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Understanding columnar growth of Western redcedar (Thuja 

plicata) in the Kitimat valley 
 

Introduction 
 

Kitimat, British Columbia, was built in 1950‟s to provide infrastructure 
and accommodationfor industrial development projects located at the 

head of Douglas Channel. Two major industrial developments were 
built between the 1950‟s and late 1960‟s in the Kitimat Valley:the 

Alcan aluminum smelter and theEurocan (West Fraser)pulp and paper 
mill.  

 
In 1960‟s, three different unusual insect infestations coincided with an 

increase in fluoride emissions and were correlated with the dispersion 

patterns of the industrial aerial emissions from the smelter at Kitimat. 
The first infestation was caused by the saddleback looper 

(Ectropiscrepuscularia) affecting various conifer species during two 
years, but mainly the western hemlock (Tsuga heterophylla) and the 

balsam (Pacific silver) fir (AbiesamabilisDougl.)(Reid, Collins and 
Associates, 1976).The second infestation was caused by spruce 

budworm (Choristoneuraorae) which causes a severe defoliation of the 
young balsam firs (Abiesbalsamea) during 4 years (Silver, 1961). The 

third infestation was caused by balsam bark beetles 
(Pseudohylesinusgradis and P. nebulosus) also affecting balsam fir 

trees until 1969. Foliar injury was also observed in other species near 
the smelter including trembling aspen (Populus tremuloides), black 

cottonwood (Populustrichocarpa), scouler willow (Salix scouleriana), 
fireweed (Chamerion angustifolium), lichens and mosses (Weinstein, 

1977). The levels of fluoride emissions were reduced between 1976 

and 1977 and the defoliated species were remarkable recovered. The 
total wood losses from the insect infestation period near Kitimat were 

estimated to exceed 80,000,000 ft3 (Reid, Collins and Associates, 
1976). In addition, changes in the branch morphology of conifers like 

Sitka spruce (Picea sitchensis) were associated with accumulation of 
fluoride (F) in the leaves (Weinstein and Bunce, 1981), altering the 

predator– prey regulatory dynamics (Bartlett, 1951). Since 
then,monitoring studies have been conducted in the Kitimat Valley by 

Alcan employees or by contracting other agencies (Reid Collins and 
Associates; the Boyce Thompson Institute for Plant Research, etc). A 

variety of native and introduced tree species were incorporated in the 
initial monitoring study, including western hemlock (Tsuga 

heterophylla), western redcedar (Thuja plicata), Sitka spruce (Picea 
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sitchensis), red alder (Alnus rubra), willow (Salix spp.), black 

cottonwood (Populusbalsamifera spp. trichocarpa), lodgepole pine 
(Pinus contorta), ponderosa pine (Pinus ponderosa), Douglas-fir 

(Pseudotsuga menziesii), subalpine fir (Abies lasiocarpa), and 
mountain hemlock (Tsuga mertensiana). Most of the survey reports; 

however, included western hemlock only, because of its abundance in 
the Kitimat Valley, or differences in species responses to Fwere 

ambiguously monitored (Smith, 1996). 
 

The fluoride studiesin Kitimat Valley showed significant reductions in 
western hemlock growth, however some discrepancies were found 

between the studies in the total concentration of F accumulated in the 
foliage by this species(Smith, 1996). In Newfoundland, F emissions 

were related to vegetative and reproductive damage in dominant 
conifers. Needle elongation, leaf chlorosis and necrosis, along with a 

reduction in seed production, was observed in western larch 

(Larixlaricina), balsam fir (Abiesbalsamea) and black spruce 
(Piceamariana) exposed to fluoride emissions from a phosphorus plant 

near Long Harbour, Newfoundland (Sidhu and Staniforth, 1986). 
 

Thuja plicata, commonly called western redcedar, has been of great 
importance for the Northwest Coast First Nations and it is one of the 

most valuable tree species in British Columbia, considering its 
ecological, silvical, timber and cultural values. Smith (1996) 

documented that redcedar in Kitimat exhibited unusual branching 
„bushiness‟ at sites located near the aluminum smelter. In her report, 

Smith mentioned that the only survey that had reported this growth 
pattern was done by the Alcan Surveillance Committee in 1979. In 

2002, Dr. John Russell (BC Forest Servicegeneticist specializing in 
cedars) conducted a preliminary study in the Kitimat area, showing a 

relationship between fluoride emissions and columnar growth, but his 

findings were never published. Russell collected cuttings from 
columnar trees that were rooted and are growing at the Cowichan 

Research Station, on Vancouver Island. These redcedar saplings are 
growing normally, ruling out a genetic mutation within the Kitimat 

redcedar population. 
 

