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Abstract. Atmospheric trace metal contamination in and on forest foliage in southern Quebec has been 
investigated. Washed and unwashed foliage of Balsam fir from seven sampling sites with different 
elevation were analyzed by NAA. Metal element concentrations in needles were generally well below 
the suggested levels of potential phytotoxicity, except for Mn. At three rural mountain sampling 
locations, Mn concentration exceed 600/zg/g in washed and unwashed needles. The variability of 
metal concentrations between individual trees at a given site showed the expected element-specific 
differences, with most CV's < 50%. The variation of metal deposits on needle surfaces (ng/cm 2) 
with elevation and sampling site depended on the element concerned. The input of A1, As, Cr, La, 
Sb, Sc, Sm, and V, accompanying Fe in deposits on the foliage surface, may mainly come from 
atmospheric deposition in the form of soil dust and air pollution. Wet deposition samples from 
Roundtop Mountain suggest cloud immersion as a significant trace element deposition pathway in 
high elevation forest. 

1. Introduction 

Air pollution is considered to be a major potential contributor to the decline of 
conifers in high elevation forests of eastern North-America (Vogelmann et al., 
1985; Mclaughlin et al., 1990). In particular, these forests are also expected to 
be subject to significant deposition of metal pollutants (Petty and Lindberg, 1990; 
Jeffries and Schneider, 1981). 

The impact of metal pollutants from atmospheric deposition to forest cannot be 
estimated simply from direct measurements of their concentration in bulk precipi- 
tation and in atmospheric particulates (Thomas et al., 1983). The amount of metal 
pollutants delivered to forests must be expected to depend on characteristics of and 
interaction with forest surfaces (Little and Wiffen, 1977; Mayer and Ulrich, 1982), 
micrometeorological conditions (Albritton et al., 1987), and local topography and 
elevation (Hasselrot and Grennfelt, 1987; Ruck and Adams, 1991). It is important 
to understand the link between atmospheric deposition and the foliar uptake and/or 
accumulation. The effect of acid input may not be only observed in increasing 
the mobilities of most metal elements in soil for root uptake, but also in changing 
the elemental mobility in surface deposits and in foliar surface properties, which 
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may affect foliar absorption particularly for high elevation forests (Johnson and 
Siccama, 1983). 

Foliage analysis has been used as a valid indicator of air pollution (Landolt et al., 
1989). The accumulation of pollutant elements at foliage surfaces is considered to 
be very important in our understanding of hypothesized contributing factors to the 
forest decline (Simmleit et al., 1986). The properties of aerosol particles adhering 
to Norway spruce (Picea abies L.) needle surfaces have been extensively studies 
(Wyttenbach et al., 1987, 1990; Simmleit et al., 1989). Simmleit et al. (1986) 
concluded that the quantity of elements occurring on needle surfaces was directly 
related to their atmospheric concentrations and, therefore, a useful indicator of 
atmospheric metal deposition to forests. 

Potential toxicity of atmospheric metal pollutants in the high elevation forests of 
eastern Canada cannot be judged adequately based on present knowledge (Santerre 
et al., 1990). In addition, these forest are frequently immersed in cloud and the 
possibility of significant metal deposition from the resultant fogs needs to be 
evaluated (Ban'ie and Schemenauer, 1989). As a first step towards an improved 
understanding of this potential problem, this paper explores current levels of metal 
contamination in and on coniferous foliage as a function of sampling location and 
site. 

2. Observation Sites and Sampling Operations 

2.1. SAMPLING LOCATIONS AND SITES 

2.1.1. Location I (L-I) 
Roundtop Mountain at Sutton, 95 km SE of Montreal, with peak elevation of 970 m. 
The three sampling sites in 1990 were at 940 m, 770 m and 650 m, respectively. 
Balsam fir and Red spruce (Picea rubens Sarg.) are the dominant species above 
700 m. The hardwood forest at lower elevations is dominated by Sugar maple (Acer 
saccharum Marsh.), Beech (Fagus grandifolia Ehrh.), and Yellow birch (Betula 
alleghaniensis Britt.). Soils are Ferro-humic Podzols. 

