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Abstract At 94 sites throughout the Gaspésie penin-
sula, Québec, tree growth patterns and variation in
growth rate were examined to determine relationship
of tree growth to specific pollutants. Canopy domi-
nant Black Spruce (Picea mariana, (Mill.) BSP) were
selected at each site. Basal area increment (BAI)
values were derived from increment cores and disks
taken at breast height. A sigmoid model (Gompertz)
to tree basal area was fitted and used as an estimate of
tree growth. The residuals were used in association
with other landscape variables to test the hypothesis
that the tree-growth was reduced at the vicinity of the
Murdochville smelter. Results showed that residuals
were well explained by smelter distance, elevation, and
slope exposition to the smelter emissions. On the
intense activity period, tree growth was reduced within
a 25-km radius of the smelter, on slopes exposed to the
contaminant flow and located at elevation lower than
580 m. With the interruption of smelting activities,
growth was recovered for survival trees.
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1 Introduction

During the last three decades, concerns regarding
regional forest decline and the possible relationships
with atmospheric pollutants have been expressed in
the scientific literature. The overall effect of atmo-
spheric pollutants on individual tree growth has been
evaluated in many forest types across the globe
(Muzika et al. 2004). At a regional level, results
suggest that atmospheric pollutants represent one of
many causal factors related to forest decline (Whittaker
et al. 1974; Cogbill 1977; Field et al. 1992; Duchesne
et al. 2002). Atmospheric pollutants like acid deposi-
tion occur as a regional phenomenon associated with
urban and industrial activities (Guttikunda et al. 2001;
Ikeda and Miyanaga 2001; Parks and Bashkin 2001;
Ayers et al. 2002). In the vicinity of a point source,
anthropic activities can also affect forest health and
tree growth patterns (Bunce 1979; Symeonides 1979;
Sutherland and Martin 1990; Ayräs and Kashulina
2000). Pollutant concentrations in ambient air and rain
water demonstrated that atmospheric deposition to the
plants and pollution effects on the soil chemistry are
the main reasons for the observed forest decline
(Sverdrup et al. 1996; Brunner et al. 1999; Ouimet
et al. 2001; Klumpp et al. 2002). Pollutants can alter

Water Air Soil Pollut (2007) 186:139–147
DOI 10.1007/s11270-007-9472-3

J.-C. Aznar (*) :M. Richer-Laflèche : J. Marion
Centre Eau, Terre et Environnement,
Institut National de la Recherche Scientifique,
490, rue de la Couronne,
Québec, Québec, G1K 9A9, Canada
e-mail: jean-christophe_aznar@ete.inrs.ca

C. Bégin
Natural Ressources Canada, Geological Survey of Canada,
490, rue de la Couronne,
Québec, Québec, G1K 9A9, Canada



photosynthetic processes, plant water relations, which
can affect tree growth (McLaughlin et al. 1982).
Pollution exposure alters the structure and function of
cuticle and the metabolism of elements like Calcium or
Carbon (Percy et al. 1990; McLaughlin et al. 1991;
Sheppard 1994; Dehayes et al. 1999). When soil
characteristics are modified under pollution stress,
roots could be effected (Joslin and Wolfe 1992). Foliar
injuries predispose the leaf to secondary pathogenic
infection and reduce tree vigor (Fowler et al. 1989;
L'Hirondelle et al. 1992; Vann et al. 1992; Dehayes
et al. 1999). At landscape level, adverse effects of
pollutants on trees are controlled by slope, elevation,
and localization of sites in relation to contaminant
emission (Groscheová et al. 1998; Staszweski et al.
1998).

Because disturbances vary greatly in kind, spatial
scale, frequency, and intensity, effects are diverse, and
the consequences of interactions are often difficult to
predict (Pickett and White 1985).

Changes in growth patterns in tree ring chronolo-
gies have been widely used to provide a means of
examining or reconstructing long-term perturbations
like climate changes or global airborne contamination.
Cumulative effect of pollutants on tree growth such
as, for example, soil base cation depletion influence
tree growth pattern (Duchesne et al. 2002). Intense
punctual perturbations are also easy to detect in tree-
ring chronology. For example, there is a characteristic
tree-ring signature related to infestation by defoliating
insects. The destruction of current-year and older
needles induces abrupt radial-growth decrease whose
magnitude is proportional to the intensity and dura-
tion of the defoliation (Swetnam et al. 1985). At the
opposite, a punctual pollution effect on tree growth
would likely be subtle and relation between depressed
ring-width increments and air pollution is difficult to
assess (Sutherland and Martin 1990). Classical den-
drochronological analyses could also remove too
much of the finer detail and suppress the pollution
signal (Warren 1989).