There are currently several industrial developments proposed or 
underway in the Kitimat Valley, including the modernization project for 

the Rio Tinto Alcan (RTA) smelter, various LNG pipelines, the Enbridge 
pipeline, and an oil refinery. As a result, the industrial aerial emissions 

profile in the valleywill soon change dramatically. For example, the 
RTA modernization project is expected to increase the total sulphur 

dioxide emission from 27 to a maximum of 42 tonnes per day (td-1) 
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while it will reduce other emissions like hydrogen fluoride by 37 %, 

polycyclic hydrocarbons (PAHs) by 97 %, and greenhouse gases (GHG) 
by 57 % (RTA Technical report, 2013).  Our study was undertaken 

because we believe that it is timely and importance to understand the 
nature of the columnar growth in redcedar and the possible effects of 

industrial aerial emissions on the physiology and performance of this 
valuable forest species. 

 
In this study, we combined morphological, physiological and 

anatomical approaches to better understand columnar growth of 
western redcedar in the Kitimat valley. Six sampling locations were 

chosen, three of them located along the aerial industrial emission 
corridor on the west side of the valley from Kitimat to Onion 

Lake,32km NNE of the smelter. The remaining three locations were 
paired with the above-mentioned sites and were chosen based on their 

geological similarities to their pairs, but located on the east side of the 

valley, outside the aerial emissions corridor. 
 

Leaf cell and branch development, physiological and growth traits, and 
elemental analysis of aluminum, fluoride and sulphur concentrations in 

foliage and soil were measured in 10 trees per site.Sample trees were 
between 15 and42years old.   

 
Objectives 

 
 To determine if columnar growth is correlated with industrial 

emissions in the Kitimat Valley.  
 To investigate physiological responses and growth related traits of 

redcedar to air pollution. 
 To compare branch morphology between columnar and normal 

redcedars. 

 To evaluate leaf cell development between columnar and normal 
redcedar. 

 
Methods 

 
Aerial emissions and geological maps of the Kitimat Valley were 

superimposed to help select the sample sites. Six locations were 
chosen, three of them located along the aerial industrial emission 

corridor (Figure 1). The first site was located 0.5 km NNE of the 
RioTinto Alcan aluminum smelter (RTA; defined as highemissions site 

with aerial emissions between 7.6 to 10 ppb SO2);the second site was 
located 5km NNE of the smelter(defined as mildemissions site with 

aerial emissions between 2.6 to 7.5 ppb SO2); and the third site was 
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located 32km NNE of the smelter (defined as low emissions site with 

aerial emissions between 1 to 2.5 ppb SO2). The remaining three 
locations were paired with the above-mentioned sites and were chosen 

based on their geological similarities to their pairs, but located on the 
east side of the valley outside the aerial emissions corridor (defined as 

control 1, control2 and control3 respectively) (Figure 1).   
 

 
 

Figure 1.Location of redcedar sample sites in the Kitimat Valley (refer to Table 1 for 

site descriptions. 
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At each site, ten redcedar trees aged between 15 to 45 years old were 
selected for sampling. Leaf water potential (Ψbranch) (Model 610, PMS 

Instrument Company) and stomatal conductance (gs) (LI-1600, LI-
COR®) were measured early in the morning or late in the evening. 

Two branchlets from a tertiary branch were immediately fixed in a 
solution containing 10 % formaldehyde, 5% glacial acetic acid and 50 

% ethanol for anatomical measurements.  
 
Table 1.Site description in this study, roads address, and latitude and longitude of 

one on the trees sampled in each site. 
 