2.1.2. Location II (L-II) 
Morgan Arboretum of McGill University, located in the near-urban SW comer of 
Montreal island, at 40 m elevation. Two highways are approximately 1 and 1.5 km 
SW from the sampling site in a managed forest stand. Soils are Luvic Gleysols. 

2.1.3. Location llI (L-Ill) 
The biological research station of the University of Montreal in Ste-Hippolyte, 
about 80 km NW of Montreal, at 345 m elevation. The area is covered with a 
dominant hardwood forest of Sugar maple, Paper birch (Betula papyrifera Marsh.), 
Balsam fir and Quaking aspen (Populus tremuloides Michx). Soils are Humo-ferric 
Podzols. 
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2.1.4. Location IV (L-IV) 
White Peak at Mont Tremblant, 105 km NW of Montreal, with a 860 m peak 
elevation. The two sampling sites were at 825 m and at 300 m. The area is covered 
mainly with Balsam fir and Paper birch above 760 m, and with Balsam fir, Red 
maple (Acer rubrum L.), Sugar maple, Hickory (Carya sp.), and Eastern hemlock 
(Tsuga canadensis Carr.) below 760 m. Soils are Ferro-humic Podzols. Locations 
L-I and L-IV were described by Schemenauer (1986). 

2.2. SAMPLING OPERATIONS 

Balsam fir foliage samples were collected from May 30 to June 2, 1990, after more 
than 30 days of fair meteorological conditions (no strong wind or precipitation), at 
the four locations mentioned above. Meteorological conditions during the 30 days 
preceding the sampling dates are summarized in Table I. Samples from each tree 
consisted of more than 20 shoots, and at each site 5 to 10 mature trees were sampled. 
Shoots were from branches near the middle part of the canopy (about 5-6 m above 
ground), on the prevailing wind (SW) side of each tree. Supplementary foliage 
sampling at site L-I only was also executed in June 1991. 

Coincident samples of wet deposition or soil chemistry were not available. 
But, in order to obtain some qualitative information about contamination levels 
in wet deposition and in the soil at one of our major sampling sites, fog and rain 
samples were obtained from Roundtop Mountain (L-I) between 30 September to 
16 October, 1991, and soil samples in the summer of 1992 from the four sampling 
locations. Fog samples were collected on Teflon string fog collectors and the rain 
samples in high density polyethylene (HDPE) bags. Samples were stored in HDPE 
bottles and preserved immediately after collection by ultra-pure nitric acid. Soil 
samples were obtained at each site from one soil profile and two additional top soil 
samples (0-20 cm below the LF layer). 

3. Experimental Methods and Quality Control of Analysis 

3.1. SAMPLE PREPARATION 

One-year (12 months) old shoots were separated from the branches, and randomly 
divided into two groups. One of these was agitated vigorously in a 1 L bottle for 
30 s (Riederer, 1989; Wyttenbach et al., 1985) in about 200 ml of chloroform by 
double rinsing with deionized water. Samples were dried at 80 ~ for 48 hrs and 
stored in plastic bottles. 

Attention to foliage washing procedures has been shown to be crucial in studies 
designed to distinguish external from internal tissue composition (Dasch, 1987; 
Lindberg and Lovett, 1985; Schuepp et al., 1988; Smith, 1973). The chloroform 
has been used to remove the wax coating of the needles of Norway spruce without 
element leaching (Wyttenbach et al., 1985). In this study, the efficiency of the 
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washing procedure for Balsam fir needles was investigated under a Cambridge 
Stereoscan 600 scanning electron microscope (SEM), as illustrated by the scanning 
electron micrographs in Figure 1. 