The objective of this study is to determine if the
use of tree growth models applied on non transformed
data could help to detect tree growth reduction related
to air pollution. We hypothesized that metal smelting
activities of the Murdochville pyrometallurgical com-
plex are associated with growth reductions of the
predominant tree species, Black Spruce (Picea
mariana, (Mill.) BSP), throughout the study region

for a period of intense activity (1960–1990). Atmo-
spheric depositions of airborne particles and their
associated elements had been assessed in this area
using lichens (Leblanc et al. 1976) however relations
between mining activities and the forest health have
not been tested.

2 Materials and Methods

2.1 Study Area

The Murdochville Copper Mine area is located in a
valley, stretching in the NW–SE direction in the
central part of the Gaspésie Peninsula (48°54′N,
65°19′W) in southeastern Québec (Fig. 1). The valley
is bounded by Miller Mountain on the east and
Needle Mountain on the west. The smelting installa-
tions are located in the northwest part of the valley at
an elevation of about 600 m. The regional sedimen-
tary rocks have been intruded by a felsic igneous
intrusion that subjected them to heat and fluid
injection alteration. This geological process is respon-
sible of the massive copper skarn mineralization.

Fig. 1 Map showing locations of the study sites around the
Murdochville smelter, Quebec, Canada
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Noranda’s Mines Gaspé operations were carried out
over 40 years to mine a deposit containing 67 million
tons grading 1.45% copper. The production started in
late 1955. Upon closure of the underground mine,
Noranda maintained its copper smelter by importing
concentrate from South America and Europe in 1983.
Noranda closed its copper mine at Murdochville in
1999, due to the depletion of the ore reserves and
closed permanently the smelter in April 2002. The
smelter was previously temporarily closed in Novem-
ber 2001. Copper and zinc production capacities have
been estimated approximately at 103,000 tons/years
in 1995 (Newhook et al. 2003). It is suspected that
sulfur dioxide and heavy metals are the common
pollutants emitted in the area. It was measured that
the annual average concentration of Arsenic, Cadmi-
um, and Lead in ambient air at a distance of 1.5 km
from the smelter was respectively 0.028, 0.001, 0.197
μg/m3 in 1997 (Newhook et al. 2003). Annual 24-
h ambient air concentrations of Sulfur dioxide (SO2)
was 33.4 μg/m2. These concentrations posed a risk to
the environment and to human health. Authors
estimated that exposure for lung cancer mortality at
the mines Gaspé site justified priority for further
actions (Bisson 1997; Newhook et al. 2003).

Annual precipitation is approximately 1,000–1,300
mm and the mean annual temperature is 2.5°C
(source: Environment Canada). Most of the precipi-
tation falls from April through July. Late summer and
fall months are relatively dry. Snow falls from
September to May averaging accumulations of 450
cm and it remains on the ground for 8 months
(Leblanc et al. 1976). The prevailing wind direction
is northwest to southeast with the stronger component
to the southeast. In this undulating landscape, the
wind speed and direction is influenced by the
elevation of the terrain as well as the orientation of
major features such as the York River valley. Trend in
suspended particulate matter registered by a control
station located at Murdochville showed that atmo-
spheric emissions were reduced in early 1990s
(Fig. 2). Other studies report that atmospheric releases
of Arsenic, Cadmium, Lead and Nickel decreased by
over 60% from 1988 to 1995 (Environment Canada
1997). Then we retained a 30 years period (1960–
1990) as a period of intense activity.

Black spruce is the dominant species in the study
area. It is intermixed with balsam fir (Abies balsamea
L. Mill.), white birch (Betula papyrifera Marsh.),

white spruce (Picea glauca (Moench) Voss), red maple
(Acer rubrum L.), and trembling aspen (Populus
tremuloides Michx.). Occasional species include white
pine (Pinus strobus L.) and yellow birch (Betula
alleghaniensis Britton). Shrub layer is composed
primarily of Rhododendron albiflorum (Hook.) and
Vaccinium ovalifolium (Sm.) (Desponts et al. 2004).