Site Address (roads) Latitude Longitude 

Control 3 Minette Bay Rd  54.02642056 -128.60785520 

 towards Kitimaat Village,   

 Kitimat BC   

High HaislaBivd 54.02925792 -128.71244987 

 near RTA smelter,    

  Kitimat BC     

Mild 3rd St  54.05832477 -128.6961062 

 final road after    

 passing Railway Ave,    

 Kitimat BC   

Control 2 Hwy 37  54.06278025 -128.6018372 

 south west    

 from bridge   

  Kitimat BC     

Low EP712  54.28318315 -128.5901484 

 (134-Ced 49-112)   

 near Onion Lake   

Control 1 Logging road and Hwy 37  54.30884267 -128.5148391 

  east of onion lake     

 
Height, diameter at breast height (DBH), orthogonal diameters of the 

base of the crown, and height of the living crown were also 
measuredon each tree. In addition, a full primary branch was taken 

from each tree and transported to the lab for morphological 

measurements and elemental analysis. A sample of the first 5 cm of 
mineral soil below each tree was taken for elemental analysis. 

Measurements were taken in July, 2014. 
 

To calculate crown shape (columnar or normally-growing trees), we 
used the crown form factor (K), developed by Berlyn (1962). The 

crown form factor (K) is defined as the ratio between the length of the 
living crown (Z) and the geometric mean of the orthogonal diameters 

of the base of the crown (R), all rose to the second power (E1). 
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K = [ Zx R-1 ]2     (E1)  
 

In the lab, digital photos of the primary and secondary branches of 
each sample tree were used for morphological measurements. Total 

lengths of the primary, secondary and tertiary branches, along with 
the angles of the secondary and tertiary branches were analyzed using 

ImageJ software (http://rsb.info.nih.gov/ij/). 
 

Fixed redcedarbranchlets (10 % formaldehyde, 5% glacial acetic acid 
and 50 % ethanol) in the field were transported to the lab and 

dehydrated in ethanol series (10, 20, 30, 40, 50, 60, and 70 % 
ethanol dilutions), embedded in wax and sectioned according to Sutton 

et al. (2007). Eight micron cross sections were prepared using a 
microtome. Sections were mounted, dewaxed and rehydrated following 

Almeida-Rodriguez et al. (2011). Slides were stained using 1% 

Safranin O and 0.8 % Fast Green (Clark, 1981). Slides were observed 
using a Zeiss Axio Scope compound microscope. Digital images were 

taken with A1 Optronics Camera and prepared for analysis using 
PictureFrame software. Magnification for cross sections was x20 and 

x40. Cuticle thickness and upper and lower epidermis area were 
measured in at least 20 cells on each slide using ImageJ software. 

Foliage samples were oven-dried at 60 °C for three days. Dried leaves 
from 3 or 4 trees for each site were pooled together for elemental 

analysis. Soil was air dried for four days and 2 soil samples were 
pooled together for each site for analysis. Elemental analysis was 

performed using a plasma mass spectrophotometer (ICP-MS) at the 
Knowledge Management Branch laboratory of the Ministry of 

Environment. Fluoride in leaves was obtainedusing two different 
methods: 1) high pressure microwave digestion with concentrated 

nitric acid in Teflon digestion bombs (more sensitive) and 2) weak 

perchloric acid extraction.  
 

Data were analyzed using SAS version 9.3 (SAS Institute) and R 
version 3.1.1 (The R Foundation). Linear regressions and ANOVA were 

performed for analyzing the relationships between the crown form 
factor (K) and the element concentrations in the leaves and the soil. 

The same type of analyses was used for comparing foliage vs. soil 
elemental content. Log transformation was performed for fluoride (F) 

and lead (Pb) content in leaves for data linearization. Five replicates 
were used for each site. 

 
A complete randomized design ANOVA was performed for comparing 

the physiological (gs and Ψbranch), morphological, anatomical data, K, 

http://rsb.info.nih.gov/ij/
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pH and percentage of organic matter (% OM) in the soil among the 

sites. Log transformationswereperformed for K, % OM, height, DBH 
and secondary branches angles. When an overall ANOVA was 

significant, least-square means were compared with Tukey-Kramer P-
values adjustment (P-value of 0.05). KruskalWalis non-parametric 

analysis was perform for Ψbranch data. Ten replicates were used for 
each site.  

