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Abstract. Street trees must cope with severe environmental conditions. Identification of factors that modulate their survival and growth is a key
process for successful management. To estimate these factors, contingency analyses were carried out using abiotic data collected locally for Nor-
way maple (Acer platanoides L.), silver maple (Acer saccharinum L.), hackberry (Celtis occidentalis L.), green ash (Fraxinus pennsylvanica
Marsh.), honeylocust (Gleditsia triacanthos L.), littleleaf linden (7ilia cordata Mill.), and Siberian elm (Ulmus pumila L.) trees. Also, compar-
able analyses were performed on a merged all-species data set. Whereas sharp differential growth was found between commercial zones and resi-
dential areas, studied species demonstrated ecological tolerance as individuals were found normally or vigorously growing in severe con-
ditions. In this situation, ample irradiation intensity might be an important factor contributing to urban tree growth. Statistical analyses led to the
identification of a threshold level (80% of total potential irradiation) above which optimal growth was found in commercial zones. Research
results also brought out the importance of the underlying surficial deposits: slow growth rates were linked to the presence of sand/gravel de-
posits. Finally, higher soil de-icing salt concentrations were found in tree pits where trees were transplanted closer to the curb and on wider streets.
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Trees provide a basic contact with nature, heighten pleasure in
our surroundings, and directly improve human health and the
quality of life (Lohr et al. 2004). They soften architectural lines
and accentuate structural details, relieve the monotony of pave-
ment and masonry, make enticing play areas, and unify and give
coherence to visually chaotic scenes (Gorman 2004). In retail
districts, visitors perceive the streetscape canopy to be an integral
amenity of the city’s shopping environment and well-planned
canopy-covered streets are highly appreciated (Wolf 2004). Yet,
urban landscapes are environmentally detrimental to the biology
of trees (Percival 2005). During summer months, high ambient
temperatures may trigger water deficits and exceed the optimum
range for photosynthesis (DeGaetano and Hudson 2000). Soil
water resources in the street planting pits are generally reduced
during this period as well (Nielsen et al. 2007). Severe physi-
ological problems then develop: impaired respiration, protein
synthesis, secondary carbohydrate metabolism, disintegration of
leaf structure, and reduced growth of stems and twigs, followed
by death of terminal buds and branches and by production of
small and chlorotic leaves (Kozlowski and Pallardy 1997). Ad-
ditionally, temperatures exceeding 30°C (86°F) in root zones at
planting sites are not uncommon and may exceed 40°C (104°F)
(Celestian and Martin 2004). Freezing temperatures have also
been identified as a major detrimental condition (Collins et al.
2000). Spring and autumn frosts may injure trees and induce frost
cracks or sunscald on stems (Harris et al. 1999). Low soil tem-
perature inhibits both root initiation and growth of existing roots,
decreases absorption of water by increasing the resistance to wa-
ter movement across living root cells, and reduces both passive
and active uptake of minerals (Kozlowski and Pallardy 1997).

Urban soil conditions may also be adverse for adequate tree
development. Common conditions are deficiency in nutrients
(De Kimpe and Morel 2000); compaction in and around tree
pits and construction sites which lowers soil aeration and water
movement and impairs root growth (Smith et al. 2001; Percival
et al. 2004); restricted water drainage and water-holding capac-
ity; interrupted organic matter and nutrient cycling; modified soil
organism activity; significant concentration levels of heavy met-
als (Lu et al. 2003); and modified soil reactions consequential
to use of de-icing salts (Zimmerman et al. 2005). Indeed, dur-
ing winter, large volumes of de-icing salts are applied in some
cities. Total de-icing salt use in cold climates has been rising
since 1970 due to increasing urbanization, roadway construc-
tion, and public safety concerns (Paludan-Miller et al. 2002;
Percival and Fraser 2007). High salt concentration induces iron
and potassium chlorosis (Lemaire and Rossignol 1999), and
severe dehydration of leaves that closes stomata and reduces
photosynthesis (Zimmerman and Jull 2006). It is one of the
most serious causes of streettree stress (Cekstere et al. 2008).

Frequently, trees are confronted with insufficient irradiation
levels. Certain downtown environments are known as urban can-
yons because the shade patterns cast by buildings are somewhat
analogous to the shade cast by canyon walls (Harris and Bassuk
1993). These shady urban sites can impose severe stress on trees.
Low light intensity levels bring in leaf necrosis and significant
root growth reduction (Kjelgren 1995). Additionally, trees are
adversely affected by a wide variety of environmental pollut-
ants. The most important are sulfur dioxide (SO,), ozone (O,),
fluorides (F), oxides of nitrogen (NO,), and particulates (Garrec
1999). Pollutants not only injure trees but influence their metabo-
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lism and reduce their growth without causing visible injury. By
weakening trees, air pollutants often predispose them to certain
diseases (Kozlowski 1986). Finally, there is a growing list of ex-
otic insects and pathogens that are current or looming threats to
community forests throughout North America (Ball et al. 2007).

Trees facing these arrays of man-made and natural stresses
may have reduced life spans compared to trees in rural areas
or natural habitats (Cregg and Dix 2001). Although estimates
vary, life spans of trees in downtown urban areas are often
less than 15 years (Nowak et al. 1990). Understanding the re-
lationship between urban site conditions and tree growth is es-
sential if remedial treatments are to be effective (Hodge and
Boswell 1993; Mamy 1997). In order to achieve this goal, re-
search is required to analyze and model the peculiar urban en-
vironmental conditions in order to identify tree growth patterns.