2.2 Sampling

To reduce the total variability, we sampled sites
located on dominant geomorphologic formations and
with dominant tree species. Old-growth stands of
black spruce with a minimal size of 0.5 ha located on
granitic–gneiss bedrock of upper Devonian age with
sandy loam soils were retained using ecoforestry
database (Ministry of Natural Resources of Quebec).
Black spruce has a high susceptibility to air pollution,
is relatively long-lived, and has a high potential
dendrochronological studies (Fritts and Shatz 1975;
Cutter and Guyette 1993). We selected stands located
on slopes below 35%, between 100 and 500 m from
roads for accessibility and to avoid contamination,
and free of recent historical perturbations (such as
fire) as assessed by recent aerial photograph. Stands
located on poorly drained environments were elimi-
nated. Then 94 sampling sites ranging at elevations
between 1,000 and 8 m were randomly selected
(Fig. 1). All spatial calculations were carried out
using Arcview 3.2 (ESRI 1999).

Trees were sampled in September 2002 and Sep-
tember 2003. At each site, only one tree was sampled.
Sampling one tree and not the stand as a whole
permitted to have a more efficient spatial representa-
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Fig. 2 Trend in annual geometric mean of Suspended Particu-
late Matter (TSP) concentrations registered at Murdochville
(source: MDDEP, 2002)
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tion for a same sampling effort. Only trees with single
stem, no evidence of (recent) insect infestation or
crown deformity were sampled. Two increment cores
were taken with 8 mm borers on 51 trees and disk
samples were taken from 43 trees, all at breast height
(1.3 m above ground level). Increment cores were
mounted using standard method and samples were
sanded using fine (400) grit to expose cell structure.
Annual ring widths along cores and four radii of disks
were measured to the nearest 0.01 mmwith the Velmex
tree-ring measuring system. All trees were older than
70 years.

2.3 Statistical Analyses

Ring increment data were converted to basal area
increment (BAI). This method has been suggested as
a means of quantifying growth (Cook and Innes 1989;
LeBlanc 1990). A conservative approach was used to
test our hypotheses. We did not correct series for
missing rings. We hypothesized that trends over 30
years could not be removed by few missing rings.
Cumulative tree growth follows a sigmoid curve with
two different development phases: a positive expo-
nential phase followed by a growth rate decreasing
(Colbert et al. 2004). There are different sigmoid
models which describe these processes. In this study,
we used the Gompertz equation (Rossi et al. 2003).
Basal area (inside bark) series were produced assum-
ing a concentric growth at breast height. Cumulative
tree growth curves were fitted with the Gompertz
function defined as:

Y ¼ A� exp � exp β � .� tð Þ½ �

where Y is the basal area, t the time in years, A the
upper asymptote of the maximum basal area, β the

x-axis placement parameter and κ the rate of change
parameter. We used the NLIN Procedure (SAS 1999)
with the Marquardt method to estimate the parameters
of the model for each basal area series. This method
regresses the residuals onto the model partial deriv-
atives in respect to the Gompertz parameters until the
estimates converged. To judge the quality of fitting
procedures, we looked at the number of samples
where the convergence criteria were met. The fitted
curve represented the annual general trend and the
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Fig. 3 Cumulative growth curves of two trees. Trees are
randomly selected among groups of short (10 years) and long
(30 years) depletion periods. Solid lines are the cumulative basal

area in cm2. Dashed lines are the fitted curves with the Gompertz
function. Growth depletions occur for the 1980–1990 (at left)
and for the 1955–1990 periods (at right)

Table 1 Relationships between residuals of growth curves
(natural logarithm of absolute values) and the set of explanatory
landscape variables

Control period
(1930–1960)

Exploitation
(smelting)
period (1960–1990)

Model
N 52 47
AIC 28.95 −11.6
R2 0.06; P=0.075 0.70*
Parameters
Intercept 5.3315±0.3607* 3.94442±0.71004*
Distance to
smelter

0.0206±0.0113; P=0.07 −0.06733±0.01287*

Smelter
exposition

– −0.01599±0.00273*

Elevation – 0.00736±0.00107*
Cross
validation

0.14; P=0.31 0.78*

Results are from linear regression (PROC REG in SAS). All
possible models were tested. The slope, standard error, and P
values are showed for the variables retained in models selected
(with minimum AIC). Cross-validation is the Spearman
correlation coefficient between the observed and predicted
values generated by the cross-validation procedure.

*P<0.0001
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residuals represented the positive or negative varia-
tion to the non-perturbed growth.