 
Results and Discussion 

 
Due to the prevailing wind patterns dictated by the steep valley sides 

and the proximity to the Pacific Ocean inthe Kitimat Valley, winds flow 
from the south to the northwest of the valley during the day, replaced 

by northeast land breezes overnight. This wind pattern occurs most of 
the year, with the exception of winter, when wind usually flows south 

(Smith, 1996). Thesewind patterns have an effect on the way the 

industrial aerial emissions are dispersed, generating a plume (or fume 
path) mainly on the west side of the valley. The crown form of western 

redcedar growing on the west side of the valleywas distinctly columnar 
when compared to the normal crown architecture that characterizes 

this species. Normal mature trees are generally buttressed at the base 
with a candelabra-like forked top developing as trees age. Branches 

tend to spread or droop slightly and then turn upwards.Branchlets 
are“spray-like” being strongly flattened horizontally with scale-like 

leaves (Parker and Johnson, 1987). This description is in agreement 
with the redcedar crown and branch form we found on the east side of 

Kitimat Valley outside of the industrial emissions plume (Figure 2a, c). 
Redcedar on the west side of the Kitimat Valley, however, showeda 

rotation in the growth axis in scaffold branches. The density of foliage 
in the scaffold branches was not homogeneously distributed when 

compared to normally-growing trees. The inner side of branches from 

columnar trees had very few lateral branches contrasting with an 
overstated increment of foliage towards the tip of the branches(Figure 

2b, d).  
 

With Berlyn‟s (1962) form factor equation, the higher the value of Kthe 
narrower the crown of the tree. In this study, the K factor for trees 

growing on the West side of the Kitimat Valley was significantly higher 
than for trees growing on the east side of the valley (Figure 3). A 

strong and significant relationship (R2>0.196; p < 0.008) was found 
between the crown form factor and the foliar concentration of fluoride 

(F), aluminum (Al), iron (Fe), lead (Pb), titanium (Ti), lithium (Li) and 
nickel (Ni) (Table 2).  
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Figure 2.(a) Normalredcedar from the east side of the Kitimat Valley (Control 1). (b) 

Columnar redcedar from within the industrial emissions plume near the smelter 

(High). (c) Primary branch of a normal redcedar (Control 3). (d) Primary branch of 

an emissions impacted columnar redcedar (High). 

 

 
Figure 3. Crown form factor (K) of redcedar at control (white boxes) and emissions 

plume sites (grey to black boxes) in the Kitimat Valley.Letters denote statistical 

differences among sites (P ≤ 0.05).  

 

Fluoride accumulated in leaves explained 64.8% (adjusted R2) of the 
variation in redcedar crown form. The relationships between total 

sulphur (S) and boron (B) in leaves with crown form were also 
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significant, however, the accumulation these elements explained only 

roughly 10% of variation in crown morphology. Among the macro- and 
micro-nutrients, only foliar C, P, and Mo showed a negative 

relationship with the crown form of redcedar, meaning that reduction 
in these macro and micro nutrients might be correlated with the 

columnar form of redcedar (Table 2).   
 

Fluoride, S and Ni concentration in the soil were positively correlated 
with form factor K and explained 35 %, 36 % and 38 % of the 

variation in columnar growth in redcedar,respectively. On the other 
hand, there was a negative relationship between the columnar 

growthand the K concentration in the soil. Potassium is one of the 
essential nutrients for plants and lower concentrations in the soil 

explained 15 % of the columnar shape of redcedar. N concentrations in 
the soil had a positive relationship with redcedar crown shape (R2-

adjusted of 0.15) (Table 3). The relationship between the 

concentrations of elements in the leaves with their content in the soil 
was also analyzed. Total S, Ti and Ni showed a significant relationship 

(Table 4).  
 
Table 2. Relationship between crown form and elements concentrations in redcedar 

leaves. Stars are the level of significance (* P≤0.05; ** P≤0.01, *** P<0.001). 

