (1994aj and Heiniburger (13341 t t a v ~  been adjusted for 
method bias. Tc express Ca concentratloris on a soil mass basis 
loss-on igriit~orl values of 0.90 were assi~rned fur ttt? data from 
the McNulty et ai study and the ..lohnson e! a1 study. 

Figure 4. ---Ca saturation as a functron of atmospheric 
deposition and relativo weatherin(] potential in Oa and Bs 
tior17ons. Fteprinied with kind permission from Kliiwer 
Academic Publishers (Riogeochcriristry. vol. 38. 1997, 
Assessment oi soil calcisrn in red srpuce forests in the 
rmrthensiern United States. Lawrence. G.B.. David, M.B.. 
Baiiey, S W .  and Shcrtie. W.C., figure 5, p. 3:. copyright 
1907). 

(fig. 7a), whereas the concentrations of exchangeable base elevations. Upslope increases in precipitation, decreases in 
cations in both undisturbed soil and soil bags, and the ratio evapotranspiration (ET), or decreases in sorl depth would 
of base catrons to acid anions ir: stream water, decreased cause an e!evational gradient in soil-water flux per volume of 
from the lowest to the highest eievatrons (fig. 7b,c,d), The soil, w h ~ c h  could also result-in an elevational gradient In soil 
decrease in exchangeable base cation concentrations in the chemistry. Lastly, spatial variations in the mlnerai 
soil bags was approximately balanced by an Increase in composition of parent material could result in an elevat!onal 
exchangeable A1 concentrations (Lawrence et al. in press). gradient in base-cat~on concentraiions in soii. 

Effects of the spatial trend in SO,' deposition may be 
analogous to the effects of past temporal trends in acidic 
deposition through a space-for-time substitution. This 
approach assumes that the eievational gradieni of SO,' 
deposition in Winnisook watershed has been maintained 
during past decades when acidic deposition rates both 
increased and decreased. Natural acidification processes 
may cause elevational gradients in the chemistry of soils 
and stream water. however (Lawrence et a!., 1586). An 
elevational increase In net uptake of Ca by vegetation could 
con!ribilte to an elevational trend in exchangeable base- 
cation concentrations in soil, as could decreased 
temperatures and increased abundance of conifers at upper 
etevations that wouid lead to a greater accumuiation of 
organic acids and higher teaching rates than at lower 

Winnlsook watershed had been selectively cut up to about 
900 m eievation before 1950. but we found no physica! or 
historical evidence that the watershed was ever =!eared or 
burned (Kudish, 1985). The cutting that had been done 
would most likely cause a decrease rather than an increase 
in exchangeaSle base-cation concentrations at low 
elevations by tricreasing aggradation rates. Spatia! variations 
in tree species could not exp!ain these spat~al trends 
because all soil !nvest!gations (sampling and soil bag 
incubations) were done in similar stands of yeilow birch 
(Be!u!a aiieghaniensis Britton), beech (Fagus grandifolia 
Ehrh.), and sugar map!e (Acer saccharurn Marsh). 
Vegetation uptake also did not expla!n the upslope decrease 
in exchangeable base-cation concentrations because 
decreased temperatures would tend to shorten the growing 

-- -. 
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season and decrease net uptake of Ca at upper elevations. 
A spatial trend in the intensity of podzoiization from greater 
accumulation of organic acids at upper elevations than tower 
elevations was ruled out as a cause of the gradient in  
exchangeable base-cation concentrations because no 
spatial trends were observed in 1) organic carbon 
concentration in mineral soil, 2) cation exchange capacity of 
the mineral soil, or 3) pH of the Oa horizon. 

Evidence of substantially higher soil water flux at upper 
elevations was also not apparefit. Two years of throughfa!? 
measurements did not indicate an increase in precipitation 

F'gure 5. Concentrations of Ca in solutions leached 
t h r ~ i ~ g h  mineral soil wiih a vacuum extractor, as a 
funct~on of SO, plus NO, concentratior-is in the added 
soliltion. Results of duplicate leachirtgs are showrl. 
Slope and intercepts of !!!:ear best-fit lines are glven - 
95% confidence intervals (Two-s~ded test). Soils with 
initial base saturations of 14.4°,0, 9.6% and 4.5 were 
tjsed in the exper~ment. Reprinted with permissfon 
frorn the Ecologicai Society of America (Ecological 
Applica!ions, in press. Soil caiciurn status and the 
response of stream chemistry to changing acidic 
deposition rates In the Catskill Mountains, New York. 
iawrerice, G.B.. David. M.B.. lovett, G. MI., et al.. 
figiire 0, copyright 1999). 