MATERIALS AND METHODS

Study Site and Experimental Details
The City of Montreal (Quebec, Canada) is located at latitude
45°30°’N and longitude 73°34’W. Climate is continental and
humid, with hot summers and cold winters. The mean annual
precipitation based on an almost 30-year span (1971-2000) is
1,062 mm (42 in) with a mean annual snow cover of 226 cm
(88.9 in) (Environment Canada 2008). The mean daily maxi-
mum and minimum temperatures are 11°C (52°F) and 3°C
(37°F), respectively; extreme yearly minimum and maximum
temperatures are typically -34°C (-29°F) and 36°C (97°F). An-
nually, there are an average of 1,800 hours of sunshine, 2,335
degree-days below 10°C (50°F), and 1,399 degree-days above
10°C (50°F) (Environment Canada 2008). Frost occurs be-
tween October 1 and April 15; the typical snowfall season is
from mid-November to the end of March (Boyer et al. 1985).
During the ice age, Montreal was completely covered by gla-
ciers. When glacial ice retreated north, lowlands were invaded
by the Atlantic Ocean, forming the Champlain Sea. Such pro-
cesses deposited considerable amounts of clays and silts, which
are frequently stratified, neutral to alkaline, and poorly drained;
some sandy soils which are acid to neutral, usually character-
ized by rapid drainage; and finally tills, which evolved mostly
into poorly drained loams, marine gravels, inter-fingered es-
tuarine deposits, and coarse-grained alluvium (Brazeau 2003).
Generally speaking, tills are the most abundant deposits with
an approximate coverage of 46% of Montreal Island, clays
are second with 23%, and sands of all types (glacial, marine,
and river) are estimated at 18%. Other deposits are peat and
marl, and rock (Prest and Keyser 1962). Overall, the City of
Montreal has 4,460 km (2,734 mi) of roads, boulevards, and
streets, where more than 240,000 public trees can be found.
To define the experimentation strategy and sample size, ex-
ploratory field work was carried out in 1999 and 2000 in dif-
ferent urban ecological zones. Once preliminary results from
probing surveys were analyzed, sampling procedures were re-
vised. Final data collection took place during summer 2001. Rep-
resentative streets of downtown, institutional, commercial, and
residential areas were selected following these criteria: height
of buildings and geographic orientation (variable irradiance
conditions), importance of vehicular and pedestrian use, size
of tree pits, and width of street as trees beside a wide, heavily

travelled street may be subjected to high salts and high winds
(Berrang et al. 1985). Each studied street was assigned one
of the following types: 1) intensive commercial, 2) commer-
cial, 3) institutional, 4) intensive residential, and 5) residential.

Intensive commercial zones have the most severe urban
strain and trees are normally slow-growing and very much
damaged. Commercial zones exhibit less intense use but tree
growth rates are only slow to fair. Tree caliber is normally
larger than in the former zone. Institutional zones are mainly
used by pedestrians and cars but mostly only to move around
districts. Less mechanical damage occurs and trees may have
fair to superior growth rates. Intensive residential zones have
mid-level pedestrian and vehicle circulation. Trees have nor-
mally superior growth. Finally, residential zones are used by
and large only by residents, and trees are typically vigorous.

For each surveyed downtown street, a systematic sampling
was undertaken (total of 961 trees). In districts outside the down-
town zone, trees were randomly selected within commercial,
institutional, and residential environments (total of 571 trees).
All trees were geopositioned on a geographical information sys-
tem. The final cohort was composed of 1,532 trees of species
that are representative of 75% of the City street trees population:
Norway maple (Acer platanoides L.) (312 trees), silver maple
(Acer saccharinum L.) (224), hackberry (Celtis occidentalis L.)
(187), green ash (Fraxinus pennsylvanica Marsh.) (245), hon-
eylocust (Gleditsia triacanthos L.) (301), littleleaf linden (7ilia
cordata Mill.) (116), and Siberian elm (Ulmus pumila L.) (147).

Trees were sampled using 11 biotic variables identified as
significant for urban tree inventories by multivariate statistical
analyses (Jutras et al. 2009). These were diameter at breast height
(DBH), crown diameter, height, crown diameter / DBH, crown
volume / DBH, height / DBH, crown volume, annual DBH in-
crement, crown diameter increment, height increment and crown
volume increment. The last four incremental variables are associ-
ated with size measurements. An annual crown volume increment
was calculated as the difference between measured crown vol-
ume and crown volume at transplantation, divided by the number
of years since transplantation. To obtain transplantation data, 15
City of Montreal nursery trees of ball-and-burlap transplanting
size were measured for every species and mean values were cal-
culated. Other incremental indices were similarly constructed.

Abiotic variables were selected for their ease of collection
by end-users (arboriculture and horticulture city workers) once
the model and methodology are deployed. The following param-
eters were used: street type (five classes as defined earlier) and
orientation (calculated from a geographic information system),
width of street, distance from tree to the closest nearby building,
height of opposite and adjacent buildings (modulation of solar
irradiation levels), volume of tree pit, penetration resistance at
the surface, at 15 ¢cm (5.9 in), 30 cm (11.8 in), and 45 cm (17.7
in) depths, type of tree pit ground cover (bare ground, rocks,
grass, wood chips, etc.), presence of protective metal gratings
at the base of trees (theoretical soil compaction reduction), dis-
tance from tree to street (indirect measurement of de-icing salt
effect), presence of aerial and underground obstacles, and type
of surficial geomorphologic deposit obtained from Prest and
Keyser (1962). Four soil samples were collected at the edges
of 796 tree pits (0-20 cm / 0-8 in depth) then mixed to form
a composite for each tree pit. These samples were analyzed for
K, Ca, Mg, Na, Zn, Cu, Fe, Mn, P, pH level, and organic matter.
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For compaction measurements, an appropriate apparatus would
be a nucleodensimeter. However, this piece of equipment requires
specific expertise and a special operating permit as it is a nuclear
device. To meet the objective of low-technology, an analog soil
compaction gauge was tested as the sole device for penetration
resistance assessment. In each sampled tree pit, four measures
were taken, at each specified depth. To be able to compare results
between tree pits, soil texture and moisture level must be similar.
For that reason, particle-size analysis was carried out in the soil
laboratory with the hydrometer method. Soils were classified as
sandy loam or loamy sand. No direct soil moisture measurements
were taken during field work. Accordingly, to make certain that
soil moisture levels in tree pits were comparable when penetra-
tion resistance was measured, rainfall bulletins were checked at
the end of field work. If there was any rainfall within five days
prior to a collection date (data not presented), then the collected
information was discarded. Consequently, the July 11, July 13,
and August 24 data were rejected for analysis. The discarded sam-
ples accounted for 3% of the total (48 samples / 1,532 samples).