3.2. METAL ELEMENT ANALYSIS 

Needle samples (about 1 g each) were analyzed for multi-element composition 
by neutron activation analysis (NAA) in the SLOWPOKE reactor of the t~cole 
Polytechnique at Montreal. Samples were irradiated at a flux of 4.9 x 1011 n 
cm -2 s -1 for 40 s for short decay elements, and at a flux of 3.9-4.4 x 1011 
n cm -2 s -1 for approximately 7-8 hrs for long decay elements. The 3' spectroscopy 
was done by Ge(Li)-detectors, with counting times between 10 min and 4 hrs, after 
dacay times varying from 120 s to 10 d. Final results (#g/g) were produced by the 
calibration software EPAA. 

The samples of fog and rain were analyzed by inductively coupled plasma mass 
spectrophotometer (ICP-MS) at the Drinking Water Laboratory of the Ontario 
Ministry of the Environment. Analysis of blank samples showed concentrations 
below the method detection limit for all elements (Table V) for both fog and rain, 
except for mean blanks in the fog collector of 2.3 ppb for A1 and 10.0 ppb for Zn. 
The Zn analysis for fog is, therefore, marked as questionable. Soil pH was mea- 
sured in deionized water with a 1:2 ratio, organic matter (OM) by loss-on-ignition 
(%), cation exchangeable capacity (CEC) by the BaC12 methods as described by 
Hendershot and Duquette (1986), and extractable Mn, Fe, Zn, and Ni in forest 
soil with 0.1 M HC1 extracting solution by atomic absorption spectrophotometer 
(AAS) (Robarge and Fernandez, 1986). The projected leaf area of needles from 
the sampling sites was estimated by a Delta-T area meter with Ikegami scanning 
system. 50 - 100 needles per tree were determined to constitute a sufficient sample 
size for area estimates within an expected accuracy of 4% (Hungerford, 1987). 

Inter-element relationships were examined by principal component analysis 
(PCA), by PRINCOMP procedure of SAS with standardized raw data and R-mode. 
Ordination is often used as a method of clustering, and PCA is the most powerful 
technique for reduced-space ordination (Legendre and Legendre, 1983). The two 
dimensional plot in this study will show the loading of the first two eigenvectors on 
different elements. As a multivariate technique for examining relationships among 
several quantitative variables, PCA has been used in revealing the interelement 
relationship in spruce foliage (Landolt et al., 1989). 

3.3. ANALYSIS QUALITY CONTROL 

The NBS-SRM 1575 (pine needle) was measured with each batch of NAA mea- 
surements. Mean measured concentrations by NAA for all stated elements were 
located within two standard errors of the mean of the certified composition values 
of the standard reference materials (SRM). Paired comparisons of t-test showed no 
significant difference between the two groups of values (p < 0.05). 



180 z.Q. LIN ET AL. 

Fig. 1. SEM pictures of the Balsam fir needle surface: (a) Unwashed needle; (b) Washed needle with 
chloroform. (X 1,000). 
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The precision of the NAA measurement in this study was further explored 
through the coefficients of variability (CV) from triplicate measurements of a 
homogenous ground unwashed needle sample. The CV for Mg, A1, Mn, Cu, Cd, 
V, Zn, K, Na, Sb, La, Rb and Cs were < 5%. The elements Ca, As, Sm, Co, Ba and 
Ni showed 5% < CV < 10%, and elements Th, Sr, Fe, Hg, W and Cr 10% < CV 
< 21%. 