Element Intercept Slope Adjusted R2 F P-value 

Log F A 37.29 36.09 0.648 54.34 <0.001*** 

Log F B -69.21 77.61 0.602 44.88 <0.001*** 

ppb S -19.40 918.20 0.109 4.53 0.04215* 

% S -5.45 738.82 0.072 3.26 0.082 

Al 40.49 0.04 0.350 16.62 <0.001*** 

Fe 44.73 0.04 0.222 9.28 0.005** 

Log Pb -871.18 95.34 0.436 23.41 <0.001*** 

Ti 44.93 0.73 0.196 8.07 0.008** 

Li 40.68 28.87 0.270 11.70 0.0019** 

Ni 25.75 8.17 0.378 18.59 <0.001*** 

Zn 77.69 -0.96 -0.022 0.38 0.545 

B 17.84 3.35 0.103 4.32 0.047* 

C 1090.61 -19.74 0.222 9.27 0.005** 

N 37.64 27.75 -0.019 0.46 0.503 

P 178.30 -952.40 0.246 10.45 0.003** 

K 96.46 -67.59 -0.015 0.57 0.456 

Ca 26.15 21.41 0.020 1.60 0.216 

Mg 32.58 272.18 -0.015 0.56 0.459 

Mn 53.34 0.02 0.029 1.86 0.184 

Mo 69.58 -17.13 0.099 4.22 0.049* 
Log FA is the log of the concentration of F extracted with weak perchloric acid extraction 
Log FB is the log of the concentration of F extracted using a high-pressure microwave digestion with 
concentrated nitric acid 
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The above-mentioned results suggest thatthe absorption of F occurs in 

both the leaves and roots ofredcedar,however, it is well-known that 
the main absorption pathway of this pollutant is viaplant leaf stomata 

during gas exchange (Prushnik and Miller, 1990; Ongstad et al. 1994). 
In the case of Sulphur, since it is one of the essential macronutrients 

in plants, it can be absorbed mainly by the root system. However, 
there are reports that sulphur dioxide is absorbed via stomata (Elkiey 

and Ormrod, 1981).Unfortunately, the elemental analysis determined 
the total sulphur in the tissues and could not discriminate among the 

different molecules containing this element. Aluminum absorption in 
plants is pH dependent. This element is soluble in water under acidic 

soils (pH 4.5 to 5) like the Kitimat soils (Matsumoto 2000). However, 
the concentration of Al in the soil is inversely related with K in 

redcedar. The concentrations of Fe, Pb, Li and B in the leaves are 
highly correlated with K in redcedar. Nickel concentrations were equal 

in leaves and soil and showed the same relationship with the crown 

form in redcedar. 
 
Table 3.Relationship between crown form of redcedar and element concentrations in 

soil.Stars are the level of significance (* P≤0.05; ** P≤0.01, *** P<0.001). 

Element Intercept Slope Adjusted R2 F P-value 

Log F 53.02 27.730 0.354 16.92 <0.001*** 

ppb S 33.91 236.310 0.357 17.11 <0.001*** 

% S 35.92 246.430 0.325 14.96 <0.001*** 

Al 52.27 0.001 -0.017 0.52 0.475 

Fe 80.45 -0.001 0.037 2.11 0.157 

Pb 65.63 -0.110 -0.022 0.36 0.551 

Ti 37.94 0.072 0.007 1.20 0.283 

Li 75.35 -1.630 0.013 1.38 0.250 

Ni 38.24 0.924 0.380 18.76 <0.001*** 

Zn 78.75 -0.319 -0.014 0.59 0.448 

B 53.15 6.697 0.002 1.05 0.315 

C 51.43 0.498 0.008 1.23 0.276 

N 37.82 33.320 0.150 6.10 0.01987* 

P 60.76 32.450 -0.035 0.01 0.927 

K 112.50 -286.300 0.151 6.16 0.01938* 

Ca 53.56 9755.000 -0.022 0.38 0.540 

Mg 76.66 -32.970 0.020 1.59 0.218 

Mn 61.30 0.003 -0.035 0.03 0.867 

Mo 57.14 10.300 0.019 1.57 0.221 
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Table 4. Relationship between element concentration in redcedar leaves and soil 

sampled beneath each tree.Stars are the level of significance (* P≤0.05; ** P≤0.01, 

*** P<0.001). 

Element Intercept Slope Adjusted R2 F P-value 

F 19.79 0.15 0.094 3.999 0.05531 

ppb S 0.08 0.09 0.207 8.572 0.0067** 

% S 0.08 0.08 0.248 10.540 0.003** 

Al 210.69 0.01 0.041 2.239 0.146 

Fe 518.73 0.00 -0.032 0.104 0.750 

Pb 0.75 0.00 -0.029 0.191 0.6654 

Ti -32.14 0.16 0.485 28.270 <0.001*** 

Li 0.79 0.00 -0.036 0.001 0.973 

Ni 2.78 0.07 0.330 15.250 <0.001*** 

Zn 10.78 0.09 0.080 3.522 0.071 

B 12.05 1.01 0.035 2.053 0.163 

C 52.37 -0.01 0.017 1.513 0.229 

N 0.86 0.08 0.018 1.528 0.227 

P 0.13 -0.11 -0.023 0.360 0.553 

K 0.56 -0.40 0.046 2.409 0.132 

Ca 1.06 0.68 0.535 34.340 <0.001*** 

Mg 0.10 0.03 0.103 4.332 0.0466* 

Mn 304.15 0.25 0.017 1.489 0.233 

Mo 0.27 0.17 -0.002 0.942 0.340 

 