Base cations 

Exchangeable I- 

Exctbangeable Ai 
Figure 6.-Concentrations of exchangeable base 
cations. H and Al expressed as a percent of 
cation-exchange capacity for B horizons of the 12 
northeastern red spruce stands. Reprinted with 
permissio~ from Wiiiiams & Wilkins, (Soil Science, 
vol. 161: 1996, Soil and soil solution chemistry 
under red spruce stands across the northeastern 
Un~ted States, David, M.B.. Lawrence, G.B., 
modified iionl figure 2 ,  p. 3201, copyright 1996). 

with increasing elevation within the watershed, and no trend 
in soil depth was detected from the 48 soil pits. Annual ET, 
estimated by application of the adiabatic lapse rate (Anthes 
et ai. 19751, resulted in an increase in soil-water flux of 
14.5% from base to surnm~t.The upslope increase i r ~  soil- 
water flux over the elevation range where soil bags were 
incubated was iess than ha!l this value, but nevertheless, a 
distinct gradient in base-cation concentrations developed 
within 1 year in soil of uniform parent materia!. Futher details 
of the gradient analysis in this watershed are given in 
Lawrence et at. (in press). 
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In the absence of acidic deposition it is possible that natural 
acidification processes woufd cause elevational gradients in 
soil-base saturation and stream chemistry in Winnisook 
watershed, but an inability to detect significant gradients in 
any acidifying factors other than acidic deposition suggests 
that the effects of these factors were subtle relative to the 
gradient in atmospheric deposition of SO,', which doubled 
from the base to the summit of the watershed. 

Aluminum Mobilization 

B Horizon 

Further indication that acid deposition has altered soil 
chemistry is evident from investigations of episodic 

Figure 7.-Elevationai gradients of 
selected chemical constituents in 
Winnisook watershed: Aj annual mean 
SO, deposition measured in throughfail. 
June 1993 through May 1995. B) 
exchangeable base-cation 
concentrations (Ca, Mg, Na and Kj  in 
minera! soil samples collected in 1994, 
C) exchangeable base-cation 
concentrations in mineral soil samples 
buried in the mineral profile in mesh 
bags for one year, end D) the ratio of 
base-cation concentrations to acid-anion 
concentrations (SO,, NO, and Ci) in 
stream-water samples collected durrng 
the highest 204'0 of stream flows from 
during May 1991 through April 1997. 
Reprinted w~th permtssion from EOS, 
Transactions, American Geophysics! 
Union, v. 79. No. 16. 1998. p. 200. 

acidification of streams in western Pennsylvania, in the 
Adirondack Mountains, and in Biscuit Brook, a tributary of 
the Neversink giver. approximately 10 km from Winnisook 
watershed (Wigington et al., 1996). As streamflow increases 
during episodic periods of precipitation or melting snow, 
concentratrons of inorganic monomeric Al can increase to 
levels that are toxic to fish (Baker et al. 19963. 
Concentrations of A1 increase with increasing flow because 
a greater amount of wafer discharges directly from the soii 
into the stream channel than during baseflow (Chen et al. 
1984; Lawrence et al., '1988; Potter, 1988). Warer that has 
passed through the subsoil before discharging to the stream 
channel has had a greater opportunity for neutralization and 
,mmobilization of Af. Analysis of ionic controls of inorganic 
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"pire 8.--Cor~centra!ions of inorganrc 
monGra>er!c Al !n strear? water at the Sase 
of h'innrsook watershed from May 1991 
thrci:~gh Seplernber 1994. 

Figtjre 9 --Concer:Iraiions of !noigaitic rnonomcriz Ai !!o!nl n1iinornt::ic A! rnlrtus organ]:; 
rnc~nonierii: Alj. orgarlic mOr!O!'RtYiC Al and p~lyrncric Al :'?o:al A! ttttniis total m!>nCimCri;: A l j  
in sa! SOIL;!~C)TIS of E3 tior#zor)s in irctarcd (addifions of (!NH's);!SC),) 2nd refererice srantPs of 
Bear Bruok watershed. Maine. EacY bar represen!$ Iht:! mean o! 45 san~pies !ria! were 
curnbined rnto 15 sarnpies for analysis, except fur poy1rr;eric A!, wriich tr!jrrcsenlr; 33 
samples combined into 11 sarr?pies. S:antlard errors are ti~d~cnted by nor~rorttai I~nrjs, Mean 
pH for reference and :reatmen: stantis 1:; also given. Reprinted uitn perrn!ssio:\ iram the 
American Crierriical Soc;lety (Envirorirner,:ai Science and Yeci;nolqy, vol. 31, ? 99-7. 
Respofise ot aiumtr>um soiubility to elevated nlirifica'rron In soil of s red sp::rce r;taricj ir~ 
oas!ern Maine, Lawrerice, G.B., Davrc, M. 0., mod:!:ec: frorn frgu:cs 3 ,  p. 827, copyrrqhi 1'397). 

