
SOIL ACIDIX'ICATION ALONG A TOPOGRAPIIIC GRADIENT
ON ROUNDTOP MOIINTAIN, QT]EBEC' CANADA"

W. H. Hendershotl, F. Courchesne2 and R. S. Schemenauer
7. Department of Renewable Resources, McGill Uniuersity,
Ste-Anne-de-Belleuue, QC, HgX 1C0, Canada;
2. Ddpartement de g\ographie, Uniuersit| de Montrial,
Montrdal, qC, HsC 3J7, Canada.
3. Ctoud. Physics Research Diuision, Atmospheric Enuironment Seruice,

4905 Dufferin Street, Downsuiew, ON, MAH 5T4, Canada

ABSTRACT. We examined. the effects that different acidic loadings have had on soil

chemistry along a toposequence on Roundtop Mountain. Due to fog interception by the
forest canopy, the amount of time in the clouds is a major factor determining the smount

and chemistb of precipitation reaching the soil and hence, acid precipitation loading is

directly related to elevation. Soils on a transect from 520 to 850 m show a pattern of
chemistry that corresponds to the loading ofacidic deposition. Soil solutions collected at
two elevations show &fferent levels of both SO, and CI, two of the anions in fog water as

well as differences in concentrations of H ion and Al. Surface horizons of soils located at
850 m have pH in water as low as 3.7; in mineral horizons base saturation is extremely
low (<SVo) 

""a 
n saturation exceeds 95Vo in many cases. In contrast, lower on the

mountain slope (below 650 m), pH is slightly higher (about 4.1) and base saturation rises

to over 50Vo for the same soil horizons. There is a clear relationship between soil

acidification and position on the mountain'

1. Lrtroduction

Red spruce dieback in the Appalachian Mountains of eastern United States has attracted
the afiention of researchers during the last decade. Vogelmann et al. (1985), working in
Vermont near the Quebec border, examineil a number of hypotheses that could be used

to explain the decline. The effects ofdiseases, insects, drought, stand dynamics, and air
pollution were considered. OnIy air pollution including acid precipitation and its effect on

ihe canopy, soil and root systems seemed to them to provide a reasonable explanation of
the phenomenon. Mclaughlin et al. (1990) working much farther south, in Norbh

Carolina, also concluiled that the decline of red spruce during the last 20 yr was probably
related. to atmospheric pollution. Inferential evidence pointed to the effects of soil
acidification leading to the loss of Ca anil Mg fron the soil. In acldition, Iow pH and high
dissolved Al concentrations may have led to Ca:AI or Mg:Al antagonism and decreased

uptake of these base cations. Further evidence comes from the work of Federer et ol.
(1989) indicating that forests ofthe eastern USA are experiencing a depletion of Ca and
other nutrients as a result ofincreased leaching losses associated with acid precipitation.
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While red spruce decline is restricted to high elevation sites, decline of sugar maple is
common at lower elevations throughout the St-Lawrence valley on a wide range of soil
types. Sugar maple dieback in southern Quebec began in the late 1970's and the severity
of the problem increased up to the mid 1980's. Research by a number of scientists
supports the hypothesis that the problem is related to nutrient defrciencies (Bernier and
Brazeau, 1988a, b, c; Par6 and Bernier, 1989; Hendershot and Jones, 1989; Hendershot,
1990). To date no convincing evidence has been presented to show the cause of these
deficiencies. However, they are consistent with the hypothesis that acid precipitation has
led to soil acidiflcation and the loss of base cations, most notably K and Mg.

Industrialization has Ied to an increased release ofthe precursors ofacid precipitation
during the 20th century. In Europe there is a considerable body ofresearch that linl<s the
increased acidity of precipitation with soil and surface water acidification (Berden et al.,
1987; Tamm and Hallbacken, 1988). Nutrient deficiencies, particularly of Mg, are
associated with increased loadings of atmospheric pollution that increase leaching losses
from soils (Huettl and Wisniewski, 1987). An additional stress is caused by the increased
availability of N from deposition of NI{u and NO. that stimulates forest growbh and
aggravates deficiencies of other plant nutrients (Huettl, 1990). In order to demonstrate
that increased levels ofprecipitation acidity have been a major cause ofsoil acidification
it is necessary to quantify the relative contribution ofboth internal (natural) and external
(anthropogenic) sources of H ion (van Breemenet aL.,1983; Bredemeier et a\.,1990). Our
working hypothesis is that increased levels ofH ion derived from acid precipitation cause
measurable soil acidification. As an initial step, we studied a topographic gradient where
the upper slope receives much higher than average acidic loading. Ifit is not possible to
show that differences in soil acidification exist between the extremes ofthis depositional
gradient then it will be exbremely difficult to find evidence in support of the working
hypothesis at other, less affected sites, in south-eastern Canada.