 

Fluoride and SO2 are some of the highest industrial aerial emissions 
produced during the production of aluminum using the söderberg 

technology (Smith 1996). In the leaves, F can have a detrimental 
effect on the tissue resulting in chlorosis and necrosis (Sidha and 

Staniforth, 1986). It has been also documented that F can affect leaf 
elongation (Smith, 1996), which might explain the association of F 

concentrations in redcedar leaves and their columnar crown form in 
the aerial emissions corridor in Kitimat Valley. 

 
One of the most important ecological effects of high SO2emissions is 

the conversion of SO2 to sulfite ions (HSO3
1- and SO3

2-) which generate 
acid rain. These ions are strong nucleophiles that are very reactive and 

have many deleterious effects on animal and plant health (Murray, 
1997). The Kitimat Valley is characterized by acidic soils, with pH 

values between 3.5 and 5 (Figure 4a). In the soil, the organic matter 

content plays a key role in buffering soil acidification by acid rain. In 
this study, low soilorganic matter contents were observed in the 

control sites of Control 1 and Control 2; and in the high emissions 
site(Figure 4b). For these sites, increments of SO2 emissions from new 

industrial facilities might rapidly increase the acidification of the 
soil.These soils are therefore at higher risk of losing their capacity to 
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retain mineral ions and cations. In addition to its deleterious effects on 

redcedar growth, soil acidification related to S02 emissions may have a 
detrimental effect ongroundwaterand streams through increased 

leaching of reactive nucleophiles. Acid rain in areas with low soil buffer 
capacity could generate detrimental effects in surface waters and 

aquatic animals. When acidification of water occurs in these areas, it 
could promotealuminum dissolution into the water. Aluminum is very 

toxic for aquatic animals, generating stress or even death 
(http://www.epa.gov/acidrain/effects/surface_water.html). 

 

 
Figure 4.pH and percentage of organic matter (% OM) in soil samples from the 

Kitimat valley. The first 5 cm of soil from the surface from sixdifferent sites were 

compared. Box-and-whisker plots. Letters denote statistical differences among sites 

(P ≤ 0.05).  

 

Stomatal conductance (gs) is a common physiological measurement 
associated with gas exchange, photosynthesis, and growth. During 

gs,plants take up CO2 that will be used during photosynthesis for the 
production of sugars. The tradeoff of gs is water vapor lost; therefore 

plants dynamically regulate their gs, especially during drought periods. 
In this study, redcedar growing in the aerial emissions plumehad 

significantly lowergsthan two of three control sites (Figure 5a). This 
gsreduction within the emissions plume might be associated with the 

absorption of F and SO2during gas exchange, since both gases (F and 

SO2) are taken up in plants through the stomata. Reduction of gas 
exchange (transpiration) associated with industrial aerial emissions 

had been reported by Prushnik and Miller (1990) andVan Der Kooij et 
al. (1997), among others.Inhibition of gas exchange will impact the 

photosynthetic capacityof redcedar, whichin turn affects its growth. 
The overall growth impact on redcedar as a result of reduced gas 

exchange caused by F and SO2 requires further study. 
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Figure 5.Stomatal conductance (gs) and water potential of branches Ψbranch) of 

western redcedar in the Kitimat valley. Six different sites were compared in Kitimat. 

Box-and-whisker plots. Letters denote statistical differences among sites (P ≤ 0.05). 

 

The water potential of redcedar branches was also investigated to 

determine the water status of the trees. Water potentialsdid not show 
a clear relationship with the industrial aerial emissions (Figure 5b). 

Instead, water potentials might beaffected by the soil water 
characteristics that were out of the scope of this study (Saxton and 

Rawis, 2005). Further examinations of water relations in redcedar in 
the Kitimat Valley are required for understanding these patterns.  