Because of the presence of urban canyons in the experimental
design, the assessment of light levels on sampled trees was pri-
oritized. In order to obtain local solar irradiation information, one
possibility was to acquire data from climate stations. Although
they provide reliable radiation records, they usually record ra-
diation only for horizontal surfaces. Additionally, extrapolation
of measurements from these collection sites to experimenta-
tion zones is difficult because, in practice, site-specific factors
are difficult to remove from the original data (Flint and Childs
1987). Another option was to use existing algorithms model-
ing solar radiation (Annandale 2004; Bauerle et al. 2004; Groot
2004). Yet, most of these are very detailed models that did not
suit the user-friendly needs of City of Montreal arboriculture
practitioners. Therefore, a computer-programmed model was
developed to automatically estimate the number of hours of ir-
radiation on street trees and transfer this information to the data-
base and the local geographic information system (Jutras 2008).

Input data for the model were latitude, longitude, Julian cal-
endar, sunrise and sunset information per day; street orientation
and width; mean height of adjacent and opposite buildings in
a 50 m (164 ft) radius (arbitrary radius of influence); distance
from tree to adjacent and opposite buildings; tree mid-crown
elevation (calculated from morphological data) and position of
tree pit on street. This information was combined using trigo-
nometric formulae to compute irradiation values by minute
per daytime. Output results were summarized into hourly, total
daily, and seasonal irradiation per tree. Supplemental computa-
tions were carried out for a standardized 4 m (13 ft) height to
estimate tree pit potential irradiation for newly transplanted trees
of ball & burlap size. All irradiation levels were estimated from
May 1 (normal earliest date of budburst: Hunter and Lechow-
icz 1992) to August 15 (end of active vegetative growth for
northern trees: Harris and Bassuk 1995). Model output results
were validated by collecting field data at specific times dur-
ing 2003 and 2004 by ecological zone, size and height of trees.

Inevitably, such a model introduces bias as the estima-
tion does not take into account parameters like intensity of di-
rect beam radiation, amount of diffuse radiation, absorbed
radiation, obstructed/unobstructed sky, or nearby building-
reflected radiation. Nevertheless, it was hypothesized the
model might be accurate enough to measure the impact of

reduced irradiation on urban tree growth as radiation calcula-
tions were transformed in five classes for the statistical analy-
sis, hence eluding the need for an intricate model (next section).

In this experimental design, every tree was consid-
ered as a unit thus obviating the problems associated with
subjective partitioning of the studied system into homo-
geneous zones. In order to do so, biophysical param-
eters were always collected in relation to a single tree.

Statistical Analysis
Contingency analysis is an interesting procedure to estimate de-
pendence among descriptors that are not in monotonic relation-
ship, or among qualitative descriptors. Tree-related data have
such mathematical characteristics. In this research, contingency
analysis was used to assess the relationship between urban tree
growth and various states of local abiotic variables. Accord-
ingly, prior to contingency analysis, the study authors searched
for differential growth classes by using multivariate intermedi-
ate linkage clustering and correspondence analysis, the latter be-
ing a nonparametric principle component analysis (Jutras 2008).
Clustering is a useful tool when the description of surveyed
individuals is multidimensional. Its goal is to partition a set of
n individuals into groups, called clusters, such that the individu-
als in each group are more similar to each other than to those
in other groups (Friedman and Meulman 2004). Inputs for the
clustering analysis were DBH, crown diameter, height, crown
diameter / DBH, crown volume / DBH, height / DBH, crown
volume, annual DBH increment, crown diameter increment,
height increment, and crown volume increment. Outputs were
species-specific groups with distinctive growth patterns. For this
study, the detection of a maximum of four different clusters, from
slow-growing to fast-growing trees, was sought in order that a
robust classification model be deployed over the City of Mon-
treal urban tree database. The final classifications were the fol-
lowing: Norway maple (3 growth groups); silver maple (3); hack-
berry (4); green ash (4); honeylocust (4); and Siberian elm (4).
Concurrently to this procedure, quantitative abiotic data were
transformed into classes as required for contingency analysis. The
conversion was accomplished by segmenting quantities into sub-
sets representative of encountered ecological conditions (Table 1).
Irradiation was divided into five classes; street width was subdi-
vided into three classes: narrow (mostly residential), intermediate
(encompassing all zone coding types), wide and very wide streets
(commercial and institutional zones); nutrient subset classes were
determined according to benchmark recommendations (Ministere
de I’ Agriculture et de 1’ Alimentation de 1’Ontario 2003); counts
of aerial and underground obstacles were converted to presence/
absence input. Surficial geomorphologic deposits associated with
each tree location were classified into three types: 1) silty till
and stony silty till, 2) clay and silty clay, and 3) sand and gravel.
The contingency analysis was carried out not only for every
species but also on a combined all-species matrix. This research
objective was to test model generalization. Species differed
by their morphological characteristics and distribution of age
classes among sampling sites, therefore potentially introducing
high variability in the model algorithm. Consequently, if sig-
nificant relationships between tree growth classes and certain
abiotic parameters can be found, then a general model might
be conceived. The all-species matrix was constructed to give
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equal representation to every species. Selection of individual
trees was carried out in the following manner: the species with
the least number of trees, littleleaf linden (116) was taken as a
whole. For every other species, a random subset of 116 trees
was singled out and added to the matrix for a total of 812 trees.