2. Study Site

Roundtop Mountain is located near the town of Sutton, Quebec approximately 100 km
southeast of Montreal. The summit is parb of the Appalachian chain and is composed of
metamorphic rocks, specifically, phyllites of the West Sutton Formation. A transect of
soils from 520 to 850 m was examined s14 sampled during the fall of 1989. At each
elevation Lwo pits were dug so that duplicate analyses of all properties were possible.
Soils are classified as Humo-Ferric Podzols (Haplorlhods). All of the soils formed on
shallow material over bedrock, termed colluvium since it is assumed that there has been
some mass movement on these moderate slopes, The upper two sites are covered by
coniferous forest (balsam fir, red spruce) while the lower two sites have deciduous forest
cover (sugar maple, yellow birch). Above 900 m the majority of the red spruce has died
and balsam fir has become the dominant tree species. Red spruce can also be found in the
understory vegetation below the deciduous canopy at the lower elevation sites.

Previous work by Schemenauer et al. (1988) indicates that there is a direct relationship
between elevation and the percentage oftime that clouds cover the forest on Roundtop
Mountain: 25Vo at 520 m, 30Vo at 600 m, 34Vo at 750 m, and 37Va at 850 m. F rom freld
measurements, Schemenauer (1986) estimates the wet deposition components as follows:
in the valley (250 m) precipitation is 80 cm; on the mountain (850 m) precipitation is 124
cm with an additional 77 cm of fog water deposition. The precipitation chemistry at the
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mountain and valley sites is similar but the fog has much higher ion concentrations than
the precipitation (see data in Table I for summer 1986 and in Schemenauer el al. (1988)
for autumn l-985 and spring 1986). Based on these data and the above estimates of water
inputs, the gradient in wet deposition is estimated (Table II), assuming a value of 1.0 at
520 m. The calculation follows the assessment of Joslin et aI. (1990) who found that
cloudwater deposition to the top ofthe forest canopies is best described by a simple linear
function of horizontal cloudwater flux (liquid water content (LWC) times wind speed) and
that modelling the collection efficiency of the canopy did not improve the wet deposition
estimates. To obtain Table II, the following relative increases from 520 to 850 m were
assumed: cloud frequency 50Vo; wind speed 30Vo; LWC 100%; precipitation anourft 30Vo;

ion concentrations in precipitation lVo. The concentrations ofions in fog us precipitation
were weighted as follows: H 3, NI{4 2, Na 1, K 1, SO4 5, NOs 5, and Cl 1. The results of
Table II are approximate but they show the highest elevational gradients can be expected
for SOn and NO, where order of magrritude increases may occur; large increases in the two
ions that contribute to soil acidification, H and NHo, are also predicted.

TABLE I. Average ion concentrations for fog, mixed fog and precipitation, and
precipitation for periods of 1 to 4 mo during the summer of 1986 at Roundtop Mountain,
measured above the canopy. At 970 m the mixed category includes fog only events.

EIev. Type n
m

PII

224 11,6

98 47
729 749
197 125
82 63
63 27

57
30
81
81
53
9

970

845

3.1
2.2
1.3
1.0

850
750
600
520

mixed
precip
fog
mixed
precip
precip

3.65
4.01
3.89
3.77
4.09
4.20

t22
47

113
124
91
2L

8.3 3.9
7.0 2.9
7.0 6.8
10.9 4.1
7.4 5.6
6.9 'J..2

704 9.1
43 5.9
73 5.5
104 7.5
46 6.0
27 4.3

Adapted from Schemenauer and Winston, 1988

TABLE IL Estimated elevational gradients in the wet deposition of ionic species at
Roundtop Mountain, Quebec. Calculations are relative to values at 520 m. The ratio of
the volunes of fog and precipitation (Vrp) are also given.

Elev.
m

V"" NHn Na K SOn NO. Cl
Relative loadings---

0.62
0.50
0.32
4.27

6.7
4.1
1.8
1.0

4.9
3.1
1.6
1.0

3.1
o.,
1.3
1.0

10.0
6.0
2.3
1.0

10.0 3.1
6.0 2.2
2.3 1.3
1.0 1.0
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3. Methods
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Miaeralogy of the clay size fraction (. Z p-) was performed by X-ray diffraction (Whittig
and Allardice 1986). Soil pH was measured in water and Fe and Al extractable in
pyrophosphate, anmonium oxalate and dithionite-citrate-bicarbonate (DCB) were
measured according to the methods of Sheldrick (1984). Exchangeable cations were
determined by atomic absorption spectrophotometry (AAS) aft'er displacement with 0.1 M
BaCl (Hendershot and Duquette, 1986). Organic C was measuted with a Leco carbon
analyzer. The total native SOo content was determined by t hr exbraction of triplicate 3
g soil samples with 30 mT. of distilled-deionized water followed by three t hr sequential
extractions with 30 mT, of 0.016 M NaHrPOr. Solutions were analyzed by ion
chromatographv (IC) after filtering through 0.4 pm polycarbonate membranes.