 
While growth-related measurements were collected in this study, these 

measurements were not paired with the age of the trees. Therefore, 
the results are not associated with the yield of the redcedar in Kitimat 

Valley. These measurements arethus just an indication of the 
similarities in redcedar heights among the study sites (Table 5). The 

control 1 site had the shortest trees measured in this study, while the 
mild emissions site had the tallest trees. 

 

Columnar trees had shorter tertiary branches than normal trees (Table 
6). No differences were observed in primary or secondary branches or 

in the angles of these branches (Appendix 4). Changes in tertiary 
branch lengths might be related to the effects of F in cell elongation as 

previously described (Smith, 1996). 
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Table 4.Height and DBH of western redcedar in the Kitimat valley. Six different sites 

were compared in Kitimat. Letters denote statistical differences among sites (P ≤ 

0.05). 
Site Height DBH 

Control 1 9.02 ± 1.88B 15.63 ± 3.11B 

Low 11.73 ± 2.09A 21.88 ± 6.29A 

Control 2 10.8 ± 2.82AB 22.23 ± 6.53AB 

Mild 12.4 ± 1.41A 21.97 ± 5.2A 

Control 3 11.2 ± 1.92AB 18.35 ± 3.08AB 

High 10.81 ± 1.63AB 19.67 ± 2.87AB 

 

Cellular measurements performed on cross sections of redcedar leaves 

(Appendix 5) included toepidermis area and cuticle thickness 
(Appendix 6). The epidermis cells of leaves from redcedar growing in 

the mild emissions site were larger than those on other sites; 
however, there was no clear association between the epidermis area 

and columnar growth.   
 
Table 5.Tertiary branch length of western redcedar in the Kitimat valley. Six different 

sites were compared in Kitimat. Letters denote statistical differences among sites (P 

≤ 0.05). 

Site 3 Branch length ± SD 

Control 1 145.30 ± 19.24  A 

Low 111.99 ± 25.96 B 

Control 2 144.77 ± 40.29 A 

Mild 94.54 ± 21.53 B 

Control 3 158.92 ± 39.95 A 

High 105.32 ± 27.08 B 

 
 

Conclusions 
 

Western redcedar crown architecture was significantly different 

between the west and east sides of the Kitimat Valley. Due to the 
prevailing wind patterns, the redcedar growing on the west side of the 

valley are exposed to industrial emissions from the Kitimat aluminum 
smelter and to past emissions from the Eurocan pulp and paper mill. 

These trees have a columnar growth form, showinga rotation in the 
growth axis in scaffold branches (secondary). The density of foliage is 

not homogeneously distributed when compared to normal trees. 
Columnar redcedar showed a reduction in the length of their tertiary 

branches. 
 

Columnar growth in redcedar was associated with higher 
concentrations of various trace elements in their leaves, including F, S, 

Pb, Fe, and Al.According to the results, F is absorbed mainly in 
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theleaves via stomata. In contrast, S is absorbed mainly through the 

root system.  In addition, there was a negative correlation of columnar 
growth with some essential nutrients including C, K, P, and Mo.  

 
When fluoride and sulphur dioxide are absorbed during gas exchange, 

a reduction in stomatal conductance was observed in redcedar. This 
reduction might be associated with reductions in photosynthetic 

activity and growth. Further investigation is needed to conclusively 
determine the effects of these pollutants on growth and 

reproductivefitness in redcedar. 
 

Kitimat Valley soils are typically acidic and their usually high organic 
matter content may be a key factor in buffering sulfite ions generated 

by the interaction of SO2 with water. Some of the sites included in this 
study hadunusually low organic matter contents. These soils are at risk 

of becoming incapable of retaining ions and cations in their structure. 

This might have a detrimental effect in the acidification of the soil 
solution that could leach into the ground and surface waters causing 

damages to aquatic animals. 
 

The columnarcrown shapeof western redcedar in the Kitimat Valley is 
related to industrial aerial emissions from the Kitimat industrial area. 

As a result, redcedar could be a useful indicator species in terms of its 
response to air quality in the Northwest coast forest. A monitoring 

study is suggested for evaluating the effects on redcedar of the future 
changes in the industrial aerial emissions from the smelter in Kitimat. 

This monitoring study could include the effects of aerial pollutants on 
the fitness and regeneration of redcedar as well as the effects of 

pollutants on the responses of redcedar to biotic and abiotic stresses. 
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Appendices 

 
Appendix 1.Relationship between crown form factor (K) of western redcedar and 

other trace elements concentrations in their leaves.Stars are the level of significance 

(* P≤0.05; ** P≤0.01, *** P<0.001). 