The significance of relationships in contingency tables was
tested by using the Pearson y? statistic, a test that is known to
be equivalent for qualitative descriptors to the covariance be-
tween quantitative descriptors (Legendre and Legendre 1998).
This statistic measures the degree of interaction between two
variables by computing the expected frequencies, according to

a null hypothesis H;and by comparing the observed (O,) to the
expected frequencies (Ey. In this research, H is the independ-
ence of the two variables and the significance level was set at
0.02. The only postulation underlying the use of the x*is that the
expected frequencies not be too small. If expected cell frequen-
cies fall below 5, the probabilities cannot be estimated with suf-
ficient precision (Systat 2004; StatSoft 2006). In the latter case,
it is more appropriate to use the Fisher’s exact test and calculate
associated probabilities (West and Hankin 2008). Computation
of these probabilities is based on the assumption that the row
and column classifications are independent (the null hypothesis)

Table 1. Conversion of quantitative abiotic variables into classes for contingency analysis.

Variables Class 1 Class 2 Class 3 Class 4 Class 5
Total irradiation 205-480 481-755 756-1030 1031-1305 1306-1615
May to August (hours)
Street width (m / ft) 8.9-10.9 11.0-14.2 14.3-19.8
(29.2-35.8) (36.0-46.6) (46.9-65.0)
Distance from tree to 0.45-1.0 1.01-2.0 2.01-2.3
curb (m/ ft) (1.50-3.28) (3.30-6.56) (6.59-7.55)
Tree pit volume 1.0-2.0 2.1-3.0 3.1-5.0 5.1-9.6
(m?/ ft}) (35.3-70.6) (74.2-105.9) (109.5-176.6) (180.1-339.0)
Penetration resistance 0-500 501-1000 1001-1500 1501-2000
at soil surface (kPa / PSI) (0.0-72.5) (72.7-145.0) (145.2-217.5) (217.7-290.1)
Penetration resistance 0-500 501-1000 1001-1500 1501-2000
at 15 cm (kPa / PSI) (0.0-72.5) (72.7-145.0) (145.2-217.5) (217.7-290.1)
Penetration resistance 0-500 501-1000 1001-1500 1501-2000
at 30 cm (kPa / PSI) (0.0-72.5) (72.7-145.0) (145.2-217.5) (217.7-290.1)
Penetration resistance 0-500 501-1000 1001-1500 1501-2000
at 45 cm (kPa / PSI) (0.0-72.5) (72.7-145.0) (145.2-217.5) (217.7-290.1)
Soil K 0-150 151-250 251-350 351450 451-650
(mg/kg and oz/lb) (0.0-0.00239) (0.00240-0.00400) (0.00401-0.00560) (0.00561-0.00721) (0.00722-0.01040)
Soil Ca 0-3000 3001-5000 5001-8000 8001-11000
(mg/kg and oz/lb) (0.0-0.0480) (0.0481-0.0801) (0.0802-0.1282) (0.1283-0.1764)
Soil Mg 0-175 176-300 301475 476-745
(mg/kg and oz/lb) (0.0-0.00280) (0.00281-0.00481) (0.00482-0.00761) (0.00762-0.0119)
Soil Na 0-250 251-500 501-750 751-1000 1001-1758
(mg/kg and oz/lb) (0.0-0.0040) (0.00401-0.00801) (0.00802-0.01202) (0.01203-0.01603) (0.01604-0.02819)
Soil Zn 0-20.0 20.1-40.0 40.1-60.0 60.1-80.0 80.1-162
(mg/kg and oz/lb) (0.0-0.000320) (0.000321-0.000641) (0.000642-0.000962) (0.000963-0.001282) (0.001283-0.002597)
Soil Cu 0-7.0 7.1-14.0 14.1-28.0 28.1-42.0 42.1-130
(mg/kg and oz/lb) (0.0-0.000112) (0.000113-0.000224) (0.000225-0.000449) (0.000450-0.000673) (0.000674-0.00208)
Soil Fe 145-210 211-280 281-350 351-615
(mg/kg and oz/lb) (0.00232-0.00337) (0.00338-0.00449) (0.00450-0.00561) (0.00562-0.00986)
Soil Mn 0-15.0 15.1-30.0 30.1-45.0 45.1-106
(mg/kg and oz/lb) (0.0-0.000240) (0.000241-0.000481) (0.000482-0.000721) (0.000722-0.001699)
Soil P 0-80 81-160 161-240 241-320 321-730
(mg/kg and oz/lb) (0.0-0.00128) (0.00129-0.00256) (0.00257-0.00385) (0.00386-0.00513) (0.00514-0.01170)
Soil pH 5.2-6.0 6.1-6.5 6.6-7.0 7.1-7.5 7.6-8.3
Soil organic matter 0.0-5.0 5.1-10.0 10.1-15.0 15.1-20.0 20.1-26.8

content (%)

©2010 International Society of Arboriculture



Arboriculture & Urban Forestry 36(1): January 2010

and that the row and column totals are fixed (Sokal and Rohlf
1995). Given the fact that this test is impossible to perform for
most data sets as the total number of cases increases rapidly
(Raymond and Rousset 1995), different methods were proposed
to obtain an unbiased estimate of the exact P-values (Guo and
Thompson 1989; Guo and Thompson 1992). In the research
presented here, whenever Fisher’s test was required because of
small cell frequencies, the Metropolis algorithm was utilized.
Related probabilities were computed by analyzing 20 succes-
sive batches, each composed of 2,500 replicates, for an overall
total of 50,000 replicates. In order to obtain unbiased estimates,
arandom arbitrary start state was set after 1,000 dememorization
steps. Statistical analyses were performed using Systat® (Systat
2004), and Statistica® (StatSoft 2006). The Fisher's exact test
was computed using the program developed by Miller (2009).