3.4. VARIATION OF ELEMENTS WITHIN A SAMPLING SITE AND THE SAMPLING 

UNCERTAINTY 

The variation of element concentrations in washed needles among five trees from a 
given sampling site was investigated at the Roundtop Mountain location (L-I). The 
in-site variability can be divided into three categories: (1) CV < 20%: K, Na, Mn, 
Mg, Zn, A1, Hg, Ni, Fe; (2) 20% < CV < 50%: V, Cd, As, Sr, La, Sb, Rb, Ba, Co, 
Cs; (3) CV < 50%: Sm, Sc, Mo, Th, Cr, W. The variation of element concentrations 
in washed needles from four different branches on the same sampled part of a tree 
crown was also examined. In this case the variability could be subdivided into the 
following groups: (1) CV < 10 %: A1, Ba, Co, Fe, K, La, Mn, Rb, Sm, Sr, W, Zn; 
(2) 10% < CV < 20%: As, Hg, Na, Sb; (3) CV > 20%: Cd, Cr, Ni, Sc, V. 

The high variability for the last category of elements is undoubtedly attributable, 
to a large degree, to the small concentrations involved, reflecting various combi- 
nations of environmental and biological factors. The variability of elements in the 
sampling site is comparable to that reported in the literature for Norway spruce 
(Wyttenbach et al., 1985) and the sampling uncertainty is considered to be accept- 
able. 

4. Results and Discussion 

4.1. CONCENTRATION OF METAL ELEMENTS IN FOLIAGE AT DIFFERENT SITES 

Given the presumed variability of surface deposition, and in order to establish a 
baseline reference for current levels of metal contamination in southem Quebec, 
pooled needle samples were analyzed for each of the 1990 sampling sites. Equal 
weight of ground foliage sample was used from each sampled tree at each site. 
The results shown in Table II, with 25 elements, indicate that most of the element 
concentrations in the washed needles were below the suggested potential toxic 
concentration of these elements in mature leaf tissues, as generalized for various 
species (Kabata-Pendias and Pendias, 1992). A significant exception is Mn where 
concentrations in needes at the three regions (L-I, L-III and L-IV) reached approxi- 
mate levels of 600 #g/g. These values far exceed the 286 #g/g reported in a study on 
Balsam fir in the maritime region of eastern Canada (Langille and Maclean, 1976), 
comparable to the suggested potential toxic level of 500 #g/g (Kabata-Pendias and 
Pendias, 1992; Adriano 1986). The high levels of Mn were confirmed by the 1991 
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TABLE II 

Element concentrations in washed, 12 month old Balsam fir needles at different sampling sites and 
elevations. L-I: Roundtop Mt., L-II: Morgan Arboretum, L-III: Ste-Hippolyte, L-IV: White Peak. 
Sampling period: 30 May to 2 June 1990. Values below the detection limits are shown with a < sign. 

Sites L-I L-I L-I L-II L-Ill L-IV L-IV 
650 m 770 m 940 m 40 m 345 m 300 m 825 m 

#g/g 

A1 120 111 86 88 116 91 169 
As 0.006 0.005 0.008 0.004 0.003 0.002 0.008 
Ba 19.7 9.7 4.6 98.6 54.6 45.5 16.6 
Ca 4497 3763 3529 9147 5479 4931 3529 
Cd 0.16 0.09 0.15 0.10 0.09 0.10 0.09 
Co 0.036 0.036 0.022 0.036, 0.024 0.028 0.009 
Cr 0.05 0.06 0.05 0.12 0.03 0.06 0.05 

Cs 0.048 0.085 0.272 <0.004 0.074 0.059 0.099 
Fe 23.5 23.9 24.4 28.2 17.0 20.3 30.1 
Hg 0.014 0.009 0.009 0.016 0.008 0.005 0.010 
K 4751 4567 3753 4557 4470 4354 4068 
La 0.010 0.004 0.006 0.045 0.005 0.006 0.004 
Mg 624 671 751 1541 743 745 647 
Mn 443 466 602 191 586 556 705 
Na 5.6 5.5 4.8 7.3 3.7 1.6 2.1 