Soil solutions were collected attwo elevations (600 and 850 m) using ceramic cup tension
lysimeters at 20, 40, and 60 cm depths in two soil profiles at each elevation. During
October 1989 soil solutions were sampled on five occasions. For each depth, the results
for both collectors and all dates were averaged. Paired t-tests were used to compare the
soil solution chemistry at the same depth at the two sites using p<0.05 (Wilkinson, 1989).
Anions and monovalent cations were measured by IC, Ca and Mg by AAS and total Al
(Altot) by graphite furnace AAS. Aluminum speciation was performed using pyrocatechol
violet with monomeric inorganic Al (Ali) being separated from monomeric organic Al (A1o)

with a cation exchange column according to the method of LaZerte et al. (1988). Dissolved
organic carbon (DOC) was estimated from absorbance at 254 nm (Moore, 1985).

4. Results

At all sites the deepest horizon has mica (muscovite) as the dominant clay mineral with
chlorite and quartz as minor components. This assemblage is consistent with the phyllite
bedrock and supports the beliefthat the soils are derived fromin sllu weathering. The
similarity in the mineralogy along the transect is an indication of the homogeneity of the
parent material and suggests that differences in soil chemistry are due to environmental
conditions and not a result oflithologic heterogeneities. The soils at the 850 m site have
minor components of vermiculite, smectite and interstratified mica-smectite in the Ae
horizon. These are weathering products that form in podzol Ae horizons from the
breakdown of chlorite which has completely disappeared from the Ae at 850 m. The soils
at the 750 m site contain a trace of mica-smectite in the Aeb horizon while the
interstratified mineral in the Bfb and C horizons is hydroxy-interlayered vermiculite.

AII of the soils on the transect have some similar characteristics (Figure 1). In the
surface organic layers percentage Ca saturation tends to be high; it drops rapidly to a
minimum in the first mineral horizon and then increases gradually with depth.
Percentage Al saturation is the mirror image of Ca saturation. Soil pH in water is most
acidic in the surface organic layers and increases with depth. Differences among the four
sites are most apparent in the mineral soils. At 850 m the Ca saturation stays below 57o

and the Al saturation remains above 95Vo to a depth of 55 cm. Calcium saturation
increases at the lower elevation sites and Al saturation decreases. A similar trend is
observable if pH at 20 cm depth is compared at the four sites: 4.7 at 850 m, 4.9 at 750 m,
5.1 at 600 m and 5.3 at 520 m.
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Figure 1. Percentage Ca and Al saturation and pH(HrO) at foul altitudes on Rouldtop
Mountain. The two curves are from two individually sampled soils at the same elevation.

Table III shows the results of the analyses of organic C, Fe ancl Al and native SOo.

Except for the latter, these are techniques co--only used to measure properties that are

indicators of the degree of soil genesis. Pyrophosphate extractable Fe and Al are

considered to be in organically complexed form, oxalate extractable Fe and Al inelude the
above as weII as amorphous, inorganic forms, DCB extractable Fe also includes crystalline
Fe in pedogenic oxides, hydroxides and hydrous oxides. Although there is a trend to
increasing accumulation oforganic C and extractable Al with higher elevation, the pattern
is irregular. Extractable Fe shows a clear trend with amounts increasing with altitude'
The amount of SOn adsorbed by the soil shows the same pattern as that of exbractable Fe.

The larger amount in the soils with more sesquioxide material is consistent with SOn

adsorption mechanisms. Increased amount of native SO, with altitude also parallels the
increase in atmospheric deposition. Compared to older, more highly weathered Ultisols
Iocated south of the glacial limit, these soils have a relatively low SOn adsorption
capacities.