RESULTS AND DISCUSSION
Contingency results are presented in Table 2 as probabilities as-
sociated either with the Pearson chi-square statistic or Fisher’s
exact test. Significant results (rejection of H: tree growth being
considered not influenced by specific local environmental con-
ditions) are marked. Overall, presence/absence of metal grating,
urban zone type, surficial deposit, presence/absence of aerial and

underground obstacles, irradiation, street width, distance from
tree to curb, tree pit soil volume, and penetration resistance were
central parameters for many or all species. On the other hand, soil
nutrients were only sporadically identified as significant elements
thereby their importance as explaining factors for tree growth sta-
tus is relatively low. This outcome is most likely related to the fact
that, when sidewalks are present, soil samples can only be collect-
ed within the transplantation pit opening which is usually 1.5 m
(4.9 ft) x 1.5 m (4.9 ft) or less. With their extensive perennial root
systems, trees integrate nutrient bioavailability not only near their
trunk but mostly throughout the soil profile (Brady and Weil 2002).

Originally, the purpose of noting the presence of metal grat-
ings over tree pits was to test their potentially positive influence
on tree-pit soil compaction. Within the limits of the soil com-
paction methodology and apparatus utilized, one can infer that
there is no quantifiable impact. Their presence obviously limits
pedestrian compaction but probably cannot prevent detrimental
vibrational forces due to heavy and dense urban traffic on com-
mercial streets (Craul 1992; Craul 1999). This statement is il-
lustrated by a contingency analysis between presence/absence of
metal grating and the different classes of penetration resistance at
the surface, and at depths of 15 cm (5.9 in), 30 cm (11.8 in), and
45 cm (17.7 in). These two variables are independent (Table 3).
Nonetheless in the overall analysis (Table 2), presence of protec-

Table 2. Pearson y2 and Fisher’s exact test results on the significance of the relationship between growth classes and abiotic
parameters, according to a null hypothesis H; where tree growth is considered not influenced by specific local environmental

conditions.?*

Parameters Norway Silver Hackberry Green Honeylocust Littleleaf Siberian All-species
maple maple ash linden elm
Metal grating (Yes/No) 0.00 a 0.00 a 0.00 a 0.00 a 0.00 a - 031b 0.00 a
Soil Cover (Yes/No) 0.25a 0.08 a 0.12b 0.01a 0.07b 0.25b 0.01a 0.04 a
Urban zones (5 Classes) 0.00 a 0.02b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 a 0.00 a
Surficial deposit (3 Types) 0.00 a 0.10 a 0.07b 0.00 a 0.00 a 0.04b 0.23 a 0.00 a
Aerial obstacles (Yes/No) 0.00 b 0.16b 0.00 b 0.04 b 0.46b 0.00 b 0.07b 0.07 a
Underground obstacles 0.39b 0.17a 0.06 b 0.01b 0.00 b 0.00 b 0.02b 0.00 b
(Yes/No)
Irradiation (5 Classes) 0.00 a 0.00 a 0.00 b 0.00 b 0.00 a 0.01b 0.00 b 0.00 a
Street width (3 Classes) 0.02 a 0.04 a 0.00 b 0.00 a 0.00 a 0.00 b 0.00 a 0.00 a
Distance from tree to curb 0.01b 0.53b 0.04b 0.46b 0.00 b 0.05b 0.75b 0.01b
(3 Classes)
Tree pit soil volume 0.28b 0.05b 0.07b 0.04b 0.02 b 0.01b 0.00 b 0.00 b
(4 Classes)
Penetration resistance 0.01 a 0.03 a 0.04 a 0.00 a 0.05 a 0.96 a 0.00 b 0.00 a
at surface (4 Classes)
Penetration resistance 0.02 a 0.00 b 0.00 b 0.00 a 0.00 b 0.00 b 0.00 b 0.00 a
at 15 cm (5.9 in) (4 Classes)
Penetration resistance 0.22b 0.00 b 0.00 b 0.03b 0.00 b 0.18b 0.00 b 0.00 a
at 30 cm (11.8 in) (4 Classes)
Penetration resistance 0.19b 0.00 b 0.01b 0.13b 0.02 b 0.36 b 0.01b 0.00 b
at45 cm (17.7 in) (4 Classes)
Soil K — (5 Classes) 0470 0.54b 0.03b 0.33b 0.25b 0.25b 0.00 b 0.56b
Soil Ca — (4 Classes) 0.74 b 0.37b 045b 0.78b 0.67b 0.11b 0.05b 0.09b
Soil Mg — (4 Classes) 0.67b 0.38b 0.28 b 0.18b 0.05b 0.19b 041b 031b
Soil Na — (5 Classes) 0.44 b 0.31b 0.13b 0.66 b 0.02 b 0.99 b 0.52b 0.02b
Soil Zn — (5 Classes) 0.03b 0.40b 0.04b 0.19b 0.00 b 0.06 b 0.77b 0.07b
Soil Cu — (5 Classes) 041b 0.13b 0.18b 0.51b 0.01b 0.00 b 0.28b 0.12b
Soil Fe — (4 Classes) 0.68 b 0.07b 0.01b 0.83b 0.28 b 0.10b 0.36b 0.46b
Soil Mn — (4 Classes) 0.06 b 0.31b 0.08 b 0.01b 0.06 b 0.15b 0.00 b 0.01b
Soil P — (5 Classes) 0.27b 0.52b 0.68 b 0.28b 0.10b 0.71b 0.46b 0.53b
pH — (5 Classes) 0.51b 0.04 b 0.37b 0.26 b 0.81b 0.29b 0.12b 0.52b
Soil organic matter 0.83b 042b 045D 0.08 b 0.00 b 043b 0.00 b 0.01b

(5 Classes)

* Probabilities where H | is rejected (significance level o < 0.02) are highlighted in bold type.

0

Y Pearson chi-square probabilities are followed by “a”.
* Fisher’s exact test probabilities are followed by “b”.
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Table 3. Contingency analysis of presence/absence of metal grating and penetration resistance (frequencies per class).

Sampling zone Metal Penetration resistance Pearson
grating Class 1 Class 2 Class 3 Class 4 ¥ statistic

Surface level Absence 29% 26% 22% 23% 10.26*
Presence 36% 25% 13% 26%

15 cm depth Absence 7% 16% 15% 62% 3.45%

(5.91n) Presence 11% 15% 16% 58%

30 cm depth Absence 2% 8% 12% 78% 7.26"

(11.8 in) Presence 6% 8% 15% T1%

45 cm depth Absence 2% 3% 6% 89% 9.59¢

(17.7 in) Presence 3% 4% 7% 86%

* H,: independence of variables not rejected (significance level . is > 0.01).

tive metal grating was a highly significant parameter for most
species. A possible explanation is that, as gratings are found only
on commercial streets, their influence is confounded by the strong
relationship between urban tree growth and type of urban zone.