!i?oilomeric A! concentratioris iri stream ,water showed that 
increased concentrations du r i n~  high fiows were assocrated 
with ~ncreased concentrations of SO:" and NO, !Wigrngtor? 
et a!.. 1996). Natura!iy occurrirrg organic acids can also 
mobilize A1 and increase concentrations in stream water, but 
this process forms organ~ca!ly complexed Ai, which is not 
toxic to fish (Driscoll et al., 1980). Concentrations of 
inorganic rnonorneric Al meast;red in the stream ot 
Wlnnisook wafershed from 1991-33 frnquentiy excccded the 
toxicity threshold for brook trout (Figure 8 ) .  and recent f ish 
silrveys ind~cated that the strean) in Wiriaiisook waaershcd 
does not support fish because of toxic concentrat!ons O! 
tnorganic monomeric Al  (Barry Baidigo and Lawrence, in 
pressj. Landawners of Winnisook watershed have r e p t c d .  
however. that a popula!ion of brook !rout (Saivelinus 
fonfinafis) previousiy existed in the stream (Royal Whiting, 
personal cornmunicaticrn). High tnorganic A1 concentratir~ns 

and the loss of a p:cv!ousiy existrng f~sh population suggests 
ttrat an increase in ~norgaiiic monomeric Al concentrations 
occ~~rred ir! this stream sometime in :he past. An increase 
such as this w o ~ i d  not occur without an increase of 
lnorganlc acidity In :he minerai soii. An example of the effec: 
of increased inorganic acidity on At mobility IS shown in 
F~gure 9. Additcon of (NH,),SO, to the treated watershed at 
Bear Brook Maine increased ni:rifir;atiurr rates, iowered pH, 
and ~ncrl.;ascrl concentr;ations of irlnrgartic monomeric A! in 
rhr? rnintval soil sofutior? !inwrenco and David :997). 

Hesuits of the soil survey of spruce star~ds showed that A! 
domir~atcd sxchange ck~em!stry in ali samples of mineral 
soii; a factor that is also reflected jrl Ca to At rat~os in these 
soils !hat are weif below i .O in both soit solution and on 
exchange sites !Figure 10). inorganic acids (H,SO, and 
HNO,) ~ntrodilced by acid deposition are the rnost probabte 



Figure 10.-Ratios of exchangeable Ca to exchangeabie 
Al as a function of ratios of Ca to inorganic Al In soil 
solut~on of B horizons in the 12 northeastern red spruce 
stands. insuffictent mineral soii was avarlabie for 
sampling in the spruce stand at Hubbard Brook. 
Reprinted with permission from Williams & Wilktns, (Soil 
Science, vol. 161. 19136. Sorl and soil solution chemistry 
under red spruce s:ands across the northeastern United 
States. Dav~d. M.B.. Lawrence, G B., modified from 
figure 6. p 326). copyright 1996). 

Exchangeable Ca 

!cmolc kg cause of high concentratrons of inorganic Ai in solution and 
on exchange sites in the mineral soil. Organic acids that are 
leached from the forest floor also acidify the mineral soil and 
mobiiize AI, but this process IS limited by the tendency of 
organic acids to be removed from solution by adsorption to 
mineral particle surfaces (DeConlnck. 1980). As a result. the 
mineral soil generally has a higher pH than the forest floor 
where the organic acidity originates. The high mobility of 
H,SO, and HN0,inthe minerai soil, however, makes these 
acids more effective than organic ac~ds at decreasing the 
solution pH, leachlng cations and increasing inorganic 
monomeric At concentrations in soil solutions and stream 
waters. 