Ni 2.5 3.4 3.4 1.3 1.1 0.9 2.0 
Rb 8.5 13.1 11.7 1.5 7.1 10.2 9.5 

Sc 0.0008 0 . 0 0 0 6  0 . 0 0 1 0  0.0017 0.0007 0 . 0 0 0 6  0.0006 
Sb 0.003 0.001 0.007 0.003 0.002 0.001 0.002 
Sm 0.0008 0 . 0 0 0 6  0 . 0 0 0 9  0 . 0 0 4 6  0 . 0 0 0 6  0 . 0 0 0 6  0.0006 
Sr 8.2 6.8 2.8 40.5 25.1 15.9 5.9 
Th <0.002 < 0 . 0 0 2  <0.002 0.006 < 0 . 0 0 2  <0.002 <0.002 
V <0.03 <0.03 0.04 <0.03 <0.03 <0.03 <0.03 
W <0.002 0.007 0.009 0 .002 < 0 . 0 0 2  <0.002 0.002 
Zn 41.2 36.5 35.9 53.7 47.8 46.0 36.1 

sampl ing  at L-I,  which showed Mn concentrat ions up to 517-877  #g /g  in washed  

needles  and 552-896  #g/g  in unwashed needles.  Manganese  toxici ty in acidic soil  

could  be an important  growth-l imit ing factor (Foy and Campbel l ,  1984). Since Mn 

levels  equal ly  high or higher  had been found in the coniferous needles  of  some oth- 

er tree species,  such as Taxus baccata (Allen, 1989) and Picea abies (Pfirrmann, 

1990) in Europe,  and the Mn tolerance of  trees is considerably  affected by the 

genotype  and environment  (Horst, 1988), the question of  Mn effective toxici ty  

threshold for Ba l sam fir has yet  to be resolved.  
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TABLE III 

Soil pH, Organic Matter (OM), Exchangeable Cation Capacity (CEC) and extractable Mn, Fe, Zn, 
and Ni concentration among five sampling sites. L-I: Roundtop Mt., L-IV: White Peak. Sampling in 
the summer of 1992 

Site L-I - 650 m L-I - 770 m L-I - 940 m L-IV - 300 m L-IV - 825 m 

pH 3.75(-4- 0.09) 3.75(-4- 0.13) 3.74(-4- 0.03) 4.32(-4- 0.15) 4.20(-4- 0.07) 
OM % 18.50(-4- 4.06) 17.23(• 4.39) 10.05(-4- 5.61) 15.41(-4- 2.4) 11.70(-4- 2.75) 
CEC 11.85(-4- 1.99) 10.99(-4- 1.59) 8.44(4- 2.03) 8.12(4- 0.89) 6.99(4- 0.67) 
cmol(+)Kg -1 
Mn (#g/g) 17.15(-t- 5.30) 13.58(+ 8.36) 1.77(-4- 0.57) 3.35(-4- 1.32) 5.55(-4- 1.90) 
Fe (mg/g) 1.15(4- 0.29) 0.85(4- 0.27) 0.70(-4- 0.11) 0.74(4- 0.17) 1.00(4- 0.13) 
Zn (#g/g) 5.88(+ 0.44) 3.17(-4- 1) 1.96(-4- 0.38) 5.26(-4- 0.89) 2.59(-4- 0.45) 
Ni (#g/g) 2.81(4- 0.13) 1.32(-t- 0.10) 0.68(-4- 0.17) 0.88(4- 0.14) 0.85(4- 0.11) 

4.2. METAL CONCENTRATIONS IN NEEDLES WITH ELEVATION AT ROUNDTOP 
MOUNTAIN AND WHITE PEAK 

The data in Table II suggest elevation-dependent variations in metal concentration 
in the needles. At the two locations where observations are available at more than 
one elevation (locations I and IV), the concentration of Cs, Mn, and Ni increased, 
while the concentration of Ba, Ca, Co, Sr, K, and Zn decreased, as a function of 
elevation. The remaining elements in Table II show no consistent tendency with 
elevation at the two locations. The increase of wet acid deposition with altitude, 
due to increased fog/cloud immersion above the condensation level (cloud base) of 
approximately 600 m, has already been demonstrated at the Roundtop Mountain 
(Schemenauer, 1986; Schemenauer et al., 1988); it appears to be linked to changes 
in soil chemistry (Hendershot et al., 1992) and to decrease in pollen viability 
(Comtois and Schemenauer, 1992). The question arises whether or not changes 
of in-foliage concentrations with elevation could be related to local differences in 
acid deposition, affecting root uptake, or deposition on the foliage. 