Urban zones are defined by unique patterns of growing space,
tree canopy cover, and housing density (Nilon 1991). In a Mis-
souri, U.S. study, trees in commercial zones averaged 24 cm (9.5
in) DBH, but mixed commercial/residential trees (29 cm/11.5 in)
and residential trees (31 cm/12.2 in) were larger (Gartner et al.
2002). Comparable figures were obtained during the course of
this study. For species taken together, annual mean DBH incre-
ments for intensive commercial zones (Type 1) and commercial
zones (Type 2) were respectively 0.53 cm/year (0.21 in/year)
and 0.78 cm/year (0.31 in/year), while values for institutional
(Type 3), intensive residential (Type 4), and residential (Type 5)
were 1.18 cm/year (0.46 in/year), 1.03 cm/year (0.41 in/year),
and 1.02 cm/year (0.40 in/year), respectively. More particularly,
for each significant species contingency result (refer to Table 2),
stressed trees were primarily found in commercial zones 1 and 2
(details in Table 4). For example, when examining the distribu-
tion of trees in the all-species matrix, it can be seen that 8§2%
of the poorly growing trees were located in these sectors. Like-
wise, normal-growing or vigorously-growing trees

estimated that 70%—-85% potential irradiance is a threshold level
for increased or decreased leaf area, trunk growth, and crown
density of Norway maple ‘Emerald Queen’ trees. Results from
our study support this affirmation not only for this species but
also for silver maple, hackberry, green ash, honeylocust, and
Siberian elm. When growth patterns of these species were pro-
jected with irradiation levels in commercial zones, it was found
that light levels influenced class membership (Figure 1). For
instance, the best growing classes for Norway maple, silver
maple, green ash, and honeylocust were respectively associated
with 81%, 83%, 80%, and 88% of total potential irradiation es-
timated with our algorithm at the latitude of Montreal and with
no physical barriers to light interception (a maximum of 1,615
hours during the active vegetative growth period). Similarly,
hackberry and Siberian elm best growth classes were associated
with 99% and 98% of total potential irradiation, respectively.

In order to compare these results with the potential light con-
ditions at transplantation time, irradiation levels were comput-
ed at a height of 4 m rather than mid-crown elevation for every
sampled tree pit in commercial zones. Tree pits associated with
slow growing trees had a 4 m mean irradiation value of 1,182
hours (73% of total potential irradiation), while those related

were found in intensive residential and residen-
tial areas. Yet, for most species, such normally or 1600
vigorous trees were also found in Zones 2 and 3,

IRRADIATION (hours)
© 2
=3 S
S S

-3
S
=5

=3
=)

indicating trees can withstand harsh environmen- 1400 T T
tal conditions. The all-species fast-growing class - :
typifies this last assertion: a total of 45% of the 1200
studied trees are associated with commercial and
institutional areas (Table 4). All other things being
equal, this phenomenon might be explained by the
influence of irradiation levels on growth patterns.
Uneven irradiation intensity is a trait of the
urban environment. When comparing studied resi-
dential and commercial streets, differences were
found in the distribution of irradiation levels. e
Residential areas in Montreal are typically one to .
four-story buildings. For this reason, most residen-
tial streets receive relatively important light levels .

NORWAY MAPLE SILVER MAPLE

(mean irradiation value of 1,495 hours during the
active vegetative growth period). On the contrary,

M Slow growth

HACKBERRY GREEN ASH HONEYLOCUST SIBERIAN ELM

™ Fair growth M Fast growth M Fastest growth

irradiation of commercial zones varies and trees can

be exposed to total light levels as low as 205-480  Figure 1. Irradiation levels per species and growth rate in commercial zones (mean
hours. Previous research from Kjelgren (1995) values + standard error).
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to the best growing class had a mean irradiation level of 1,408
hours (87% of total potential irradiation). Such figures indicate
adequate growth might be promoted when trees are transplant-
ed in a favorable light environment, even in the most restrictive
abiotic conditions. It must be noted that littleleaf linden was ex-
cluded from this discussion because there were no trees sampled
in commercial settings. This species is rarely transplanted in such
an environment because of its high sensitivity to de-icing salts.

Street width and distance from transplantation pit to curb are
important urban characteristics that impose restrictions on tree
growth. Proximity of the trunk to the curb may imply physical
impediment to trunk growth and crown restriction due to traf-
fic and safety requirements (Jim 1997), and greater exposure to
de-icing salts. In contrast, being close to the street is normally
associated with higher irradiation levels as trees are farther from
buildings. As well, wide streets mean busy ones with polluted
air that may dampen tree growth (Jim 1997). Above all, de-ic-

ing salts and de-icing salt spray are probably the most delete-
rious pollutants to trees. Paul (1997) found that trees growing
in soils with high salt levels tended to have more twig dieback
and less twig growth than those growing in soils with lower
salt levels. Traffic intensity and traffic speed are considered to
be of special significance with respect to salt damage (Hoot-
man et al. 1994). When salts are applied to roads, the salt in the
spray generated by traffic may be more damaging to plants than
the salt that drains into the soil. Trees that are the most toler-
ant to soil salinity may not necessarily be the most tolerant to
salt spray or mist on foliage, and vice versa (Harris et al. 1999).

Table 5 points out the relationships between de-icing salt con-
centration, street width, and distance from tree to curb. Results
substantiate the above discussion as higher soil salt concentra-
tions were found when trees were transplanted into tree pits
closer to curb and on wider streets. Whenever possible, a special
attention must be paid to such urban locations: tree pits design

Table 4. Frequencies in the contingency analysis between species-specific tree growth patterns and studied urban zones.