Oa Horizon 

Although acld deposition 's likely to have decreased solutlon 
p t i  (and ~ n c r ~ a s e d  Ai moblilty) In the mineral so11 acid 
deposition IS unirkely to have caused a decrease in pH in the 
raturally ac~dic forest floor Product~on of organtc acids 
through deconpositron caused soli solution pH values to 
range from 3 3 to 3 8 In the Oa horizon of the 12 spruce 
stands { Lawrence et al 9 995) These dalues are below the 
pH of prectp~tation tn this region, which averages about 4 4 
and is seldom less than 4 0 (NADP/NTN, 1993) There cs no 
estabiished mechan~sm to explain how addttron 9f 

Figure 11 .--Concentrations of (a) exchangeable H. and (b) 
exchangeabie Al, as a function of exchangeable-Ca 
concentrations in the Oa horizon of stands of the 12 
northeastern red spruce sites (triangles) and mixed 
hardwoods in Winnisook watershed (circles). Each triangle 
represents the value of three samples that were combined 
before analysis. Hardwood data are based on 58 individual 
samples Reprinted by permission f r ~ n l  Nature (voi. 378, 9 
November 1995, p 163). copyright 1995, MacMillan 
Magazines Ltd 

precjpitat~on above pH 4.0 could increase mobilization of AI 
A h i n  forest ftoors :hat have solution pH values normally 
less tnan 4.0. Although the low pH of these Oa horizons 
suggests that Ca avzi~labtiity is controiled by H, 
concentrations of exchangeable Ca in the Oa horizon were 
unrelated to exchangeable H concentrations in the 12 
spruce stands and ~n Winnisook watershed. but inverseiy 
related to exchacgeabie AI concentrations (Figure 11 i .  

The lack of a mechanism to expiain rnobiiization of Ai within 
the forest floor suggests that there is an outside source of Al 
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to ?his horizon. Mixing with the mineral soil 
when trees become uprooted provides a 
mechanism for introducing mineral forms 
of Al into the forest floor. Analysis of Al 
chemistry in the forest floor indicate that 
minerai content was not a strong 
controlling factor of exchangeable Al 
concentrations. however; dissolved Al 
concentrations in the Oa horizon were 
highly undersaturated with respect to A1 
bearing minerals, exchangeable Al 
concentrations were uncorrelated with 
mineral A1 concentrations, and dissolved 
Al concentrations were unrelated to pH 
(Lawrence el al., 1995). 

?ABLE 3i.-C0ncentgations in the Oa horizon 0 6  spruce-fir stands at the 
Hubbard Brook Experimental Forest, New Hampshire, USA. Samples 
collected in 1969 and 1970 were averaged together, as were those 
collected in 1987 and 1992. Values are means based on  9-14 samples. 
Statisticaffy significant differences (P<0.05) between sampling periods, 
determined by the Wilcoxon nonpssarnetric test, are indicated by 
superscripts with different letters. Standard deviations are given in  
parentheses. 

Exchangeable Acid-extractable 

Sampling perfod (cmolckg-') (cmolckg.') 

At Ca Al Ca 

Alternatively, inorganic Al mobilized in the 
mineral soil by acidic deposition may be transported into 
the forest floor, where it outcompetes Ca (and other base 
cations) for exchange sites due t~ the high affinity of Al for 
the functional groups of organic matter (DeConinck 1980). 
Rustad and Cronan (1995) found that biocycling (uptake of 
Al by roots that is transported upward through the tree then 
returned to the soil in leaves and branches) plus 
atmospheric deposition of Al, was roughly 60% of forest- 
ftoor leaching losses in a red spruce stand in Maine. 
Biocycling of Al in the mineral soil is likely at all of the 
northeastern red spruce stands because ratios of Ca to 
inorganic Al in soil solutions are considerably less than 1 .O. 
the value defined by Cronan and Grigal (1995) below which 
A1 competes effectively with Ca for uptake by roots. Ratios 
of exchangeable Ca to Al in Winnisook watershed (0.04 
mol moi-') suggest that ratios in soil solution would also be 
less than 1.0 (Figure 10). 

A rising water table provides an additional way to increase 
the reactive At concentrations in organic surface horizons, 
as does upward movement of water through capillary 
action from drying of the forest floor by evapotranspiration 
(Lawrence et al.. 1995). When mineral-soil solution, 
enriched in Al relative to Ca, moves into the forest floor, Al 
is more effectively retained so that :he Ca to Al ratio in 
solution draining back into the mineral soil has increased, 
but the ratio of exchangeable Ca to exchangeable Al in the 
Oa horizon has decreased. A positive correlation between 
exchangeab!e Ai content of the forest Roor and the ratio of 
inorganic Af concentrations to Ca concentrations in the 
mineral soil soiution supports this intzrpretation (Figure 
12). Analysis of a limited number of archived soil samples 
collected in 1969-1 970, 1987 and 1992, also show an 
~ncrease in exchangeable and extractable forms of A1 and a 
decrease in these forms of Ca (Table 3). 

lnorganic AI/Ca ratio (mol mo~') 