Manganese is one of the most interesting elements with increased concentration 
at the higher sites. The absorption of Mn by trees may be increased by H + input 
(Wyttenbach et al., 1991). The results of our soil analysis (Table III) at the various 
sampling sites showed no consistent tendency for extractable Mn concentration in 
the top layer of the soil to increase with elevations; an increase is indicated at White 
Peak (location IV), but at Roundtop Mountain (L-I) the extractable Mn was lowest 
at the highest elevation. No significant trend of soil pH was apparent, but organic 
matter and cation exchangeable capacity decreased with altitude (Table III). It is not 
possible, on the basis of our observations, to explain the high Mn concentrations 
in Balsam fir foliage at the higher elevations in terms of soil chemistry, especially 
since more Mn must be expected to be leached from an acidic soil profile in 
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TABLE IV 
Statistical comparisons of elememt concentrations between washed 
and unwashed samples (paired t-test with n = 7). The mean difference 
is significantly different from 0 at the 0.01 level 

Element Mean difference Standard T-value Prob > I T I 
(#g/g) error 

A1 27 3 8.2887 0.0002 
As 0.014 0.002 5,9728 0.001 
Cr 0.13 0.02 5.7564 0.0012 
Cs 0.006 0.002 4 .0875  0.0064 
Fe 19 4 5.0413 0.0024 
La 0.017 0.003 6.6316 0.0006 
Sb 0.013 0.002 8.0249 0.0002 
Sc 0.0044 0.0006 7.75 0.0002 
Sm 0.0023 0.0005 4.8242 0.0029 
Th 0.004 0.001 6.0883 0.0009 
V 0.064 0.014 4.6665 0.0034 

summer. This might indicate that high Mn concentration in needles might be not 
only related to root uptake from the soil but also probably related to foliar uptake 
from atmospheric deposition (Loneragan, 1988). It is yet difficult to make precise 
predictions of plant available Mn in soils (Reisenauer, 1988) and the transport of 
Mn within plants is complex, including the effect of Si concentrations in plants 
(Horst, 1988). 

Analysis of extractable concentrations for Fe and Ni, except Zn, also failed 
to show any significant correlation with in-foliage concentration at L-I and IV 
(Table II and III), at least for the one year old needles. Considering such factors, 
the response of metal element availability in soil to atmospheric acid input, and 
the element concentration in foliage as a function of altitude, possible seasonal 
fluctuation (Hendershot et al., 1992) and topographical effects, have yet to be fully 
explored, especially for older needles which may more likely exhibit correlations 
with soil chemistry. 

4.3. ELEMENTS DEPOSITS ON THE NEEDLE SURFACE AT DIFFERENT LOCATIONS 

Surface deposits of trace metal elements at the time of sampling may be inferred 
from differences in concentration between washed and unwashed samples (Codzik 
et al., 1979). This inference would be only meaningful for those elements with 
significant (p < 0.01) differences in element concentration between washed and 
unwashed samples, i.e. for A1, As, Cr, Cs, Fe, La, Sb, Sc, Sm, Th and V (Table IV). 
Obviously, the surface metal deposits do not represent the total amount of elements 
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Element deposits on needle surface of Balsam fir as a function of sampling location. 

deposited during the period of exposure, partly because of post-deposition transfer 
and exchange processes, such as foliar absorption and rinse-off by precipitation. 
Estimates of surface deposits refer to the net accumulation (ng or #g) per unit 
projected leaf area (cm 2) washed off at the time of sampling. Projected leaf areas 
were estimated on the basis of their empirically established ratios to dry biomass 
(cm2/g), recorded for each tree at the sampling site. They ranged from 41.3 cm 2 
g-]  (L-II) to 57.6 cm 2 g-I  (L-I, 650 m), with an approximate error < 10% at each 
sampling site. 