Species Growth rate Urban zones*
1 2 3 4 5
Norway maple Slow 69% 14% 11% 5% 1%
Fair 14% 34% 12% 25% 15%
Fast 1% 19% 12% 41% 27%
Hackberry Slow 30% 50% 2% 9% 9%
Fair 8% 35% 0% 35% 22%
Fast 8% 37% 0% 12% 43%
Fastest 0% 3% 0% 16% 81%
Green ash Slow 20% 80% 0% 0% 0%
Fair 23% 55% 3% 2% 17%
Fast 3% 56% 0% 0% 41%
Fastest 1% 28% 0% 15% 56%
Honeylocust Slow 23% 68% - 2% 7%
Fair 6% 80% - 8% 6%
Fast 9% 74% - 3% 14%
Fastest 2% 33% - 11% 54%
Littleleaf linden Slow - - 72% 3% 25%
Fair - - 52% 3% 45%
Fast - - 4% 17% 79%
Siberian elm Slow - 93% 7% - -
Fair - 53% 47% - -
Fast - 39% 61% - -
Fastest - 39% 61% - -
All species matrix Slow 26% 56% 8% 2% 8%
Fair 13% 53% 17% 9% 8%
Fast 4% 23% 18% 13% 42%
Fastest 2% 28% 6% 11% 53%

2 Urban zones: 1) Commercial intensive, 2) Commercial, 3) Institutional, 4) Residential intensive, 5) Residential.

Table 5. Percentage of de-icing salt class per street width and distance from trunk to curb class.

De-icing salts (mg/kg and oz/lb of Na)

0-250* 251-500 501-750 751-1000 1001-1758
(0.0~ (0.00401— (0.00802— (0.01203— (0.01604—
0.0040) 0.00801) 0.01202) 0.01603) 0.02819)
Street width 8.9-10.9 87.1% 9.6% 2.9% 0.4% 0.0%
(m/ ft) (29.2-35.8)
11.0-14.2 75.4% 15.6% 5.7% 1.6% 1.6%
(36.0-46.6)
Distance trunk to curb 0.45-1.0 78.3% 14.1% 5.1% 1.3% 1.2%
(m/ ft) (1.48-3.28)
1.01-2.0 89.1% 8.7% 2.2% 0.0% 0.0%
(3.31-6.56)

“ According to Hootman et al. (1994), 250 mg/kg is the threshold to be considered as excessive for most trees.
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should preferably minimize the infiltration of de-icing salts into
soil, broadcasting machinery should be frequently calibrated and
dosage reduced to the minimum acceptable level. Salt-tolerant
species selection is also critical: only the right plant will have
the ability to survive and thrive (Watson and Himelick 1997).

Trees within the experimental protocol were distributed among
three soil types. Clayey soils were associated with 57% of tree
locations, sandy soils with 27%, and tills with 23%. With such
statistics, one might expect a strong abiotic effect related to clays.
Yet, contingency analysis depicted a different result. For species
exhibiting significant relationships (refer to Table 2) the most im-
portant outcome was the presence/absence of sand and gravel. In
all cases, limited growth rates were closely linked to presence of
sand/gravel deposits (Table 6). Conversely, distribution of clus-
ters within tills and clay soils demonstrated no such tendency.

Urban planting site evaluation requires the assessment of
local soil types. Generally speaking, professionals primar-
ily consider the presence of clays as they are poorly drained
soils that frequently limit planting success. It is well known
that, in many cases, newly planted urban trees die when roots
“drown” from too much water (Watson and Himelick 1997).
Nonetheless, the contingency analysis results suggest that sand/
gravel textured soils should also be closely looked upon as an
important limiting factor. These soils have a low water hold-
ing capacity. When they dry out, the rapid decrease in soil
water potential places the vegetation under great stress. In ad-
dition, they are characterized with a low cation-exchange capac-
ity and readily loose nutrients through leaching (Craul 1992).

Table 6. Frequencies in the contingency analysis between
species-specific tree growth patterns and types of surficial
deposits.

Species Growth rate Surficial deposits
Till Clay Sand-gravel
Norway maple Slow 7% 38% 55%
Fair 28% 31% 41%
Fast 34% 40% 26%
Green ash Slow 2% 58% 40%
Fair 16% 63% 21%
Fast 19% 65% 16%
Fastest 16% 77% 7%
Honeylocust Slow 11% 57% 31%
Fair 13% 70% 17%
Fast 16% 67% 17%
Fastest 43% 52% 5%
All-species matrix ~ Slow 10% 48% 42%
Fair 27% 46% 27%
Fast 23% 57% 20%
Fastest 29% 51% 20%

SUMMARY AND CONCLUSIONS

Frequently, studies of urban effects on street tree stress can become
largely descriptive because the geographic separation between
study trees results in the confounding of innumerable factors and
precludes rigorous hypothesis testing (Cregg and Dix 2001). With-
in the scope of this research, use of contingency analysis circum-
vented this difficulty and noteworthy conclusions were derived.

Analyses with the Pearson y?statistic and Fisher’s exact test
brought out central parameters related to differential street tree
growth. Among them, urban zone type, surficial deposit, irradia-
tion level, street width, and distance from tree to curb were the

most important. Unsurprisingly, stressed trees were found pri-
marily in intensive commercial and commercial zones. In con-
trast, normally-growing or vigorous trees were found not only in
intensive residential and residential areas, but also in commercial
and institutional zones indicating that the species under study can
tolerate harsh environments. In this situation, ample irradiation
intensity might be an important factor contributing to satisfac-
tory urban tree growth. All other things being equal, contingency
analysis led to the identification of a threshold level above which
adequate growth was found in commercial zones for Norway ma-
ple, silver maple, hackberry, green ash, honeylocust, and Siberian
elm. Minimally, 80% of total potential irradiation estimated with
the algorithm at the latitude of Montreal (1,285 hours during the
active vegetative growth period) is required for optimal growth.
Research results also illustrated the importance of the underly-
ing surficial deposits. In all cases, slow growth rates were closely
linked to the presence of sand/gravel deposits. Finally, higher
soil de-icing salt concentrations were found in tree pits where
trees were transplanted closer to the curb and on wider streets.