Figure 12.-Exchangeable A1 conlenl of Oa horizons of the 
12 red spruce stands as a function of the molar concentration 
ratio of inorganic Al to Ca in B-horizon soil soiution. 
Exchangeable Af was expressed as content to normafize the 
data for varying forest-floor thicknesses. Each filled circle 
represents the mean of 18-36 soil and soil soiution samples 
(combined into 6-12 sanoles for anaivsis) collected at each 
&f the 12 sites. Data from' both the refkrence and treatment 
watersheds at Bear Brook Maim are included. The open 
circle represents the mean of 68 soil samples and 31 seep- 
water samples, collected in Winniswk watershed. The open 
square represents soil and seep-water concentralions 
measured at Tunk Mountain, ME, by Rustad (!988). 
Reprinted by permission from Nature (vol. 378, 9 November 
1995, p.163), copyright 1995, MacMillan Magazines Ltd. 

Potential decreases in the availabifity of Ca in the forest 
floor are particufarly significant in light of the !ow Ca to Af 
ratios measured in the mineral soil. Akhough the forest floor 
is the primary horizon for nutrient uptake, the original source ai. 1993, Bailey et a!. 1996), a source of Ca which has been 
of mineral nutrients has generally been considered to be steadily declining in recent decades (Hedin et a!., 1994). 
weathering in the mineral soil. Two recent studies have Eecreasing leveis of atmospheric Ca deposition and low Ca 
indicated, however, !hat 30 to 50% of available Ca in the to A1 ratios in the mineraf soil will both tend to impede the 
forest fioor originates from atmospheric deposition (Miller et reversal of A1 accumulation in the forest floor. 
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Summary and CsncBusion 

Signlfican progress has been made during the 1990's 
towards establishing the past and current status of base 
cation concentrations in forest soils of the Northeast. The 
studies of Shortle and Bondietti (1 992). Johnson et at. 
(1 994a), and Lawrence et al. (1 995) presented historical 
data !hat indicated long-term decreases at sites in the 
Adirondack Mountains and northern Mew England. The 
survey of solis in northeastern red spruce forests by 
Lawrence et al. (1997) identified considerable variability in 
exchangeable Ca concentrations, but an analysis of the 
methodologicai bias of the previous studies showed that 
these data did not alter the conclusion that long-term 
decreases are common in this region. 

Elevated concentrations of inorganic Al in surface waters. 
aiso common in this region, suggest that acid deposition has 
contributed to the decrease in base-cation concentrations in 
soils. Elevated concentrations of inorganic A1 in surface 
waters is the result of mobilization of inorganic Al in the 
mineral soil, which, in turn, is the probable result of 
decreased pH from inorganic acids deposited from the 
atmosphere. Naturally derived organic acids aiso mobilize 
Ai. but the high affinity of Al for organic functional groups 
favors the formation of dissolved organic Al over dissolved 
inorganic Al. The mobilization of Al in the mrneral soil 
increases concentrations of exchangeable At by displacing 
adsorbed Ca, which is then free to be leached with mobile 
inorganic anions. 

The importance of acid deposition as a cause in the 
decrease of base-cat~on concentrations in forest soils has 
Seen further suggested by results of the survey of soils in 
northeastern spruce s!ands (Lawrence et al. 1995, 
Lawrence et ai. 1997), and the analysis of base-cation 
leaching in the Catskill Mountains (Lawrence eta!, in press). 
The strong relation between relative weathering potential 
and Ca saturation in the Oa horizon but not in the 6 horizon, 
observed in the survey of spruce stands, indicates that base 
saturation in the mineral soil has been reduced to Jevels at 
which Al dominates exchange chemistry and inorganic Al 
concentrations in soil solution become much greater than Ca 
concentrations. Data from the survey of spruce stands akso 
indicate that exchangeable Al concentrations are likely to be 
increasing in the forest floor as a result of Al mobilization in 
the mineral soil. Lastly, an elevational gradient in base-cation 
leaching in a Catskiil Mountain watershed that could not be 
explained with any factors, other than an eievational gradient 
in acid deposition, demonstrates the effect that acid 
deposition can have on base-cation leaching. 

The information summarized in this paper suggests that 
reversat r,f past decreases in exchangeable Ca 
concentra:ions wrll be hindered by 1) continued inputs of 
mobiie anions that facilitate leaching, 2j high Al saturation in 
the mineral soil that will interfere with uptake of Ca by roots, 
3) increasing Al saturation in the forest floor, and 4) 
continued decreasing trends of atmospheric deposi!ion of 
Ca. 
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