Observation of surface deposits as derived from the statistically significant 
differences in concentration between washed and unwashed needles at the given 
four locations (low elevation sites at L-I and L-IV for the sake of consistency) are 
illustrated in Figure 2 for six selected elements, which reflect the general trend 
found in this analysis within the same scale of absolute values. There is apparent 
uniformity among L-I, L-III and L-IV for As, Th, and Sb. The nearurban L-II was 
highest for As, Sb, La, Sc (shown in Figure 2), V (3.15 ng/cm:), Cr (4.36 ng/cm a, 
AI (0.92 #g/cma), and Fe (0.87/zg/cm 2) (not shown in Figure 2). Among the three 
rural forest regions, White Peak (L-IV) had the highest deposits in As, La, Cr (4.08 
ng/cme), Sm (0.09 ng/cm2), A1 (0.74 #g/cm2), and Fe (0.59 #g/cm2). It should be 
indicated here that there are differences in the amount of pricipitation and length 
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of dry periods before the sampling data at the four locations (Table I). Therefore, 
Figure 2 should be viewed only as a representation of the level of accumulated 
metal deposits on the foliar surface at the time of sampling, at locations that may 
be considered to be typical for southern Quebec. The higher level of As, Sb, V, and 
Sc at L-II may be linked to local contamination from the two highways close to the 
sampling site. 

4.4. ELEMENT DEPOSITS ON THE NEEDLE SURFACE AT DIFFERENT ELEVATIONS 

The comparison of pooled samples from different elevations at locations L-I and 
L-IV showed little systematic variations in element concentration with height. 
Results for As, Sb, La, Sc, Cs, and Th are shown in Figure 3. In general, at both 
locations, only the concentration of Sb and V showed any tendency to increase 
with height. At Roundtop Mountain (L-I), elements in the deposits showed extreme 
concentrations at the middle of 770 m elevation (e.g. minima for As, La, Sc, Th, 
Cr, AI, Fe and maximum for Cs). The general validity of these observations would 
have to be established through further sampling. Element concentrations in washed 
needles generally followed the trend with height shown by these surface deposits 
(Table II). 
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TABLE V 

Element concentrations in wet deposition of fog and rain at 840 m at Roundtop 
Mountain from 30 September to 16 October, 1991. Values below the detection limits 
are shown with a < sign. Values shown in brackets are questionable 

Element Metal deposition in fog (n = 4) Metal deposition in rain (n = 6) 

Mean Max Min Mean Max Min 

ng g-1 

Fe 32 33.9 29.2 19.6 64.5 5.6 

A1 16.5 20.7 11.7 14.8 56.2 1.9 

Cd <0.5 <0.5 <0.5 1.8 8.1 <0.5 

Mn 6.7 10 4.5 3.2 13.3 <0.5 

Ni 1.6 3.5 <2.0 <2.0 <2.0 <2.0 

V 3.3 6.7 0.7 <0.5 <0.5 <0.5 

Zn (21.9) (29.4) (15.2) 11.6 119.6 4.6 

As <1 <1 <1 <1 <1 <1 

The concentrations of selected elements in precipitation at the 840 m elevation 
of Roundtop Mountain are given in Table V, as an indication of metal deposition 
to the given forest system. They show negligible values for As (< 1 ng/g) in 
both fog and rain, as well as for Cd (< 0.5 ng/g), with the exception of one rain 
sample. The mean concentrations of elements are higher in fog than in rain, e.g. Mn 
concentration in fog is twice that in rain. Considering that the cloud/fog immersion 
time increases with altitude (Schemenauer 1986), a calculation in the manner of 
Hendershot et al. (1992) would yield a Mn wet deposition five times higher at 
850 m than at 520 m. This constitutes an interesting parallel to the observation in 
Table II which showed higher concentrations of Mn in Balsam fir needles at high 
altitudes. 