We investigated relations between negative values
of the residuals and a set of explanatory variables at
two periods of 30 years: (1) 1960–1990, an intense
activity period, and (2) 1930–1960, a pre-industrial
period for this area. The relations between residuals
and tree spatial positions (distances to the smelter)
were tested using linear regression (PROC REG). We
controlled for factors that might obscure effects of the
distance to the smelter. Covariables included in
models were: age of trees, elevation, south exposition,
smelter exposition, and slope. Landscape variables were
calculated using a Digital Elevation Model (DEM) at a
resolution of 20 m. Smelter exposition was calculated as
the angle difference between the slope and the smelter
direction. The part of variance explained by each
variable was estimated from the sum of square errors.
We calculated the natural logarithm of the absolute
residual mean values and verified that normality
assumptions were verified. There were no signs of
multicolinearity (R<0.6 in all pairwise comparisons
among variables). All submodels were tested. We
selected models from all possible combinations of
explanatory variables with an information-theoretic
approach based on the Akaïke Information Criterion
(AIC). Cross-validation methodology was used to
estimate model accuracy. During this procedure, one
observation was omitted from the data set. The
regression model was fitted with the remaining n−1
observations, and the residual mean value for the
omitted observation was estimated using the fitted

model. This procedure was repeated for all observa-
tions. The accuracy of regression models was estimat-
ed by examining the Spearman correlation between
observed and predicted values (PROC CORR).

3 Results

The Gompertz function has provided suitable descrip-
tions of the tree growth curves. Global trend is not
related to a 10 year perturbation or to a growth
depletion period of 30 years (Fig. 3). We found
convergence for all series. F statistics calculated for
models were significant at a probability level lower
than 0.0001 and the Pearson R2 between the observed
and predicted values varied between 0.97 and 0.999.
In the two periods investigated, 50% of trees had
negative residual means. For the exploitation period
(1960–1990), our results indicated that residuals of
growth curves (natural logarithm of absolute values)
were positively influenced by elevation and negative-
ly by the smelter distance and the smelter exposition
(Table 1). Growth depletion increased with the
smelter proximity (Fig. 4), on slope exposed to the
smelter emissions, and located at high elevation.

The percentage of variance explained by each
variable was ranged between 20 and 30%. The final
model selected by AIC procedure fitted adequately
the residuals (R=0.7; P<0.0001) and the variables
retained were all highly significant (P<0.0001). Cross
validation procedure indicated that the predicted
values matched the observed values relatively closely
(Fig. 5; R=0.78; P<0.0001). Growth depletion
occurred below 580 m elevation. At higher elevations,
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Fig. 4 Mean cumulative tree growth at two distances classes
(0–25 and >25 km). Means are calculated on standardized
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residuals reached positive values or negative values
occurring on the whole area. Under a 25 km distance
to the smelter, negative residuals reached lower values
(Fig. 6). Conversely, high positive residuals were
encountered principally at greater distances to the
smelter.

We did not encountered theses results for the control
period (1930–1960). The distance to the smelter seemed
to explain the growth depletion but the model presented
a poor predictive power. The best model was not
significant at the threshold of 0.05 and cross validation
procedure indicated that it was not be able to explain the
observed residuals values (R=0.14; P=0.31). For this
period, the growth depletion was higher far away from
the smelter. This result confirmed that growth reduc-
tions occurred in the vicinity of the smelter only for the
intense exploitation period.

4 Discussion

Tree-ring growth is the result of numerous factors
(Innes and Cook 1989). If large-scale disturbances
(extreme climatic events, severe insect outbreaks) are
usually directly visible on the mean chronology,
detection of medium and small-scale disturbances is
more difficult. Growth trend results from the geomet-
ric constraint of adding growth rings onto a bole
increasing in size. To separate this trend of the other
factors influencing tree-growth like a pollution signal,
numerous methods have been used (Gremmill et al.
1982; Alvarado et al. 1993). Stochastic smoothers like
filters (Briffa et al. 1983) or cubic splines (Cook and
Peters 1981) were attempted to detrend dendrochro-

nological series. In a dendroclimatological context,
when the purpose is to suppress the low frequency
signal, these methods are pertinent (Van Deusen and
Reams 1993). For the perturbation studies, they could
also remove too much of the finer detail and suppress
the pollution signal (Warren 1989). Some of these
models are also devoid of any biological interpreta-
tion (Zeide 1993). Our results showed that the growth
model used was able to remove the growth trend and
emphasize the perturbation effects.