\
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TABLE III. Selected chemical properties of upper B horizon (Bf or BhI), average of two
profiles

Depthl
cm

Org C
DCB

Fe Al NdSO,
mmolkg'r

Pyrophosphate Oxalate
Fe AI Fe A1Elev

m

2.4
1.8
0.8

9.2
9.6
4.3

7.7
8.4
4.3

850 22
600 10
520 17

0.43
0.48
0,17

27.7
19.5

7.8

31.0
27.4

8.6

37.3 8.6
26.7 10.0
12.4 4.3

1 Depth is the average position of the center of the upper B horizon of the two profrles

During the fall of 1989, soil solutions were collected with tension lysimeters at 20, 40 and
60 cm depths at two elevations: 600 m and 850 m (Table IV). The most notable
characteristics of these data are: a) pH is much lower at higher elevation: pH ranges from
3.9 at 20 cmto 4.7 at 60 cm at the upper site and from 5.2 at 20 cm to 5.6 at 60 cm at the
lower site; these values are close to those measured for the soil samples; b) AI chemistry,
generally thought to be controlled by pH, follows s similar trend with much higher
concentrations measured at the upper site; c) DOC is much higher at the upper site, due
to the partial decomposition of the coniferous litter at low pH, and as a result, Alo is also
more abundant; d) NHn and NO, are more abundant in the upper mineral soil at the
higher elevation although the differences disappear with depth; e) the concentrations of
base cations K and Na are similar for solutions collected at 60 cm at the two sites,
however they are higher at 20 and 40 cm depths at the upper site; Ca concentrations at
the lower site are approximately double those at the upper site; f) the concentrations of
the two anions that originate mainly from atmospheric inputs, Cl and SOn, are higher at
all depths at 850 m than at 600 m-

TABLE IV. Soil solution chemistry at 850 and 600 m elevations

Depth pH
cm

258 346 28.0 23.3
601 30e 22.7 (17.9)
725 114 22.L (18.6)

20

40
60

119 2L 7.7
92 2L 9.3
101 27 8.1

20
4A
60

Na NHn K Ca Mg
----------Fmol Lt---------

Altot Ali AIo Cl NO, SO* DOC

-----Fg L{-------- ------pmol Lr------- mg Ll

3.90 28.8
4.40 25.1
4.7r (21.e)

5.2t 11.9
5.36 11.4
5.63 (20.6)

6.2 L3.4
5.8 8.6
(1.8) (5.8)

1.6 2.2
2.0 3.4
(3.1) (6.0)

Upper site (850 m)

15.9 807
2r.0 1100
20.5 982

24.5
34.2
28-3

79.9 17.10
79.0 8.48
76.6 2.45

Lower site (600 m)

56.1 10.7 189
57.O Lt.z 180
51.1 13.6 2LO

10.1 65.7 0.80
(8.3) 69.6 0.80
(9.9) 68.6 0.73

( ) indicates that the values for the same depth at the two elevations are 4! signifrcantly
different.
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T\vo sampling locations at each site obviously do not encompass all of the spatial
variability present in these forest ecosystems. However the statistical analysis, with only
two sampling locations at each site, shows significant differences at p<0.05 inficating that
chemistry is different at the two sites. In this study we were not able to examine the
temporal variability in soil solution chemistry since all the saynples were collected during
a one month period. We believe that given the large differences between sites observed
during October there are probably differences throughout the year.

5. Discussion

Unquestionably, there is a strong gradient in soil acidification with elevation. However,
it is more difficult to prove that these differences are due solely to higher atmospheric
loading at higher elevation. Vegetation is known to play an important role in soil
acidification and there is a change in vegetation from coniferous to deciduous forests below
700 m. If vegetation were the sole cause of the differences in the degree of soil
acidification then the soils at 850 and 750 m should be very similsl, as should those at
600 and 520 m. The fact that differences in soil chemistry as a function of elevation occur
within both the coniferous forest (between the sites at 850 and 750 m) and the deciduous
forest (between the sites at 600 and 520 m) supports the hypothesis that atmospheric
loading is an important factor in soil acidification. The clear trend in soil acidification
with elevation, as indicated by pH and exchangeable Al fot sxampl€, is supported by the
chemistry of the soil solutions and by the gradient in properties, normally associated with
soil genesis, such as the amounts of extractable Fe and native SOn.

In experiments carried out under controlled conditions (hydroponic, sand and soil
culture) direct effects of Al on red spruce and sugar maple growth were not observed at
concentrations less than about 6750 pg L-1 (0.25 mM: Raynal et al.,7gg0;Kel)ey et al.,
1990). Although there are much higher concentrations ofAl at 850 m than at 600 m (a
maximum value of 725 vS Ll for Ali), they are probably too low to cause acute toxicity.
Using plant response data generated with seedlings under controlled conditions to predict
the response of mature trees under field conditions is always difficult and it is possible
that Al is affecting rooting patterns or decreasing nutrient uptake.

The null hypothesis, that there is no difference between soil acidity status as a function
of elevation, must clearly be rejected. The next step is to expand the scope ofthe research
to quantify the contribution of both internally and externally generated acidity. It is
hoped that this future research will remove the ambiguity caused by the lack of
quantifrcation of the relative effects of increased acid loading and vegetation changes
associated with position on the mountain.
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