Since most elements appear in higher concentrations in fog, one would expect 
all elements to be present in higher concentrations at higher altitudes, if deposition 
and incorporation mechanisms were the same. This is not the case as we have seen 
(Figure 3). Discrepancies may be due partly to the elevated concentrations usually 
associated with the condensation level (cloud base), and very likely to different 
surface attachment and/or uptake characteristics of different elements. 

4.5. INTER-ELEMENT RELATIONSHIPS IN AND ON BALSAM FIR FOLIAGE 

The inter-element relationships among 11 elements which showed significant dif- 
ferences in concentration between washed and unwashed needles is revealed in 
Figure 4 by principal component analysis (PCA). Shown are scatter plots of the 
first two eigenvectors, for the washed needles and the deposits within seven sam- 
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piing sites. The first two principal components account for 70.7% and 64.7% of 
the standardized variance in washed needles and in the deposits, respectively. 

Comparing Figures 4 (a) and 4 (b), significant changes in element grouping are 
apparent, reflecting different inter-element relationships in and on the needles. This 
may suggest, in turn, significant differences in post-deposition pathways between 
the various elements (which may also be associated with different particle sizes), in 
processes of diffusion, metabolism and physical removal by wind and wetness. The 
most uniform cluster appears to be grouped around Fe in the deposits. Although 
potentially originating from soil sources (Wyttenbach et al., 1987), Fe has also 
been considered to be a useful indicator of the occurrence of anthropogenic air 
pollutants in remote areas (Hallet et al., 1984; Keller et al., 1986). Elements such 
as AI, As, Cr, La, Sb, Sc, Sm, and V, grouped with Fe in Figure 4 (b), could then 
perhaps be considered to originate from the same atmospheric deposition sources, 
and to derive a significant proportion of their input from atmospheric deposition 
(Landolt et al., 1989) in southern Quebec. 

5. Conclusions 

The variability of metal concentration in Balsam fir needles among individual trees 
at a given site showed the expected, element-specific differences, with most CV's 
< 50%. Analysis by NAA of pooled needle samples among different locations 
in southern Quebec exhibited location-specific element concentrations generally 
well below the suggested levels of potential phytotoxicity generalized for various 
species, with the exception of Mn. Manganese concentration in the washed needles 
showed a tendency to increase with elevation. This may possibly be the result 
of increased atmospheric deposition at higher elevations, for which some indirect 
evidence is given. It may also be linked to acid-induced increase in mobility of Mn 
ions in soil, corresponding to the higher incidence of acid fog (cloud) with height, 
although preliminary soil analysis at the sampling sites did not permit confirmation 
of this hypothesis. The potential effect of biogeochemical processes on the high 
Mn concentrations of foliage remains to be more fully explored. 

Significant (p < 0.01) differences in concentration between washed and unwashed 
samples were observed for A1, As, Cr, Cs, Fe, La, Sb, Sc, Sm, Th and V. The result- 
ing estimates of deposits (ng or #g/cm 2) on Balsam fir needles for these elements 
showed element-dependent variations with elevation, and between locations with 
different degrees of exposure. The nearurban location II was highest for As, Sb, 
La, Sc, V, Cr, A1, and Fe. Only the concentration of Sb and V showed any tendency 
to increase with height at both locations. PCA suggested that the input of elements 
such as V, Sb, As, Sc, Am and A1, accompanying Fe in deposits on the foliar 
surface, may derive from the same atmospheric deposition sources. It is difficult to 
generalize findings from multi-element analysis on the basis of our present state of 
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knowledge ,  because  the pa thways  fo l lowing  surface depos i t ion  mus t  be expec ted  

to be e lement-specif ic .  
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