According with our hypothesis, growth reductions
were related to the smelter proximity. During the
intense smelting operation period (1960–1990), tree
growth was reduced up to 25 km from the smelter.
This result could not be explained by tree age or site
elevation only. Similar pattern was not observed at the
control period (1930–1950). Our results are consis-
tent with other studies where smelter pollutants affect
trees at distance ranging from 3 to 40 km (Freedman
and Hutchinson 1980; Fox et al. 1986; Sutherland and
Martin 1990; Nash et al. 1992).

On the intense activity period, tree growth was
reduced within a 25-km radius of the smelter, on
slopes exposed to the contaminant flow and located at
elevation lower than 580 m. Other studies conducted
in the same region, have reported that this pattern is
elliptically elongated in the northwest–southeast
direction following the pattern of the prevailing winds
(Leblanc et al. 1976). The north western winds carry
the pollutants in the southeast direction through the
valley which provides a path of minimum resistance.
For mapping heavy metal pollution more precisely, it
would be necessary to consider this airflow pattern.
Near mining sites, high concentrations of heavy metals
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may cause serious environmental pollution problems.
For affected areas it is essential to gain an understand-
ing of the size of the affected area, level of metal
concentrations and the spatial distribution within the
area (Markus and McBratney 2001; McGrath et al.
2004).

Growth anomalies can be interpreted in relation to
ecological factors like insect attacks. Insect and
pathogen attacks may play important roles in the
reduction in tree growth. Recurrent outbreaks of the
spruce budworm (Choristoneura fumiferana) are
considered with fire as major disturbances in the
forest of eastern North America (Simard and Payette
2003). Massive and repeated defoliation cause radial
growth reductions in stems (Filion et al. 1998).
Reduction of tree growth may also be induced by
environmental factors such as frost damage or soil
humidity variations (Friedland et al. 1984; Wilkinson
1990; Tobi et al. 1995; Marschner et al. 1998). The
most recent spruce budworm outbreak occurred from
1973 to 1991 in the Gaspésie region (Messier et al.
2005). The defoliation caused by the spruce budworm
or other ecological factors induces radial-growth
decrease like atmospheric pollution. Thus, differenti-
ation between forest declines due to anthropogenic
causes as opposed to natural processes could be
difficult to establish (Muzika et al. 2004). In a diffuse
atmospheric pollution context, soils modifications
could conduce to tree growth reductions (Klumpp
et al. 2002; Piirainen et al. 2002). However, smelter
emissions could act differently. Intensive acid emis-
sions could in a first time affect rapidly spruce
needles (Percy et al. 1990). Extensive insect defolia-
tion and severe climate stress could have affected
most hardwood stands, but these stresses, significant
as they are, cannot account for the observed gradient.
Growth reductions were closely related to the smelter
distance and to the slope exposition to the smelter
direction. These patterns are difficult to explain for
large scale epidemic process. Conversely, complete
separation of human and ecological factors is impos-
sible. For example, pollutants can have reduced forest
health and increased susceptibility to insects, diseases,
and environmental stress. The abrupt reduction of tree
growth attributed to human-caused disturbances can
be also interpreted as a critical threshold, above which
tree resistance is overcome (With and Crist 1995;
Tobor-Kaplon et al. 2006). The system lacks resilien-
cy and the resistance threshold is reached.

Differences between both classes were not observ-
able at the end of the study period suggesting that tree
growth was improved after growth anomalies. Radial
growth reduction related to 30 years of atmospheric
pollution could be interpreted as a perturbation. With
the ending of smelting activities, growth trend would
be recovered. However, our sampling design did not
allow this interpretation. Non-resilient subjects like
dead trees or subjects with a growth rate reduction
since 1950 were not sampled. Studies conducted on
tree growth related to soil nutrient contents tend to
show that acid deposition conduce to a durable
growth rate reduction (Field et al. 1992; Duchesne et
al. 2002). To investigate if a general forest decline
phenomenon occurs in the vicinity of the smelter,
other studies are needed.

5 Conclusion

Our results tend to confirm the hypothesis that the
pyrometallurgical complex of Murdochville had im-
pacted the surrounding ecosystem forest. Effects of
pollutant inputs may lead to economic losses by
reducing tree growth in a region where wood harvest-
ing is important. However, without more than
statistical evidence, there were no clear indications
that metal depositions will be correlated in the future
to long time tree growth reduction. Future studies are
needed to confirm this hypothesis and define the
range and the spatial pattern of the contamination.
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