Element Intercept Slope Adjusted R2 F P-value 

Cu 24.79 11.02 0.129 5.30 0.02897* 

Ba 61.77 0.03 -0.035 0.02 0.892 

V 42.89 9.68 0.331 15.35 <0.001*** 

Y 43.31 107.94 0.154 6.28 0.0183* 

Co 20.20 94.49 0.151 6.15 0.0194* 

Zr 46.71 142.23 0.139 5.69 0.024* 

Sr 113.20 -0.78 0.359 17.21 <0.001*** 

Cr 29.95 38.89 0.378 18.61 <0.001*** 

Si 43.03 0.05 0.058 2.77 0.107 

Na 58.40 0.06 -0.012 0.66 0.424 

 
Appendix 2.Relationship between crown form factor of redcedar and other trace 

elements in the soil.Stars are the level of significance (* P≤0.05; ** P≤0.01, *** 

P<0.001). 

Element Intercept Slope Adjusted R2 F P-value 

Cu 41.06 1.247 0.026 1.78 0.193 

Ba 44.50 0.148 0.006 1.17 0.288 

V 20.16 0.681 0.125 5.15 0.03122* 

Y 72.55 -1.759 -0.020 0.44 0.511 

Co 79.13 -1.307 0.027 1.80 0.190 

Cd 49.83 7.531 -0.021 0.40 0.535 

Zr 74.42 -2.017 0.025 1.76 0.196 

Sr 87.04 -0.323 -0.005 0.86 0.362 

Cr 70.25 -0.340 -0.030 0.17 0.685 

Si 48.13 0.029 -0.025 0.29 0.593 

Na 65.35 -0.004 -0.035 0.01 0.912 

 
Appendix 3. Relationship between trace element concentrations in western redcedar 

leaves and soil sampled beneath each tree.Stars are the level of significance (* 

P≤0.05; ** P≤0.01, *** P<0.001). 

Element Intercept Slope Adjusted R2 F P-value 

Cu 1.22 0.13 0.459 25.570 <0.001*** 

Ba 23.14 0.18 0.059 2.829 0.104 

V 0.74 0.02 0.007 1.192 0.2843 

Y 0.04 0.03 0.204 8.425 0.0071** 

Co 0.39 0.01 0.024 1.706 0.202 

Zr 0.14 0.00 -0.010 0.708 0.4072 

Sr 35.96 0.38 0.033 1.993 0.169 

Cr 0.89 0.00 -0.035 0.018 0.893 

Si 541.21 -0.22 -0.020 0.420 0.5221 

Na 108.56 -0.05 -0.026 0.252 0.619 
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Appendix 4.Primary and secondary branch length and angles of western redcedar in 

the Kitimat valley. 

Site 

Primary branch 
length (mm) 

± SD 

Secondary branch 
length (mm) 

± SD 

Secondary branch 
angle (0=45º) 

Control 3 632.5 ± 198.2 223.2 ± 33.04 0.36 ± 0.31 

Low 719.4 ± 186.7 247.8 ± 81.58 0.17 ± 0.19 

Mild 662.5 ± 137.1 216.5 ± 31.57 1.14 ± 1.18 

High 594.3 ± 137.3 236.18 ± 58.60 0.21 ± 0.11 

 
Appendix 5.Cross section of a redcedar leaf. 

 

 
 

Appendix 6.Upper epidermis area, upper cuticle, lower epidermis area and lower 

cuticle of redcedar in the Kitimat Valley. 

 

Site 

Upper epidermis 
area 

± SD 

Upper cuticle 

± SD 

Lower epidermis 
area 
± SD 

Lower cuticle 

± SD 

Control 3 72.2 ± 28.6 (a) 8.7 ± 1.75 85.15 ± 35.55 5.9 ± 2.02 

Low 66.4 ± 23.9 (a) 7.5 ± 1.67 98.62 ± 59.61 4.5 ± 1.63 

Mild 94.8 ± 38.9 (b) 8.4 ± 1.54 96.88 ± 30.64 4.5 ± 1.46 

High 69.7 ± 26.4 (a) 8.6 ± 0.90 79.08 ± 34.98 6.3 ± 1.93 

 

 