The geographic location of Montreal entails particular envi-
ronmental conditions and any extrapolation of the findings of
this study to other tree species, urban conditions and/or geo-
graphic location should be made with caution. Nevertheless,
it is suggested that the assessment of these abiotic parameters
become an essential component of street-tree management pro-
grams in order that pre- and post-transplantation procedures be
specifically adapted to the local urban environmental conditions.
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Résumé. Les arbres de rues doivent pouvoir composer avec de séveres
conditions environnementales. L’identification des facteurs qui peuvent
moduler leur survie et leur croissance est la clé du processus pour une
gestion réussie. Pour estimer ces facteurs, des analyses de contingences
ont été menées au moyens de données abiotiques colligées localement
avec 1’érable de Norvege (Acer platanoides L.), 1’érable argenté (Acer
saccharinum L.), le micocoulier occidental (Celtis occidentalis L.), le

fréne de Pennsylvanie (Fraxinus pennsylvanica Marsh.), le févier inerme
(Gleditsia triacanthos L.), le tilleul a petites feuilles (7ilia cordata Mill.)
et I’orme de Sibérie (Ulmus pumila L.). Des analyses de comparaison ont
aussi été produites sur un ensemble de données d’especes fusionnées en-
sembles. Alors que des différences nettes au niveau de la croissance ont
été découvertes entre les zones commerciales et résidentielles, 1’étude
des especes a démontré que des individus présentaient des tolérances
écologiques particulieres de par leur croissance normale ou vigoureuse
face a des conditions séveres. Dans ce contexte, I’intensité de I’irradiation
peut s’avérer un facteur important qui contribue a la croissance en milieu
urbain. Les analyses statistiques ont mené a 1’identification d’un niveau
critique (80% d’irradiation potentielle totale) au-dessus duquel une crois-
sance optimale a été découverte en zones commerciales. Les recherches
ont aussi mis en évidence I’importance des dépdts superficiels : une
croissance lente était liée a la présence de dépots de sable/gravier. Enfin,
des concentrations élevées de sel de déglagcage ont été retrouvées dans
les fosses la ou les arbres étaient plantés prés des bordures de béton et le
long des rues plus larges.

Zusammenfassung. Straenbiume miissen mit verschiedenen
harten Umweltbedingungen leben. Die Identifikation von Faktoren, die
das Wachstum und Uberleben beeinflussen, ist ein Schliisselthema fiir
erfolgreiches Management. Um diese Faktoren zu bestimmen, wurden
abiotische Daten direkt am Standort von Spitzahorn (Acer platanoides
L.),Silberahorn (Acer saccharinum L.), Ziirgelbaum(Celtis occidenta-
lis L.), Esche (Fraxinus pennsylvanica Marsh), Gleditschie (Gleditsia
triacanthos L.), Winterlinde (Tilia cordata Mill.),und Sibirischer Ulme
(Ulmus pumila L.) erhoben und einer Kontingenz-Analyse unterzogen.
Vergleichbare Analysen wurden auch fiir einen Standort mit gemischten
Arten durchgefiihrt. Wo scharf differenziertes Wachstum zwischen indus-
triellen Standorten und Siedlungsbereichen vorgefunden wurde, zeigten
die untersuchten Arten doch eine Gkologische Toleranz, wo einzelne
Exemplare unter schweren Standortbedingungen normales oder vitales
Wachstum zeigten. In dieser Situation konnte die Strahlungsintensitét
ein wichtiger Faktor fiir das Baumwachstums sein. Statistische Analysen
fiihrten zu der Identifikation eines Grenzwertes (80% der total moglichen
Einstrahlung), iiber dem optimales Wachstum an industriellen Standorten
gefunden wurde. Die Untersuchungsergebnisse haben auch die Bedeu-
tung von der Untergrundbeschaffenheit zum Vorschein gebracht: lang-
same Wachstumsraten waren verbunden mit Sand/Schotter-Untergrund.
Zum Schluss, hohere Salzkonzentrationen wurden in Pflanzgruben ge-
funden, wo die Bdume néher an die Strafe gepflanzt wurden oder entlang
breiterer Straflen.

Resumen. Los arboles urbanos deben enfrentarse con severas condi-
ciones ambientales; la identificacion de los factores que modelan su su-
pervivencia y crecimiento es un proceso clave para el manejo exitoso.
Para estimar estos factores, se llevaron a cabo analisis usando datos
abioticos colectados localmente para arboles de maple Norway (Acer
platanoides L.), maple plateado (Acer saccharinum L.), almez (Celtis
occidentalis L.), fresno (Fraxinus pennsylvanica Marsh.), acacia (Gle-
ditsia triacanthos L.), tilo (Tilia cordata Mill.) y olmo Siberiano (Ulmus
pumila L.). También, fueron realizados analisis comparativos en paquete
mezclado de todas las especies. Mientras fueron encontrados leves cre-
cimientos diferenciales entre zonas comerciales y areas residenciales,
los estudios de especies demostraron tolerancia ecoldgica como indivi-
duos normales o creciendo vigorosamente en condiciones severas. En
esta situacion, una intensidad amplia de irradiacion puede ser un factor
importante que contribuya al crecimiento del arbol urbano. El analisis
estadistico permite la identificacion de un nivel umbral (80% de irradia-
cion potencial total) arriba del cual el crecimiento 6ptimo fue encontrado
en zonas comerciales. Los resultados de la investigacion también traen
la importancia de los depositos superficiales subyacentes: tasas bajas
de crecimiento estuvieron ligadas a la presencia de depoésitos de arena/
grava. Finalmente, fueron encontradas altas concentraciones de sales de
deshielo en pozos de arboles trasplantados cerca a las guarniciones y en
calles mas amplias.
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